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Chapter 1

Introduction

1.1 We know you don’t read manuals!

Very briefly, RMCProfile is an implementation of the Reverse Monte Carlo (RMC) method [1].
RMCProfile is based on the original code for RMC, but significantly amended and extended to
give new capabilities and to take account of more recent programming and informatics standards.
If you just want get things running please just look for the rmcprofile_tutorial.pdf file in
the tutorial folder. This helps you check everything is working and leads you through some of the
common features of the program.

This manual aims to tell you most of what you need to know about RMCProfile program, together
with appropriate background material.” RMC is an approach that will require some investment on
the part of the user, at both the data collection and analysis stages. Accordingly you probably ought
to read most of this manual before you start. But we know you won’t want to, so hopefully we have
arranged it so that this is not quite as challenging as it might seem at this point.

If you are one of those people who only want to read a manual when necessary and just want to
get things running, please just look for the rmcprofile _tutorial.pdf file in the tutorial folder.
This helps you check everything is working and leads you through some of the common features of
the program.

We would point out that RMCProfile is still a work in progress, and we have not yet reached the
stage where next versions are merely minor iterations from previous versions.

This manual is copyright by the program authors and developers.

“But because this is a work in progress, regrettably there will be some things that are not yet properly documented.
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1.2 The “what is” and “why” of the Reverse Monte Carlo method

1.2.1 The “what is” in a nutshell

The Reverse Monte Carlo (RMC) method [1] will give you a unique view of the atomic structure of
matter that is derived directly from experimental data. The mainstream usage of RMC is to analyse
neutron and x-ray total scattering data from disordered materials, which are materials for which
other probes can only give limited data. Examples include liquids and amorphous materials (which
provided the original motivation for the development of the RMC method), magnetically disordered
materials, and crystals with significant thermal disorder, rotational disorder of molecular groups,
and site occupancy disorder.

At its heart, the RMC method is easy to understand. Essentially a configuration of atoms is modi-
fied by successive steps until properties calculated from it are in best agreement with experimental
data. In the most common application, the property is either the pair distribution function or its
Fourier transform as measured in a neutron or x-ray total scattering experiment. These data pro-
vide information about the short-range atomic structure of matter (bond lengths, numbers of atomic
neighbours, layering of shells of neighbours about a central atoms, etc) and fluctuations in this
structure. Some of this information can be derived directly from calculations based on the pair dis-
tribution function — for example, the first 1-3 peaks will give you information about the molecular
fragments that any disordered matter is built from — but this information doesn’t lead directly to a
model. Crystallographers have an advantage here, because they can go from their diffraction data
directly (and nowadays often quite quickly) to a model of the atomic structure that extends through-
out space. RMC was designed to fill this void for liquids and amorphous materials, but it became
clear that the method could provide unique information about disordered crystalline materials too.

The name of the RMC method gives away the fact that the process of building the atomic model
relies on a Monte Carlo algorithm. This is an iterative approach in which successive changes to
the atomic configuration are proposed at random, and then tested to see whether they improve
or degrade the agreement that computed properties have with experiment data. If the proposed
change improves the agreement with data, it is accepted, and the algorithm moves forward one
cycle in which a subsequent random change is proposed. On the other hand, if the proposed
change degrades the agreement with data, a probability algorithm is used to determine whether
to accept or reject the proposed change. By accepting what appear to be bad changes prevents
the method getting stuck in a state whereby the agreement with experiment can no longer be
improved, even though there may be other configurations that are better. Thus the Monte Carlo
method enables you to explore a wide range of possible configurations. The Monte Carlo method
is based on statistical thermodynamics, which means that there are good reasons to expect it to
produce configurations that are in best agreement with data.

Thus the RMC method is a computer simulation approach, but it differs from traditional simulations
in that it is driven by experimental data rather than from parameterised equations. There is a huge
world-wide industry in using models of atomic forces to construct models of disordered materials,
where experimental data are used at the outset to tune the models and at the end to validate the
model through comparison between data and predictions, but the actual modelling stage is divorced
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from experimental data. The RMC method takes a radically different approach, in that experimental
data are used directly to drive the development of the model at all stages. There are no equations
or parameters that drive the model."

1.2.2 The “why” in a nutshell

Having briefly summarised the “what is” of RMC, the chances are that you are now impatient to
know more about the “why”. Like many techniques, RMC is not the sort of thing you can just dabble
with, and so you need to be convinced that the pay-off is worthwhile.

Let us go back to our first statement, namely that RMC will give you a unique view of the atomic
structure of matter, and let us illustrate this by thinking about liquids and amorphous materials. Their
atomic structure is described by the pair distribution function (PDF), which is effectively a histogram
of interatomic distances. A typical PDF will contain a small number (typically 1-3) sharp peaks at
small distances, followed by a structured distribution containing overlapping peaks on increasing
distances. The first peaks can tell you about the relative positions of a small group of less than 10
atoms, but no more. The RMC method enables you to exploit the data in the overlapping peaks to
build models that give you information about the atomic structure that extends to distances further
than the first 3 peaks in the PDF.

Now is a good time to add a caveat. A sharp peak in the PDF will tell you three main things.
First, the position of the peak will tell you about the average bond length between the two atoms
it represents, and secondly, its width will tell you about the temporal and spatial variations in the
bond length (which may arise from thermal fluctuations). Thirdly, the integral of the peak will tell
you how many neighbours a single atom has. Let us illustrate this with the case of silica, chemical
formula SiO,. The first peak, at a distance of around 1.6 A, corresponds to the Si—O bond. Its
integral gives an average coordination number of 4. The obvious interpretation is that each Si atom
has 4 O neighbours, exactly as found in all ambient-pressure crystal structures containing Si and O.
However, the integral of the peak in the PDF only tells you about the average coordination number,
and an average value of 4 neighbours does not exclude the possibility that there are large numbers
of Si atoms with 3 and 5 O neighbours. And if you leave RMC to its own devices , it will generate
configurations with 3 and 5 neighbours.

In light of this, it can often be advantageous to add additional constraints to the RMC method
based on other experimental knowledge, such as the constraint that all Si atoms will prefer to have
4 O neighbours. This constraint is consistent with the position and integral of the first two peaks
in the PDF for silica, corresponding to the Si-O and O—O nearest neighbour distances with four
oxygen atoms arranged in a tetrahedral arrangement about the central siiicon atom. The third peak
corresponds to the shortest Si—Si distance, and analysis of this peak tells you that neighbouring
SiO4 tetrahedra are linked at corners with an Si—-O-Si angle of around 145°. Although this is nice
information, it doesn’t tell you much that you couldn’t have previously guessed, given that this
is exactly as found in crystal structures. What RMC will give you is information on how pairs of
tetrahedra are linked together in a three-dimensional structure to form a larger connected network,
and there is no other technique that can provide this information.

TThis should be qualified by noting that later on we will see how addition of some equations can help guide the
simulation to focus on the more interesting features.
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The RMC method gives a shapshot view of ~10* atoms, and if the fit is consistent with all the
data available then the configuration will have the characteristics of the sample being studied. Of
course, this number of atoms is a lot smaller than you would find in an experimental sample, and
throughout the RMC simulation the positions of the atoms will fluctuate in a way that resembles
thermal motions across the larger sample. Thus if an RMC simulation is run again from scratch or
for a different length of time at equilibrium, a slightly different snapshot will be produced, where the
atoms will have moved to different positions albeit within the constraints of the data being fitted. By
collecting many independent configurations it becomes possible to do some powerful analysis in
the same way that many configurations are analysed in any simulation based on thermodynamics.
For example, recently RMC has been used to extract dynamical information from a collection of
static configuration snapshots.

The authors of this manual have a strong interest in disordered crystals [2]. You might think that
crystals are already catered for by standard crystallography tools based on x-ray and neutron
diffraction, but things are not this simple. Traditional Bragg scattering provides information about
the distribution of atomic positions. In most cases, this means that diffraction will tell you about the
average positions of atoms and their mean-square displacements due to thermal motions. However,
Bragg diffraction contains no information about the correlated motions of atoms. This is illustrated
with a vengeance in the case of high-temperature crystal polymorphs of silica such as 5-quartz [3]
and S-cristobalite [4]. If you take the crystal structure and calculate the distance between the aver-
age positions of the closest silicon and oxygen atoms, you get a value of around 1.55 A. Often this
distance is associated with the bond length. However, the PDF, which is a true measure of the aver-
age instantaneous bond length, gives an Si—O distance of 1.61 A. The difference between the ‘dis-
tance between mean positions’ and the ‘mean distance between instantaneous positions’ reflects
the existence of considerable disorder on a short length scale that arises from large-amplitude fluc-
tuations of the structure. What tools do we have to study this disorder in a way that leads to atomic
models? You guessed, RMC, and only RMC.

1.3 Introduction to RMCProfile

1.3.1 How RMCProfile fits into the picture

The original code for RMC was RMCA, and was designed for the study an amorphous and fluid
matter. We started to develop RMCProfile as a significant extension of the original RMCA code
in order to add support for new functionality, particularly to model crystals [5-7]. In principle we
could simply have used rRMCA for this, but we wanted to exploit the information that is specifically
contained in the Bragg peaks separately from its contribution to the total scattering. Since then
we have added a lot of new functionality, and we have also converted the code from Fortran77 to
Fortran95 which has led to significant changes deep in the heart of the program. RMCA is no longer
being developed and is not supported. Thus RMCProfile [7] should be seen as the evolutionary
successor to RMCA and used in preference to RMCA; an alternative code developed by one of the
core developers of RMCA is RMC++ [8], and if you are not interested in crystalline materials you might
like to take a look at this code.

As we have just said, the key feature of RMCProfile when applied to crystalline materials is
that it separately handles both the total scattering and the Bragg scattering. Thus it make simul-
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taneous use of the different information contained within these data concerning the distribution of
the atomic positions in three-dimensional space and their correlations. For liquids and amorphous
materials, the information about the distribution of atomic positions is of no value, and the struc-
ture is described entirely by the correlations between atomic positions. Traditional crystallography
is focussed only on the distribution of atomic positions. The RMCProfile approach captures the
best of both worlds, particularly when applied to the study of disordered crystalline materials in
which there are significant local fluctuations from the average structure.* In short, RMCProfile
can produce a configuration of atoms that is simultaneously consistent with both the long-range and
short-range order of a material as reflected in the information contained in the data: a truly holistic
representation of the structure.

1.3.2 RMCProfile in a nutshell

In more detail, RMCProfile offers the following features:

(1) Support for large atomic configurations.
(2) Ability to model spin configurations for magnetic materials.
(3) Ability to study systems with site disorder, such as cation disorder or vacancy inclusion.

(4) Ability to fit both neutron and x-ray total scattering data, allowing the use of more than one
dataset for each experiment type.

(5) Ability to fit simultaneously the real-space pair distribution function obtained by Fourier trans-
form of neutron total scattering data.

(6) Ability to fit the Bragg profile directly as well as the total scattering.

(7) Ability to include EXAFS data in the RMC method.

(8) Use of generalised molecular potential-energy-based constraints for bond lengths and angles.
(9) On-the-fly calculation of bond-angle distribution histograms and bond-orientation maps.

(10) On-the-fly calculation of various average quantities, such as mean bond lengths, mean bond
angles, mean bond-orientation spherical harmonics, and mean bond Kubic harmonic values.

(11) Ability to use bond valence sums.

(12) Use of closest approach and distance window constraints.
(13) Use of coordination number constraints.

(14) Ability to use model-specific polyhedral constraints.

(15) XML output for data visualisation and analysis.

(16) Various ancillary tools, eg tools to create starting configurations from crystallographic CIF
files.

*But we stress that it works perfectly well for liquids and amorphous materials.
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This manual is primarily focussed on Version 6 of RMCProfile , which represents a significant
departure from the previous version, Version 5, here called the ‘classic’ version. The classic version
of RMCProfile retained the same form of input file as was used in RMCA, and the code base
was essentially that of RMCA with additional subroutines for new functionality. Although Version 6
is not a complete rewrite of the code, it was nevertheless a major revision, including conversion
to Fortran95, which as previously mentioned required a lot of reorganisation and rewriting. New
functionality has been added, together with the introduction of completely new input file formats.
At the present time RMCProfile can still handle classic version file formats, but we strongly
recommend that existing users switch to the new formats.5 To help this switch, we have provided a
some new tools to perform the file conversion that are described in section 4.15. Version 6 is fully
compatible with classic-style input files, although new features are not accessible via this route. The
classic file formats are described in the Version 5 manual.

The aim of this manual is to explain the practical issues of how to run RMCProfile , and to
describe the various files you need and how to format them. The theory on which the method is
based is described in the Appendices.

SNot least because we do not guarantee support for classic file formats forever.
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Chapter 2

Capabilities

2.1

Fitting neutron and X-ray total scattering data

The RMC modelling method was developed specifically to fit neutron and X-ray total scattering data
and these data are still the key experimental data for RMCProfile. Total scattering, i.e. the Bragg
and diffuse scattering collected (ideally) as an integration over all scattered energies at constant
scattering vector, Q = 4x sin 6/, provides the information which allows RMCProfile to investi-
gate deviations from the average crystal structure. These data are measured by neutron or X-ray
diffraction, but their collection and treatment is more demanding than a routine powder diffraction
experiment for Bragg profile analysis through, for example, Rietveld refinement. This is for a number
of reasons:

(1)

The data should be collected over as wide a range of scattering vectors as possible and ex-
tending to high-Q. This explains the early dominance of neutron diffraction, and in particular
time-of-flight neutron diffraction where total scattering data to Qmax ~ 50 A= is routinely ac-
cessible. This is achieved through the availability of short-wavelength neutrons and because
the neutron-nucleus interaction does not introduce a fall-off in intensity at high-Q in contrast
to X-ray diffraction where the form-factor significantly suppresses scattering at high-Q. More
recently, however, diffraction instruments using high-energy X-rays from third-generation syn-
chrotron sources have provided total scattering data to Qmax ~ 35A~" and there are also
some laboratory X-ray diffractometers based on silver or molybdenum anode sources that
can provide data to Quax ~ 20 — 24 A",

The data will typically need to be collected for longer, in order to measure the weaker, broader
diffuse scattering with sufficient statistics.

Sources of background should be minimised and measured in order to make a robust sub-
traction. This typically involves measuring, in addition to the sample, the empty sample can or
capillary, empty sample environment and empty diffractometer, all in the same experimental
configuration.

The data need to be normalised accurately and placed on an absolute scale. This is achieved
for neutron diffraction through the measurement of a vanadium sample of similar dimensions
to the sample; an equivalent measurement is not possible for X-ray diffraction and a number of
routines exist to facilitate accurate scaling of the data (see for example the Gudrunx manual).

9/187



RMCProfile Manual v6.7.8 2.2. FITTING PDF DATA

Fortunately there are a number of packages, notably Gudrun and GudrunX, which treat the ex-
perimental data for background, absorption, multiple-scattering etc. and produce normalised total
scattering data so provided a careful experiment has been carried out, there should only be a small
overhead in producing total scattering data over a standard powder diffraction pattern.

RMCProfile will fit total scattering data in both reciprocal space and in real space, i.e. both total
scattering structure factors and pair distribution functions. It may initially appear curious that the
‘same’ data can be used in two different ways. However experience has shown that it is beneficial
to fit both the reciprocal and real space data together since each function emphasises different
aspects of the structure; the pair distribution function highlights structure at short distances whereas
the scattering data are weighted more strongly to the longer-range structure. Details about these
different functions and their forms can be found in section 4.3.

2.2 Fitting experimental pair distribution function data

As discussed above, RMCProfile exploits separately the information contained in the total scat-
tering data measured in reciprocal space and the pair distribution function (PDF), which is a function
defined in real space.

As shown in the equations described in section 4.3, the PDF is obtained as the Fourier transform
of the scattering data. There are a number of approaches to computing this transform. If data
are collected on an instrument such as GEM at ISIS (which is typical of instruments at pulsed
spallation sources), the scattering data are obtained separately for different banks of detectors.
The common practice within the liquids and amorphous materials communities is to merge data
from all banks to produce an overall scattering function. This overall scattering function can then be
Fourier transformed quite easily. The same practice can be followed for crystalline materials, and
although we sometimes do this, in all honesty it is not a good idea to do so. The patterns from the
different banks have different resolution functions, which can easily be seen when comparing Bragg
peaks seen in several banks. Usually the Bragg peaks in the detectors with lower scattering angles
are broader (there is an important cot 6 term in the function describing the resolution). Thus merging
of data typically means that you slice together data from different banks of detectors (rather than
adding the data when obtained in different banks). Such a approach is really being rather cavalier
with the effects of resolution, but it is what is commonly done.

Thus we recommend that resolution be taken into account within the process of converting the total
scattering data into the PDF. One approach is to use the MCGR method [9], in which a model PDF is
adjusted until its Fourier transform is consistent with the experimental data. It is possible to include
the effects of resolution when comparing the computed Fourier transform with the experimental
data, so the effects of resolution are automatically removed from the process.

“The effect of ignoring resolution is easy to understand. The experimental data represents the convolution of the
actual scattering function with the function describing the resolution. Thus the Fourier transform will be the product of the
PDF and the Fourier transform of the resolution function, which typically will be a function peaked at r = 0 and decaying
slowing with r. Thus the features at higher-r will be damped, and the important error introduced into the analysis will be
that the coordination numbers represented by the data will be lower than the true coordination numbers. This is likely to
lead to the RMC method introducing some additional disorder into the models it produces.

10/187



RMCProfile Manual v6.7.8 2.3. FITTING THE BRAGG PROFILE

Users need to be aware that the PDF is weighted by the strength of scattering from individual
atoms in addition to a weighting by the relative concentration of each atom. In the case of neutron
scattering this weighting will correspond to the product of scattering lengths of the two atoms for
each contribution to the PDF. In the case of x-ray scattering, there is a complicating factor that the
effects of the size of atoms are approximately accounted for via a scaling of the scattering function
by the products of x-ray form factors; this is not an exact procedure however.

In passing we note that there are several definitions of the PDF in common use — this situation
will not change, primarily because different definitions have their own advantages, and there is
no single function that captures all the advantages. These are described in detail in section 4.3.
RMCProfile is capable of using all definitions for input, and will convert between conventions for
fitting if required. We recommend that the functions D(r) or T(r) be used as the function for fitting
because the errors are spread evenly across all points in the function. Be warned though — not only
are there several different functions, different authors use different symbols for these functions! We
use the symbols described in section 4.3.

2.3 Fitting the Bragg profile

The headline reason for the existence of RMCProfile is its ability to utilise the information con-
tained specifically in the Bragg diffraction pattern, rather than merely folding it into the normal total
scattering pattern.

The Bragg diffraction contains information about the distribution of atoms on an absolute scale. On
the other hand, the total scattering contains information about the arrangements of atoms relative
to each other. A determination of the structure of a material requires both types of information.
Traditionally crystallography of course focuses only on the atomic distribution, which in practice
usually means obtaining the mean positions of the atoms and their associated distribution function,
which is usually defined as a Gaussian function with a width in three-dimensional spaced defined by
an ellipsoid function with six parameters defining its shape and orientation. Bragg diffraction alone
contains no information on the correlation between neighbouring atoms, which is the information
contained within the diffuse scattering component of total scattering. By explicit treatment of the
Bragg scattering we give more weight to the distribution of atomic positions, and allow the treatment
of the total scattering to focus more on the correlated motions of the atoms. Furthermore, since the
Bragg peaks are assigned a set of Miller indices, which reflect the fact that the scattering vectors
associated with the Bragg peaks are vectors in three-dimensional space. Thus inclusion of this
information puts something of the three-dimensional nature of the data into the RMC model, even
though the data are collected in one-dimensional mode.

The experiments are typically performed using powder diffraction. It is important that for each data
set run through RMC there will have been a prior Rietveld refinement performed. There are four
reasons for this:

(1) The refinement will give the best lattice parameters consistent with the data, and which should
be used in generating the initial atomic configuration;

(2) The refinement will give an absolute scale factor that is required as input for the Bragg part of
RMC;
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(3) The refinement will give parameters for the background function to enable the Bragg peaks to
be accurately subtracted from the diffraction pattern;

(4) The refinement will give parameters for the experimental resolution function, which are used
in the RMC treatement of the Bragg profile.

In practice the Bragg part of RMCProfile is closely tied to the functions used in the GSAS pro-
gram, and thus we recommend that GSAS be used for the Rietveld refinement. Users may of
course use their preferred refinement packages for their Rietveld work, but at the present time it is
necessary to convert the output into GSAS format in order for RMCProfile to read it.

The user will be required to give the Bragg diffraction profile (at the present time RMCProfile
will only use data from a single bank of detectors from a spallation neutron source), background
parameters, the scale parameter, the parameters for the resolution function, and the upper-Q or
lower-d limit of the diffraction data to be used.

2.4 Distance-window constraints

The distance-window constraint is an extension of the standard closest-approach constraint in
RMC, with two significant enhancements. First, in addition to specifying the closest two atom types
can come together, you can also specify the furthest away two atom types are allowed to move
apart. In this way you define windows or configuration space in which the atoms are allowed to
move. Secondly, the distance window constraint is formulated such that atom neighbours are re-
tained during an RMCProfile run. A network can thus be generated between atoms using the
distance window constraints that will retain the overall topology or local molecular topology of the
initial model. When RMCProfile is first run, a neighbour list of all the atoms that fit within the
distance windows is generated and this list remains the same unless deleted. This means that the
window sizes can be expanded or reduced later but the atoms being constrained stays the same.

To use the distance window constraint it is no longer necessary to have a separate . dw file (although
this will still work). Instead, use the DISTANCE WINDOW : : keyword in the main Version 6 . dat file.
The required information is detailed later in 4.1.2. It is currently not possible to use this constraint
with a classic format input file.

Once run RMCProfile will write a .neigh file containing all the neighbour lists being used and a
.neighlog file containing a history of what has been done. If you want to change the linkage or
the configuration of atoms then the .neigh file should be deleted before running RMCProfile
again.
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2.5 Interatomic potentials

In principle” the RMC method should be sufficient to drive a simulation without needing help from
additional potential energy functions, and in particular adding interatomic potentials to help drive
the simulation moves us away from a purely data-driven approach. However, we have found that
there are cases where the use of interatomic potentials may have an important role. For example,
small errors in the data can cause the configuration to distort locally, and some form of restraint can
be useful to minimise this effect. Moreover, the RMC method has no means to definitely associate
any feature in the data with specific features in the configurations. For example, a peak with an
area corresponding to a mean coordination number of 4 doesn’t actually preclude the formation
of structures with coordination numbers of 3 and 5 provided that the average remains as 4. Thus
the use of potentials for restraints on the configuration can have a role in preventing bad things
happening to the configuration, which is not quite the same as forcing some desired behaviour.

In some cases, particularly with molecular crystals, the PDF at lower distances can be dominated
by the contribution from intramolecular distances. This may not be very helpful, since there is often
little of scientific interest in the shape of the molecule as compared to how separate molecules
interact. Using potentials is a way of enabling the simulation to place more emphasis on the inter-
atomic contacts that are not included in the potential. RMCProfile enables the use of two types of
potentials, namely for stretching of bonds and flexing of bond angles.

With proper weighting of the contribution of the potential with respect to the weighting given to
the agreement with data, the role as a simple restraint works well. Only when the data are under-
weighted will the potentials be the primary driving force in the simulation. In fact, the weighting
used on the potentials within RMCProfile is tied with the temperature of the experiment, and if the
weightings on the experimental data are associated with experimental errors the RMC method will
give the correct balance between the dat and potentials.

2.6 Bond valence constraints

In the early stages of an RMCProfile refinement, any atomic move which broadens the §-function
like peaks in the correlation function calculated from the crystal structure will be accepted as an
improvement to the fit, and this can cause regions of extreme disorder in the configuration which
are subsequently very difficult to correct. The use of bond valence constraints, which maintain the
bond valence sum to within a certain window of the ideal value, can help to prevent this unphysical
effect.

Bond valence constraints can be particularly useful when several components in the system have
very similar contributions to the scattering functions.

tand a principle the relevant author subscribes to.
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The implementation of bond valence sums as a soft chemical constraint in RMCProfile is dis-
cussed further in [11].

2.7 Modelling atomic site disorder through atom-swap moves

Many materials contain some degree of chemical disorder. For example, materials in the perovskite
solid solution series CaTiO3—SrTiO3 may have disorder of the Ca and Sr atoms over the 12-
coordinated sites, or for some compositions there may be some degree of long-range order (eg at a
50:50 composition there is the possibility for these cations to order in a NaCl-type ordering pattern).
Moreover, regardless of the state of long-range order, there may be some degree of short-range
order. This is exactly the sort of problem that RMC should be capable of tacking, but in crystalline
materials it is virtually impossible for atoms to swap positions simply through the normal small step
movements that are used in the method. Instead RMC allows moves in which two atoms, selected
from a specified list of atom types, swap positions. The intensities of peaks in the pair distribution
function should be sensitive to the site occupancies, given that the numbers of neighbours in any
specific peak in the pair distribution function is determined by the crystal structure. The specific
example of the CaTiO3—SrTiOg is described in [10].

2.8 Coordination Constraints

Coordination constraints are still a functioning part of the RMCProfile code, although their func-
tionality is largely superseded by the more versatile distance window constraints. However, if one
is studying an amorphous material and is using a randomly generated starting configuration, it is
highly likely that none of the atom pairs obey the proposed distance window and therefore this con-
straint will fail. In these circumstances the coordination constraints are highly useful. Options for
both fixed coordination constraints (where the intent is to drive all of a certain type of atom to have
a specific coordination number) and average coordination constraints (where the average coordi-
nation number should be, for example, 4, but as long as this is achieved, coordination numbers of
3 or 5 are also acceptable) are available. The usage of these constraints is discussed in section
4.1.2. It is almost certainly a bad idea to try and use them both at the same time.

2.9 Polyhedral restraints

Within RMCProfile are defined a series of system-specific polyhedral restraints. The aim of these
restraints is to maintain the integrity (in terms of connectivity) of a polyhedral network during RMC
refinement. This is achieved by restraints on bond lengths and angles: taking into account the atoms
which neighbour each other in coordination polyhedra. A full description of these restraints can be
found in section 4.10.

While the polyhedral restraints are not generic, they are not limited to systems of the named compo-
sition but can be used for any system with the same polyhedral connectivity. It is important to note
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that the polyhedral restraints are not compatible with the atom-swapping ability of RMCProfile
and therefore you will need to use the distance window constraint (see section 2.4) to maintain the
connectivity of a system in which they wish to investigate swapping.

One can envisage the application of these restraints in a system such as a zeolitic SiO» polymorph,
wherein the SiO, restraint can hold the tetrahedra together, thus allowing RMCProfile to concen-
trate on the structural features of more interest to the experimenter.

2.10 Magnetic structure modelling

Some of this section refers to features in older versions of RMCProfile and as such is in need of
updating. We hope to have an updated version ready for the next release. In the meantime, please
refer to the information below and get in touch if you have any questions about the implementation
of magnetism in RMCProfile.

2.10.1 Introduction

The use of RMCProfile to refine magnetic structures is based on the notion of pairing each atom-
istic configuration with a corresponding supercell spin configuration. The positions of the magnetic
moments in the spin configuration are then determined by the positions in the atomistic config-
uration. Each RMC move involves either a change in atomic positions or magnetic moment ori-
entations. The relative frequency of each choice is left as a user-defineable parameter. Naturally,
displacement moves of non-magnetic species do not affect the magnetic scattering functions, nor
do spin displacement moves of magnetic species affect the nuclear scattering functions. Conse-
quently the only significant additional computational cost suffered is involved in the translations of
magnetic atoms, whereupon changes in both nuclear and magnetic scattering functions must be
calculated.

2.10.2 Algorithm

Spin orientation moves are implemented within RMCProfile as follows. The orientation of each
spin (i.e. the normalised spin vector) is treated as a point P on the surface of a sphere. A random
spin move vector M, whose magnitude omax determines the maximum change in spin orientation
and is determined by the user, is added to P and the resultant vector projected back onto the
surface of the sphere to give the new spin orientation P’. The probability distribution associated
with this algorithm has its maximum at a move size of omax, and so it is usually appropriate to limit
the size of this parameter to relatively modest values (ca 0.1).

The magnetic contribution Smag(Q) to the scattering factor is calculated from the RMC configura-
tions via two real-space correlation functions A(r) and B(r):
Sneg(@) = 20w [-ELgur@) e 7 _f0) 2
mag = 3 2meczg TPou 2MeC2
> sin Qr sinQr cosQr
Alr)——+8B - 2.1

X/r { = * (r)[(Qr)3 @z |19 (1)
where ¢y is the concentration of the relevant magnetic specices, p is the number density of magnetic
atoms, e, v, me and c carry their usual meanings, gJ is the magnetic moment and f(Q) the magnetic

2
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Q-dependent scattering form factor. The real-space functions A(r) and B(r) essentially measure the
magnitude of spin-spin correlations perpendicular to and parallel to the vector that joins each pair
of magnetic atoms. They can be calculated directly from the RMC configurations, and function as
magnetic analogues of the nuclear pair distribution functions.

The magnetic contribution to the Bragg intensities is calculated using what is also a standard ap-
proach. The key equation involved is

2

1 :
Q)= Y 4P (Q)(exp(iQ - 1)) | (2.2)
j
where the magnetic interaction vector q; is given by
_m; QQ-my)

and m; is the spin vector of the magnetic species j. The magnetic scattering amplitudes p;(Q) are
related to the magnetic form factors £;(Q):
ey

L9f(Q). (2.4)

pi(Q) = 2mec2

The Bragg intensities calculated in this way can be converted into a Bragg profile function in pre-
cisely the same manner as for nuclear scattering.

2.10.3 Implementation

The various keywords and required parameters are listed in section 4.1 below, and are not repeated
here. The basic idea is that all spin-related files run from a slightly different (user-specified) stem to
that used for the standard RMC files. For example, one might use mno_spin as the stem name for
the spin files associated with mno.cfg, mno.his, etc. There are a few additional points to note:

(1) The spin configurations given in the spin . cfg file are normalised — the actual magnitude of
a spin comes from the values given in the MAGNETIC_ATOMS keyword in the input file.

(2) The magnetic form factors can be calculated by RMCProfile using the standard analytical
formula

f(Q) = Aexp(—aQ?/1672) + Bexp(—bQ?/1672) + C exp(—cQ?/1672) + D, (2.5)

where A, a, B, b, C,c, D are empirical coefficients as defined in e.g. Acta Cryst. A27, 545
(1971). Alternatively, it is possible for the user to provide their own form factors as a separate
file, so long as these are given for precisely the same Q values as in the neutron scattering
data. The relevant flags are discussed in section 4.1 above.

(3) The order of the magnetic atoms in the RMC configurations is important, in that all the mag-
netic atoms must be given first. Naturally, the order of the atom types in the spin configuration
files must be the same as the order of the magnetic atom types in the nuclear RMC configu-
rations.

16/187



RMCProfile Manual v6.7.8 2.10. MAGNETIC STRUCTURE MODELLING

(4) In general, magnetic structure refinement takes a substantially longer time than nuclear re-
finement, and there is a significant degree of interplay between the nuclear and magnetic
structures. A reasonable general approach appears to attempt refinement of the nuclear struc-
ture first, using random spin orientations (but not refining these). Once the nuclear refinement
appears to have reached equilibrium, one might then consider either refining the spin orien-
tations while keeping atom positions constant, or proceeding with a dual refinement. From
experience, a spin move rate of about 0.2 seems to work well in the latter approach.

(5) The value entered as the input parameter MAX_SPIN_MOVEMENT is the variable onax described
above. In practice a value of about 0.1 seems to work well, but it is important to keep an eye
on the number of accepted spin moves and to adjust this value accordingly. During its peri-
odic updates to screen, the program will allow the user to assess how many spin moves are
accepted (also relative to the number of displacement moves, if these are allowed); additional
information comes from the change in x? for each spin move, which gives the user an idea of
how strongly the data are driving magnetic structure refinement.

2.10.4 Example: refinement of magnetic structure in MnO
Introduction

This exercise focusses on the use of RMCProfile to refine magnetic structure in magnetic materials.
Just as RMC can be used to refine the crystal structure of a material in terms of the positions of
atoms in a large supercell, we can refine magnetic structures in terms of the orientations of spins in
similar atomistic configurations. One of the advantages of an RMC approach to magnetic structure
refinement is that it is often possible to solve the magnetic structure even when starting from a
completely random ensemble of spin orientations.

The example we will work through concerns the magnetic structure of the well-known antiferro-
magnet MnO. At temperatures below 120K the S = % magnetic moments of the Mn?* ions align
ferromagnetically within (111) planes of the rocksalt crystal lattice. The magnetisation direction
within planes then reverses from one plane to the next, giving the overall antiferromagnetic struc-
ture shown in Fig. 2.1. In fact there is also a slight deviation from cubic lattice symmetry associated
with this magnetic transition, but here we will ignore this effect.

The MnO atom and spin RMC configurations

We are going to refine the spin orientations in a 4 x 4 x 4 supercell of the unit cell shown in
Fig. 2.1. The file mno.cfg contains the positions of 512 atoms—256 Mn and 256 O atoms. The
positions of these atoms have been displaced slightly from their average positions. A version of this
configuration file in the format readable by ATOMEYE is given as mnoeye.cfg. It is worth taking a
look at the structure in ATOMEYE at this stage, just to familiarise oneself with the atom positions. A
picture of the configuration is shown in Fig. 2.2.

A set of 256 random spin orientations are given in the file mno_spin.cfg. One method of visu-
alising these orientations is to colour the Mn atoms in our ATOMEYE configuration according to
the individual spin directions. There is a program ATOMEYEPREP provided that helps prepare the
relevant files. If we run the command

atomeyeprep < atomeyeprep.in
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Figure 2.1: The antiferromagnetic structure of MnO: Mn and O atoms are shown as large light-grey and
small dark-grey spheres, respectively.

2XaXa)

000 X mnoeye X mnoeye

Figure 2.2: The RMC starting configuration as seen in ATOMEYE, using default colouring (left) and with Mn
atoms coloured by the initial spin directions (right).

then a new file, mnoeye.clr is produced, which tells ATOMEYE how to colour each atom. Re-
launching ATOMEYE via

atomeye.bat mnoeye.cfg

shows the same configuration as we saw previously, but the O atoms are now coloured grey, and
the Mn atoms are coloured according to the spin orientations in mno_spin.cfg. A typical view is
shown in Fig. 2.2. The main point is that things look quite random!

It is instructive to see what the diffraction pattern looks like when calculated from this combination
of atomistic and spin configurations, and how it differs from the experimental data. The RMCProfile
parameter file mno . dat is set up ready to be used for this magnetic refinement. The experimental
data are stored within the file mno_10k_sg.dat, and we are using a Q range of approximately
0 < Q < 25A-". These data have already been convoluted with a box function of width 8.88 A—",
which is half the box size of our configuration. Running the program using the command

rmcprofile mno
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we obtain the output file mno . out, which includes the fit-to-data shown in Fig. 2.3. There is reason-
able agreement over most values of Q, except between 0 < Q < 3A~1, where the key magnetic
structure reflection is not modelled well at all.

S(Q)

0 5 10 15 20 25
Q(A-1)

Figure 2.3: Initial RMC fit to neutron scattering data for MnO. Data are shown as solid points, the RMC fit as
ared line, and the difference (data—fit) shown as a green line, shifted by 2 units.

RMC refinement

In order to proceed with a refinement of the magnetic structure, we must edit the mno . dat file to
tell RMcProfile how long to run the refinement, and also how often to save. The relevant line in the
parameter file is

0 0 ! Time limit, step for saving
which we change to
51 ! Time limit, step for saving

It so happens that five minutes is sufficient in this simple case to arrive at a reasonable fit to the
magnetic structure. More complicated structures will take longer! We run the program as before,
using the command

rmcprofile mno

The fit should have converged within five minutes with a goodness-of-fit reducing from its initial
value x? = 395.9 to x? ~ 12. If the value of x? is significantly larger than this value, it might be
worth running RMCProfile once more.
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Analysis

First, we can take a look at the new fit-to-data, once again by plotting the values giveninmno . dat;a
representative plot is given in Fig. 2.4. The key difference with the previous fit (i.e., before refinement
of the magnetic structure) is that the (111) magnetic peak is nhow well modelled. Note that our
refinement only involved moving the magnetic moments (all the atom positions remain the same),
so it really is the magnetic structure that accounts for this peak.

S(Q)

0 5 10 15 20 25
Q(A-1)

Figure 2.4: A typical equilibrium RMC fit to neutron scattering data for MnQO.
Before looking at the actual spin configuration, we are going to set up RMCProfile to produce a

series of equilibrium configurations. This will help us produce smoother distribution functions by
increasing sample size. Again, we need to amend the mno . dat file, this time changing

.false. ! number of configurations to collect
500 ! step for printing

51 ! Time limit, step for saving

to

.true. ! number of configurations to collect
500 ! step for printing

10 5 ! Time limit, step for saving

Again, we run RMCProfile using the command
rmcprofile mno
but this time it will save a copy of the configuration file after every 500 generated moves, numbering

the files sequentially. In order to generate 50 new configurations, we will need to leave the program
to run for approximately 10 minutes.
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Meanwhile, what we really want to do is to see what the newly-refined magnetic structure looks like.
We will use ATOMEYE for this purpose, so we need to run the command

atomeyeprep < atomeyeprep.in

which will produce a new mnoeye.clr file from the equilibrium spin configuration. Launching
ATOMEYE with

atomeye.bat mnoeye.cfg

will now show the new structure. Because there are four different symmetry-equivalent [111] axes,
the actual direction of the magnetic ordering will differ from run to run. Also, the absolute direction
of the spins will vary as well, and so the colours may also be different. Nevertheless a typical con-
figuration is shown in Fig. 2.5. What should be clear, after some playing with the orientation, is that
the magnetic structure is now composed of ferromagnetic layers, as described in the introduction.

X! mnoeye
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Figure 2.5: A typical RMC equilibrium configuration as seen in ATOMEYE.

Finally, we return to the series of equilibrium configurations produced by RMCProfile. If fewer than
50 configurations have been prepared in the 10 minutes, then run the program once again (it will
automatically resume its sequential numbering from the correct point), until sufficiently many have
been saved. We are going to use these configurations to look at the actual distribution of spin
orientations (rather than the broad ordering pattern, which we observed with ATOMEYE). To do so,
we extract a distribution histogram using the command

spindist < spindist.in

which produces a new file, namely mno_spins.out. The numbers in this file correspond to a
logarithmic probability of observing a spin pointing in a specific direction.

An intuitive method of viewing these distributions is a projection onto the surface of a sphere. There
is a program provided that converts mno_spins.out into a sphere projection; we execute it with
the command
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spinplot < spinplot.in
This produces a picture in the . ppm format, which we convert using
convert mno_spins.ppm mno_spins.bmp

A typical distribution is shown in Fig. 2.6, which in this case shows that the spins are aligned parallel
and antiparallel to an axis very close to [112].

Figure 2.6: A typical spherical spin distribution (black = low probability; white = high probability). The view is
taken looking down [100] with the [010] axis to the right hand side, and the [001] axis towards the top of the
figure. In this particular case, alignment appears to be approximately parallel (and antiparallel) to [112].

We can use the same program to look at this distribution from arbitrary angles, and even produce
an animated . gi £. We will do this quickly here, by editing the file spinplot.in, changing the last
entry from F to T. This part of the file is a flag that instructs the program to prepare a series of views
that can be assembled to form an animation. Re-running the command

spinplot < spinplot.in

will now give a series of 24 files numbered 01 _mno_spins.ppm10 24 mno_spins.ppm. Finally, we
combine these into a single animated . gif with

convert —-delay 20 -loop 0 *_mno_spins.ppm mno_spins.gif

The animation can then be viewed in a web browser.

Further notes

Other methods of analysing the RMC output include the generation of spin-spin correlation func-
tions, which measure the the degree of correlation between spin orientations as a function of dis-

tance. Also we can extract some information about the spin excitations—i.e., the magnons—from
the sharpness of the peaks in these correlation functions.
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2.11 Fitting EXAFS data

The technical background for EXAFS can be found in the Appendix-C To Appendix-F in the RM-
CProfile tutorial documentation which comes together with current manual in the main RMCProfile
distribution directory. Also the users can refer to the documentationat http: //www.rmcprofile.
org/imagesFhij/5/51/Rmecprofile_exafs_manual.pdf for more information.

2.12 Fitting 3D diffuse scattering data

The input file with diffuse-scattering intensities must have the following format:

» The 1st line contains two digits: the total number of pixels and the number of symmetrically
equivalent points, nsym. If no symmetrization is used, nsym=1.

 The first 3 columns are digits enumerating pixels in a 3D data grid.

 The following 3 columns specify ky, k,, and k, coordinates (in /2\*1) of each pixel, which
represent components of the corresponding reciprocal-lattice vector (i.e. k = 27/3).

» The last column specifies the intensity on either linear or logarithmic scale.

Symmetry can be used to improve signal-to-noise ratio. Space group symmetry applies to Bragg
reflections but not necessarily to diffuse scattering. If certain symmetry is assumed, it can be ac-
counted for by inserting sets of additional 3(nsym — 1) columns between the 1st set of three k-
coordinates and the intensity column. Each of these sets specifies the coordinates ky, k,, and k; of
symmetrically equivalent reciprocal-lattice points that are expected to have the same intensity. The
program will calculate the average intensity over the quivalent nsym points and compare it with

the corresponding experimental value. Since I(k) = /(—k) (Laue symmetry), there is no benefit in
specifying the inversion symmetry.

If certain pixels/k-points need to be excluded from the fit, their intensity should be set to zero. The
program will still calculate and printout the diffuse-scattering intensities at these points but ignore
their values while evaluating the residual.

If noise in the calculated signal as caused by limited statistics presents a problem, it can be
smoothed using a Gaussian filter. The size of the kernel is specified in the control .dat file as
described below.

The 3D diffuse-scattering capability is activated using the following block of keywords in the .dat
file:

DIFFUSE_SCATTERING3D ::
> FILENAME :: %% specify name of the input file
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> FITTED_SCALE :: %% fit the scale factor

> CONSTANT_SCALE :: %% constant scale factor

> FITTED_OFFSET %% fit the offset

> CONSTANT_OFFSET :: %% set a constant offset

> WEIGHT :: %% assigned weight

> KERNEL3D :: 3 3 3 %% size of the kernel (in pixels)

%% for the Gaussian filter

The intensity scale, linear or logarithmic, is specified using flag 'LINEAR ::” or ’LOGARITHMIC :" in
the .dat file.

2.13 Producing starting configurations

2.13.1 Introduction

The RMC method is designed to work with atomic configurations that contain of order of a few
thousand to a few tens of thousands of atoms with periodic boundaries. Unlike other techniques, it
is not appropriate to consider contributions to the pair distribution function for interatomic distances
that extend beyond half-way to the the nearest replica generated by the periodic boundaries. Thus
the configuration needs to be large enough for the pair distribution function to be defined to a useful
distance.* But against this is balanced the fact that the more atoms you have the more degrees of
freedom are available to fit the data, which may not be a good thing. Moreover, the more atoms you
have the longer the time the RMC simulation will take to reach convergence to a satisfactory result.
Thus our experience is that a few thousand atoms is typically a good size to work with.

The starting point for RMCProfile is to generate an initial configuration of atoms. RMCProfile
expects this configuration to be defined by a box with periodic boundary conditions and a given
size, together with a list of constituent atoms and their positions within the box.

2.13.2 Crystalline materials

We provide a number of tools to enable the user to generate an initial configuration of atoms from
a trial crystal structure. For example, we anticipate that many people will start from a crystal struc-
ture provided in the standard CIF format used by crystallographers, or perhaps with a . TBL file
generated by the GSAS Rietveld refinement code. The data2config tool will use the information
contained within these files to generate configurations containing the number of unit cells specified
by the user.

*As will be explained later, when fitting against the neutron total scattering data it is necessary to take account of
the finite range of the pair distribution function when performing the required Fourier transform; RMCProfile handles
this automatically, but the shorter the range of distances in the pair distribution function the more degraded is the Fourier
transform.
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2.13.3 Non-crystalline systems

Obtaining a starting structure for a non-crystalline material is a challenge that may take us outside
of RMCProfile. There are several approaches, depending on the material and on the scope of
data available. The standard RMC approach is to simply throw the atoms into a box at random,
and let the RMC method arrange them appropriately. We have a tool which can do this, and can
also go one step further and produce starting configurations which do not violate closest-approach
constraints. This tool is called dwbuild and it is discussed further in section 6.1. Another approach
to generate a random starting configuration is to run RMCProfi1e without data or constraints, which
will randomise an initially ordered configuration (which can be generated from a real or trial crystal
structure using the approach outlined above). One important point is to get the density correct, but
this should already have been determined in order to convert the total scattering function to a pair
distribution function. There are known problems with this approach, and the RMC method will need
to be used with care.

If you have some trial interatomic potentials, you could use a molecular dynamics or Monte Carlo
method to generate a starting structure. Even a crude model might be adequate to give a trial con-
figuration that will be good enough. Our data2config tool can create configuration files of the
right format from some configuration file formats that are generated by standard molecular dynam-
ics simulations (and if there is demand more file formats can be incorporated into the functionality
of data2config).

2.14 XML output files

RMCProfile produces a number of standard output files in text form. It also generate a file con-
taining a rich set of output data in the Chemical Markup Language (CML) format. CML is an XML
language, designed to represent chemical data and adapted for atomistic simulation. XML is a way
of writing documents in which each piece of information is enclosed with descriptive tags, as will be
demonstrated below. XML files are not designed to be read by humans — although if a human wants
to read and XML file the contents should be reasonably-well self-described — but instead should be
easily readable by computer programs. And herein lies the power of XML, which has enabled us to
build analysis tools that will be described later in section 6.3.

Sample extracts of an RMCProfile CML file are shown in Figures 2.7 and 2.8. You can see that
each item of date is properly described within the CML file. For example, in Figure 2.7 you can see
that there is a block of metadata items contained within the <metadataList> tags, with general
format:

<metadatalList>
<metadata name=... content=... />
</metadatalist>

Examples in Figure 2.7 include the metadata items that are provided in the input file (such as
the item given in the “MATERIAL ::” keyword line), plus other metadata items generated by the
code itself (such as the code name and version items). In Figure 2.7 you can also see a set of
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input parameters that are nested within the <parameterList> and <parameter> tags with the
following format:

<parameterList>
<parameter dictRef=... name=...>
<item ...>...</item>
</parameter>
</parameterList>

where in Figure 2.7 the quantity specified by <item> is either <scalar> or <array> depending
on data type, and there is specific information contained within the tags. The examples in Figure 2.7
include parameters that are set by the user input, such as the list of atom types, and others that
are deduced from the input file, such as the number of data types or number of atomic species.
Note that each parameter item contains a dictRef (a reference to a dictionary item describing the
parameter) and a name. The data items are accompanied by a description of the units.

Figure 2.8 shows actual data generated. These are contained within <module> tags, which are
defined for different tasks or roles. The examples in Figure 2.8 illustrate two specific roles, one called
role="step" for step by step output (the serial number gives the actual step number), and another
called role="plottable" which contains final graphs (e.g. partial pair distribution functions, and
comparison of data and calculated functions) for plotting with the ccviz tool (described below).

As a prelude to the more detailed description given in section 6.3, we note that there are several
applications that stem from using XML data representation. In general terms, XML files can easily
be transformed to other representations, including XHTML. This is exploited in the ccvi z tool that
is described in subsection 6.3.1, and which is bundled with RMCProfile. A second application
called summon, also supplied with the RMCProfile package and described in subsection 6.3.2,
enables extraction of information from an XML file without having to scroll through the file.$

$Both tools require Python to be available on the computer being used, and both work from the command line.
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<uSoT0ads JO IoqUNN,=2WEU ,SoToads™ JO JIoqWNU:STTFOIdOWI ,=Jod30TP Io32weaed>
<3sTTIol2wered>
<3sTTejepelsur/>
</ul00Z 2ASNONyY po31dSa[[0O ©3e(Q,=3US3U0D ,930U ©IE(J,=SWEU elepelau>
</uwd 00€u=3U23uU0D ,o1njeisdwsl oTdwes,=swWeu elepelsu>
</u[9(ND)0D]€DY,=3US3U0D ,, TRTISIEN,=SWeu ejepelsun
</uZ0°9,=23US3U0D L,UOTSISA SPOD,=SWEU 'lepelau>
</woTTJoadow1,=3U23U0D ,SWeu 9p0D,=>Weu elepelau>
</u®TTFOoxdouI,=3U93U0D ,I03EaID:0pP,=SWeU elepelau>
<,B3epe1oN,=2Weu 3sSTTejepelau>
<iuwIsx/axo1,=0dA] ,Tsx AeTdsTp/I1TSX/PI0 " sSTeIauTWS MMM/ /:d3QY,=F2IY I99YUSSTAIS-TWX/ >
<éu8-dlNu.=buTtpodous ,(0°T,=UO0TSIDA TWX¢>
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"BlEp [eul} pue elep asimdals ayl Buimoys ‘a|i} INdINo X STTIOIJOWY Ue Jo Led Jane| syl woly sjoeixd :g8'g ainbi

<TWO />
</u(Xod/yn-ow-erzsn-mmm//:d33y) T1°0°y-XO0d,=3US3U0D ,I0INQTIIUOD:OP,=SWEU BIepelau>
<STnpou/>
<AKR3yzedoxd/>
<Ae11e/>£-96G526€96899% "€ €-90L9L9678CTTZ"C "~ "
Tt €-96CSTLPG98TL8"C €-°T800T6TGVIGZ ¥<uSSOTUOTSUSWIP:S3Tun,=s3tun ,Tesax:xdy,=adAreiep ,99.T1,=9zTs Aeixe>
<u®TTJoxgbbeigeousisjITp:oTTIoadowr,=Jog10Tp A3axadoads>
<u®T9e3307d,=9T01 ,suoTIiouny Jad [eT3Ied,=9T3T3 oTnpou
<STnpou/>
<3sTtT1A3a9doad/>
<Ajxsdoad/>
<IeTeOS/>C-9669L8EVIE8TL " 6<uSSSTUOTSUSWIP: SITUATWD ,=S3TUNn ,Teax:xdJ,=2dAelep IeTeds>
<u€sautod/z_ TyD,=oT3T3 ,bstyo:erTyoadowa,=Joyg31o0Tp A3xadoxd>
<Ajxedoad/>
<IBTeDS/>T90ZE9V06L9VZ) " P<uSSOTUOTSUSWIP:SAITUNTWO ,,=S3Tun ,Teax:xdjy,=odArejep Ieleds>
<uZsautod/z_ TyD,=oT3T3 ,bstydo:srTryoadowa,=Jog31oTp Ajxsdoxd>
<A3yzsdoxd/>
<IeTe0S/>T9,69Z2G5ZL89GZ G<ySSOTUOTSUSWIP: SITUNTWO ,=S3TuUn ,Tea1:xdJ,,=odA1elep IBTEOS>
<uIsautod/z_ TyD,=oT3T31 ,bstyd:srTryoadowa,=Joyg31oTPp Ajzxsdoxd>
<Ayzedoxd/>
<IeTe0s/>T97098996G8GGE " ¥<,SSOTUOTSUSWIP: SATUNTWO ,=S3TuUn ,Tea1:xdJ,=2dA1e3ep IeTEeOS>
<uJOP/Z.TUDuw=9T3ITI ,FOP ¢Tyd:a1TFoadowr,=Fo930Tp A3xsdoad>
<A3yzsdoxd/>
<IeTe0S/>Z7I7Z26<,2TdRIUNOD:SITUNTWD ,=S3ITUN ,I2093UT:psx,=odAle3ep IeTedS>
<uPoTa21 sdems wo1ly,=9T3T3 ,PaTa3isdems:sTryoadowr,=J=o930Tp A3asdoad>
<3stTA3aadoad>
<ude3s,=2701 ,AJeuns:o27TIJOIdOWI,=J9Y3I0TP .GI8FFLu=[CTIDS oTNPOoW>
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Chapter 3

Installing and Running RMCProfile

3.1 Installation

We strongly recommend at this point that you put this manual to one side and refer instead to
rmcprofile_tutorial.pdf which will guide you through the installation and initial runs of RMCProfile
. For completeness, however, the instructions are also supplied below, and on www. rmcprofile.

org.

RMCProfile is provided as a single executable that is designed to be run as a shell command
(otherwise known as the command line or prompt if you are are using a Windows computer). Thus
no special installation is required; simply follow the instructions below.

To install RMCProfile on a Windows machine:

(1) Unzip the file once it has downloaded.

(2) Copy the whole RMCProfile folder to a more permanent home, such as c:\RMCProfile.
This folder should contain two subfolders (exe and tutorial) and a file called RMCProfile_setup.bat.

(3) Run the program by double clicking on the RMCProfile_setup.bat file. This should bring up a
command prompt window called RMCProfile.

Note: these instructions should work for Windows XP and 7. There may be problems with file per-
missions on Windows Vista, and we have heard some reports of issues with the path settings in
Windows 8. If you encounter these, please get in touch.

To install RMCProfile on a Mac OS X machine:

(1) Unzip the file once it has downloaded (your browser may have done this for you).

(2) Copy the whole RMCProfile folder to your Applications folder. This should make a folder /Ap-
plications/RMCProfile which contains three subfolders (exe, libs and tutorial) and a file called
RMCPRofile_setup.command.

(3) Run the program by double clicking on the RMCProfile_setup.command file. This should bring
up a terminal window called RMCProfile version 6.
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To install RMCProfile on a Linux machine:

(1) Download the file that fits your system (i.e. 32 or 64 bit).
(2) Put the file in your top directory once it has downloaded.

(3) Type tar -pxvzf rmcprofile_package_v6_5.1_1inux_32.tgz (change 32 to 64 if you
have that version). This will unpack everything into an RMCProfile_package directory.

(4) To run the program, cd to the RMCProfile_package directory and type ./RMCProfile_setup and
hit return. This should bring up an xterm window called RMCProfile version 6.

There are various other programs supplied as tools to help with preparation and analysis of the
RMCProfile files. As with the main program most of these are standalone programs, however
some are supplied in an archive (. zip) form. In this case all the files in the folder need to be kept
together and the program run from its own folder.

3.2 Setting up the files for an RMCProfile calculation

RMCProfile requires a number of input files, that are described in more detail in the following
sections but are listed here both to give a quick overview and also to act as a handy checklist. In
short, the input files are the file containing main control data (. dat), one file containing the starting
configuration (.rmc6f, .his6£f, .cfqg or .his), files containing the raw data (no constrains on
the name), files to manage the Bragg scattering (.bragg, .back, .inst and .hkl), and files
concerned with restraints (.dw, .bvs, .bonds and .triplets). Many of these files will have
the same stem name but different extension tags. For example, if we were performing an RMC
simulation on the crystalline phase of methane, we might have the following input files (optional
unless stated otherwise):

methane.dat containing the key data required to control the RMC simulation (compulsory, sec-
tion 4.1).

methane.rmc6£f containing the atomic configuration in fractional or cartesian coordinates respec-
tively. If using classic format, the file name to be used is methane.c£fg, and you also have
the option to call this methane . rme3£ if using Version 6 . dat file with classic configuration
format. (This file is compulsory unless methane.his6f is present, section 4.11).

methane.his6f contains the latest configuration and the pair distribution functions as generated
by the most recent run, and if this file is present it will be used in preference to methane . rmc6£.’
If using the classic file format, this file is called methane.his (subsection 4.11.2).

methane.bragg containing the Bragg diffraction data (section 4.13).

methane.back containing parameters to describe the shape of the background in the Bragg
diffraction data (section 4.13).

"Actually, we will see later that this behaviour can be switched off using a keyword in the main .dat file
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methane.inst containing information on the instrument resolution function, in the format as pro-
vided by the Gsas Rietveld refinement code (subsubsection 4.13.2¢) (compulsory if using the
Bragg scattering as data).

methane.hk1l containing information on the range of Bragg peaks to be considered in the analysis
of the Bragg diffraction data. This file is not required if the information is provided in the main
.dat file; subsubsection 4.13.1a).

methane.dw containing information on the distance window constraint as described in section 2.4
(this has now been incorporated into the main .dat file but is included here as it is still
possible to use the .dw file).

methane .bonds containing lists of all the bonds used in the interatomic potentials. If this file is
not available, it will be automatically generated for re-use by RMCProfile; we recommend
that this file be generated using a well-ordered configuration (subsection 4.7.4).

methane.triplets containing lists of all the bond angles used in the interatomic potentials. If
this file is not available, it will be automatically generated for re-use by RMCProfile; we
recommend that this file be generated using a well-ordered configuration (subsection 4.7.5).

The methane stem part of the file names can be anything you like, but as in this example this group
of files must have the same stem name.

In addition to these will be files containing the scattering data and the pair distribution function.
There are no constraints on the names of these files, which are given in the . dat file. These data
files will be described in section 4.3.

These files are described in the chapters and sections indicated above

3.3 Running RMCProfile

To run RMCProfile, execute the following shell command:
rmcprofile methane > methane.log

The part of the line “> methane.1og” tells the command to direct the standard output to a specified
file, here called methane. log but which actually could be called anything you like. If this part of
the line is not included, the standard output goes directly to your screen.

In this example we have assumed that the program file, here called rmeprofile but which could be
called anything you want to rename it to, will be automatically picked up by the command interpreter,
which means that it will either be in a special directory that is included in your PATH or is in your
working directory which is associated within your PATH. If the program is in your working directory
but your PATH is not set up to detect programs within it, you need to modify the command to

./rmcprofile methane > methane.log
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Otherwise you need to give the full name of the program file, including all the directory information.

On Windows, if you always run RMCProfile by double clicking on the .bat file, your path should
be set for you and you will not have to worry about locating the individual programs. They should
run from your RMCProfile command prompt window.

3.4 Output files

RMCProfile will generate a number of output files. These include, following the methane example
given above:

methane.out contains a lot of summary information and generated data.

methane.xml contains a lot of summary information and generated data if you have specified a
request for CML data.

methane.xhtml contains a nice web page summary of the results of the RMC simulation, pro-
vided you have requested cML data and the use of the ccviz program.

methane.his6£f contains the configuration and the pair distribution functions generated by the
run.

methane.rmc6£f will contain an updated configuration. If you request periodic saves of the con-
figurations, these will have a number appended as, e.g. methane 23 . rmc6f.

methane chi2.txt contains an evolution of all Chi2 agreement factors during the refinement.
methane_SQpartials.csv will contain the calculated partial scattering functions in CSV format.?

methane SQ1.csv Wwill contain the calculated and experimental data for the first file of scattering
data in CSV format. If more than one file of scattering data is used, the number 1 will be
replaced by the subsequent number of the data set.

methane PDFpartials.csv will contain the calculated partial pair distribution functions in CSV
format.

methane PDF1.csv will contain the calculated and experimental data for the first file of PDF data
in CSV format. If more than one file of PDF data is used (not a common case), the number 1
will be replaced by the subsequent number of the data set.

methane.braggout will contain the calculated and experimental Bragg diffraction data.

methane bragg.csv will contain the calculated and experimental Bragg diffraction data in CSV
format.

methane.cssr which contains the configuration in a form that can be read by several visualisation
programs, including CrystalMaker which is endorsed by the authors.

2Comma Separated Values, which is exactly as described by the name, and is excellent because this format can
easily be read into many analysis programs, such as Microsoft Excel.
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hkls contains information used by the Bragg modules and which can be retained to be used by a
subsequent run of RMCProfile.

methane.amp contains information used by the Bragg modules and which can be retained to be
used by a subsequent run of RMCProfile.

methane.ylm contains lists of the mean bond spherical harmonics and Kubic harmonics.

These files will be described in subsequent chapters.
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Chapter 4

Input Files

4.1 RMCProfile main data file

4.1.1 Introduction

Version 6 of RMCProfile introduces some new input file formats, which we recommend should
be used in preference to the ‘classic’ formats (described later). The main data files, particularly the
files containing the scattering data and the pair distribution function data, so far remain the same
as in the ‘classic’ version, but the main .dat file and the configuration file have more transparent
and more flexible formats (and hence are easier both to create and analyse). The histogram files
also have new formats. Actually, by using the data2config program described in a later chapter
on tools, users will never need to create the configuration file by hand.

4.1.2 The main .dat file

The main whatever.dat file, which is the file that controls the RMC simulation, is designed to be
both flexible and readable. The format is simple and has just a couple of basic rules. These are
illustrated in the following example:

%% RMC refinement of Ag3Co (CN)6

TITLE :: Ag3CoCN6_300K
MATERIAL :: Ag3[Co(CN) 6]

NUMBER_DENSITY :: 0.052612 NUMBER/ANG"3
MAXIMUM_MOVES :: 0.0149 0.0200 0.0445 0.0411 ANG
R_SPACING :: 0.020 ANG

PRINT_PERIOD :: 10000 STEPS

TIME_LIMIT :: 0.0 MINUTES

SAVE_PERIOD :: 0.0 MINUTES

ATOMS :: Ag Co C N

NEUTRON_REAL_SPACE_DATA :: 1
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FILENAME :: ag3cocn6_300k_tr.dat
START_POINT :: 1

END_POINT :: 2000

WEIGHT :: 0.02

vV V V V

FLAGS
> SAVE_CONFIGURATIONS

END

You immediately notice the first main rule, namely the use of “¢%”, “: :” and “>” symbols. These are
used to define the type of data:

o\
o\

Anything after these characters is treated as a comment on that line.

Having this character on a line indicates that the line is a keyword; that is, it defines the type
of data about to be provided. There are three main cases:

a) where the keyword stands alone, e.g. “END ::”. You still need the :: symbol in the
major keywords in this case in order for the parser to work; we will see an exception
with the subordinate keywords below.

b) where the : : are followed by some data, for example “MATERTIAL :: Quartz”. The
parser will know what to expect (whether characters or numbers);

¢) where the major keyword is followed by a block of multi-line data. In this case, the
subordinate keywords are designated by the preceding “>” character (described next).

>  This denotes a subordinate keyword, and is tied to a major keyword. The order of the subor-
dinate keywords is completely arbitrary within the block, but they have to follow immediately
after the associated major keyword. In the examples shown on page 34, the “F1LAGS ::”
keyword line is followed by a set of lines for which each subordinate keyword is merely a di-
rective (in this case the subordinate keyword doesn’t need the : : symbol; hopefully this isn’t
too inconsistent for people, but at least an inconsistency is offset by the fact that there are
very few rules). On the other hand, the “NEUTRON_REAL_SPACE DATA :: 1” major keyword
is followed by a set of subordinate keywords which in turn have associated data following the
rule for the use of : : as above. Thus the line “> WEIGHT :: 0.02” is the way to input a
value for the weighting parameter associated with this neutron data set.

The only other rule is the use of the “END : :” line. This tells the input parser to ignore anything
below this line, which is useful when playing around.

Subiject to these two rules, there are many ways in which the format is quite flexible. For example,
the order of the “: :” lines is completely arbitrary (apart from the constraints on the use of the
“END ::”line), and the input is case independent. The input files also reduce the need to provide
redundant data, whilst allowing you to do so if you wish. You are also allowed to include blank lines.
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4.1.3 Major keywords

This is the first of two boring — but essential and comprehensive — sections of information associated
with the input data file format. We recommend that you skim-read this now, and return to it after
you have seen an example (given below). Note that the word ‘requires’ used in this list indicates the
required parameters, not that this keyword is actually required.

ATOMS

AVERAGE_COORDINATION_CONSTRAINTS ::

BRAGG ::

BRAGG_.DUMMY ::

BOX_SIZE ::

BULK_RHO ::

BVS ::

Requires labels for the atoms in the configura-
tion file. This keyword is not required when Ver-
sion 6 configuration files are being used.’

Requires an integer which identifies the number
of average coordination constraints to be used.
Is followed by a subordinate keyword to define
the parameters. Default is to not use this con-
straint if this keyword is not provided.

Introduces a block of subordinate keywords that
provide information about the Bragg scattering
data. Do not include if you have no Bragg profile
data.

By providing some key parameters, such as
the Bragg shape, the instrumentation file name,
etc., the program will generate the simulated
Bragg pattern (the so-called dummy data, for
neutron only). This keyword can be provided to-
gether with the real datasets, and then the pro-
gram will fit those real datasets as well as gen-
erating the corresponding simulated pattern.

Number of unit cells (values 'Nx Ny Nz’ should
be given following ’:’) in the configuration box
along x,y and z directions. Required for calcu-
lating the average amplitude if fitting diffuse-

scattering patterns.

Specifies the bulk density for the low dimen-
sional RMCProfile simulation. Detailed informa-
tion about the theoretical background of the cor-
rection for the low D RMCProfile, refer to the
paper (to be pulished).

Introduces a block of subordinate keywords
which define the parameters used for the
bond valence constraint. If this keyword is not
present, the program will search for a .bvs file,
and if neither is present the BVS constraint will
not be used.
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CML ::

COMMENT ::

CONVOLUTIONZ2D ::

CRYSTALMAKE_OUT ::

CURVATURE ::

DATA_FILE_VERSION ::

DATA_NOTE ::

DIFFUSE_SCATTERING ::

Indicates that XML output in the language of the
Chemical Markup Language (CML) is required
(the default in the absence of this keyword is
not to create a CML file). CML is described in a
later section. This keyword can be followed by
a block of subordinate keywords. Although op-
tional, we recommend the use of this keyword
because XML opens up a whole new world of
possibilities for data analysis. CML is discussed
in section 6.3.

Requires text that acts as any comment you
want to make. An example might be that the
specific run is part of a larger study. This is used
for metadata and is not compulsory.

This keyword is optional if fitting the 2D dif-
fuse scattering pattern. Activates convolution of
the calculated 2D diffuse-scattering pattern with
a specified kernel matrix (provided in a file of
which the name should be given following ’:?’).
Useful for fighting with the speckle artifacts in
the calculated signal.

Generates an output file with atomic coordi-
nates in the Crystal Maker format.

A restraint which suppresses artificial spikes in
partial PDFs (if a problem) by minimizing the in-
tegral of the modulus of a second derivative of
a given partial over a specified r-range. Param-
eters to following " are 'n r; r» W’ representing
number of a partial, bounds of the r-interval in
Aand weight (direct).

Requires a number that indicates a version for
the data format. Allowed values are rmc6f,
rmc3f and cfqg. There is no default version.

Requires text that allows the user to attach a
one-line note about the data. For example, you
could note that the data quality is good or of
lower-quality just for testing purposes. This is
used for metadata and is not compulsory.

Introduces a block of subordinate keywords for
fitting 2-D electron diffuse scattering patterns.
Text can follow ’: but will be ignored. Each
diffraction pattern requires a separate keyword
followed by subordinate keywords. DO NOT in-
clude if no diffuse scattering to fit.

37/187



RMCProfile Manual v6.7.8

4 1. rRMCPROFILE MAIN DATA FILE

DISTANCE_WINDOW ::

END

FIXED_COORDINATION_CONSTRAINTS

FLAGS

GPU_ACCELERATOR ::

IGNORE_HISTORY_FILE

INPUT_CONFIGURATION_FORMAT

INVESTIGATOR ::

KEYWORDS

LAYER_-THICKNESS

LINEAR ::

LOGARITHMIC

Introduces a block of subordinate keywords
which provide the distance window constraint
information.

Indicates that this is the last line to be read. It
is useful when it enables you to move lines be-
low this line rather than delete them should you
possibly want to use them again.

Requires an integer which identifies the number
of average coordination constraints to be used.
Is followed by a subordinate keyword to define
the parameters. Default is to not use this con-
straint if this keyword is not provided.

Introduces a block of subordinate keywords that
switch on/off various options.

This specifies the using of GPU accelerator for
RMC fitting. A single integer number should fol-
low :7” to specify which video card to use, with
the starting index of 0, i. e. 0 representing video
card slot 1. As of writing, the GPU acceleration
is only available on Windows release. We will
be working on compiling and testing its Linux
version.

Instructs rmcprofile to ignore any .his or
.hisé6f files present in the working directory.

Requires a number that indicates a version for
the format of the input configuration file. Allowed
values are rmc6f, rmc3f and cfqg. There is no
default version.

Requires text concerning the name of the per-
son running the simulation or experiment. This
is designed for your future benefit. This is used
for metadata and is not compulsory.

Requires text that act as keywords for your pos-
sible future benefit. This is used for metadata
and is not compulsory.

Specfies the thickness of the two dimensional
layer used for the RMCProfile running.

Specifies the intensity scale (linear) for the dif-
fuse scattering pattern.

Specifies the intensity scale (logarithmic) for the
diffuse scattering pattern.
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MAGNETISM ::

MATERIAL ::

MAXIMUM_MOVES

MINIMUM_DISTANCES

NEUTRON_COEFFICIENTS

NEUTRON_REAL_SPACE_DATA ::

NEUTRON_REAL_SPACE_DUMMY_DATA ::

Introduces a block of subordinate keywords that
define the parameters associated with a mag-
netic simulation. Default is to not use magnetic
spins if this keyword is not provided.

Requires text to act as a title for the material
being studied. This is used for metadata and is
not compulsory.

Requires values of the maximum move of each
atom. Currently the units are not interpreted;
default units are Angstroms.’

Requires numbers of the minimum approach
distances between pairs of atoms. Default val-
ues are zero if this keyword is not provided. Cur-
rently the units are not interpreted; default units
are Angstroms.?

Requires list of neutron scattering coefficients
(products of scattering lengths and number
concentrations) for all atom pairs. The data are
allowed to straddle several lines of the file. De-
fault units are 10-3° m?. The default values are
calculated by the code if this keyword is not
given. It can be overwritten within the neutron
data block of subordinate keywords (see sec-
tion 4.2).2

Introduces a block of data concerning a set of
neutron-derived real-space data (i.e. a pair dis-
tribution function weighted by the neutron scat-
tering lengths). Text can follow the : : but will
be ignored. This keyword must be followed by a
block of subordinate keywords. Do not provide
if you have no neutron real space data.

By providing some key parameters, such as
the lower and upper limit of the r-space, etc.,
the program will generate the simulated neutron
real space pattern (the so-called dummy data).
This keyword can be provided together with the
real datasets, and then the program will fit those
real datasets as well as generating the corre-
sponding simulated pattern.
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NEUTRON_RECIPROCAL_SPACE_DATA ::

NEUTRON_RECIPROCAL_SPACE_DUMMY_DATA ::

NUMBER_DENSITY ::

PARTICLE_RADIUS

PHASE

PRINT_PERIOD

POLYHEDRAL_RESTRAINT

Introduces a block of data concerning a set of
neutron scattering data. Text can follow the : :
but will be ignored. This keyword must be fol-
lowed by a block of subordinate keywords. Do
not provide if you have no neutron reciprocal
space data.

By providing some key parameters, such as the
lower and upper limit of the Q-space, etc., the
program will generate the simulated neutron re-
ciprocal space pattern (the so-called dummy
data). This keyword can be provided together
with the real datasets, and then the program will
fit those real datasets as well as generating the
corresponding simulated pattern.

Requires the value of the number density. De-
fault units are A=3. Default value is the the value
automatically calculated from the configuration
file, and this will always override any value given
with this keyword.

The radius of the nanopatrticle to be used in the
RMCProfile running.

Requires text to act as a description of the
phase for the material being studied. For ex-
ample, if you are studying quartz, you can de-
fine whether this is the low-temperature or high-
temperature phase. This is used for metadata
and is not compulsory.

Requires number of steps between printing to
the log file.

Requires the number label of the polyhedral
constraint (see section 4.10. Default is to not
use this constraint if this keyword is not pro-
vided.
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POLARIZATION ::

POTENTIALS ::

PRE_EDGE ::

PRESSURE ::

R_SPACING ::

For perovskite structures, activates a fit of
the electrical polarization to its experimental
value. The calculations have been implemented
for ABOS3 and (A,A’)BOS perovskite structures,
where A and A’ are two distinct cations shar-
ing the A-sites. Ideally, Born effective charges
(BEC) should be used; however, if BECs are
unavailable, formal ionic charges can be used
instead. Parameters that should follow ’::" in-
clude 'y w QB QI Qt QA [QA]T standing for
experimental polarization (C/m?), weight for the
penalty term, BEC for a B-cation, a longitudinal
BEC component for oxygen, a transverse BEC
component for oxygen and BEC for an A-cation,
BEC for an A’-cation (only if present). The order
of atomic types in the configuration should be:
1-B, 2-0, 3-A, 4-A..

Introduces a block of data concerning the use
of interatomic potentials. See Default is to not
use this constraint if this keyword is not pro-
vided. Use of this keyword means that use of
the POLYHEDRAL_RESTRAINT :: keyword is
ignored, because the two keywords provide ac-
cess to similar functionality. See page 73

Activates the fitting of the average magni-
tude of the local off-centering for octahedrally-
coordinated ions in perovskites. Parame-
ters should be provided following ’: is:
‘pre_abs_type pre_nei_type pre.int pre_weight
pre_width pre_width_weight’ which represents
type of the octahedral atom, type of the neigh-
bouring ligand atom, magnitude of the off-
centering (A), weight, a width of the off-
centering distribution (A) and weight for the
width, respectively.

Requires text to denote the pressure of the ma-
terial being studied. This is used for metadata
and is not compulsory. Units are not parsed as
such.

Requires the value of the spacing used in the
pair distribution functions. Currently the units
are not interpreted; default units are Angstroms.
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RMC_NOTE

SAVE_CONFIGURATION_FORMAT

SAVE_PERIOD

SORT_ATOMS

SWAP

SWAP_MULTTI

TEMPERATURE

TIME_LIMIT ::

ITERATION_LIMIT

TITLE

USE_DSHAPER ::

Requires text that allows the user to attach a
one-line note about the specific simulation. For
example, you could add a note to say that this is
a test of one of several trial configurations. This
is used for metadata and is not compulsory.

Requires a number that indicates a version for
the format of the saved configuration file. At the
present time this is line is not required but is
reserved for future use.

Requires time period (in minutes) between sav-
ing the configuration.

Gives a flag to sort the atoms in in the input con-
figuration (for version 6 configuration files) into
the order of atom type. Is useful when the gen-
erator program doesn’t do this. Default is not to
sort.

Introduces a block of subordinate keywords that
provide information about the atom swapping
facility. Default is to not use this swapping if this
keyword is not provided.

Introduces a block of subordinate keywords that
provide information about the atom swapping
facility. Default is to not use this multi swapping
if this keyword is not provided.

Requires text to denote the temperature of
the material being studied. This is used for
metadata and is not compulsory. Units are not
parsed.

Requires time limit (in minutes) for the job.
Requires generated moves limit for the job.

Requires text to act as a title for the run. This is
used for metadata and is not compulsory.

Use DShaper approach [25] for correcting the
nano-size effect. Refer to Appendix-G for more
details.
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USE_RMC6F_ATOM_INFO ::

VALENCE ::

WIRE_WIDTH ::

WEIGHT_OPTIMIZATION ::

XRAY_REAL_SPACE_DATA ::

XRAY_REAL_SPACE_DUMMY_DATA ::

In some situations, we could possibly have
atoms of the same type sitting on crystallo-
graphically different positions. In such cases,
if we put all atoms of same type in the same
block, we need to explicitly specify current key-
word to tell RMCProfile to treat those crystallo-
graphically different atoms properly as they ap-
pear in the .rmc6f configuration file.

Specifies the valence (the value - V1 V2 ... Vn-
types - should be given following ;") for all the
atom types. Required for fitting the electron dif-
fuse scattering data. By default, the value will
be set to 0 for all atom types if no value is given
following 7.

The width of the nanowire (currently the square
nanowire is assumed, more shape will be sup-
ported in the future if needed) to be used in the
RMCProfile running.

Specify to enable an automated procedure
that assigns weights by analyzing statistical
correlations between changes in each resid-
ual term (corresponding to each data section
or constraint) and the total residual. Refer to
Appendix-E for more detailed instruction.

Introduces a block of data concerning a set of
X-ray based real space data. Text can follow
the :: but will be ignored. This keyword must
be followed by a block of subordinate keywords.
Do not provide if you have no X-ray real space
data. Please be also aware that this part of the
program could not be fairly tested yet. Never-
theless as we include it into the code we can-
not guarantee it runs successfully. The feed-
back from the users would also be very appre-
ciated.

By providing some key parameters, such as the
lower and upper limit of the r-space, etc., the
program will generate the simulated X-ray real
space pattern (the so-called dummy data). This
keyword can be provided together with the real
datasets, and then the program will fit those real
datasets as well as generating the correspond-
ing simulated pattern.
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XRAY RECIPROCAL_SPACE DATA :: Introduces a block of data concerning a set of
X-ray scattering data. Text can follow the : : but
will be ignored. This keyword must be followed
by a block of subordinate keywords. Do not pro-
vide if you have no X-ray reciprocal space data.
Starting from version 6.7.4, only one X-ray re-
ciprocal space data block is allowed. If users
want to separate the whole Q-range to multiple
sections for fitting, please refer to the subordi-
nate keywords section of current keyword.

XRAY_RECIPROCAL_SPACE_DUMMY_DATA :: By providing some key parameters, such as the
lower and upper limit of the Q-space, etc., the
program will generate the simulated X-ray recip-
rocal space pattern (the so-called dummy data).
This keyword can be provided together with the
real datasets, and then the program will fit those
real datasets as well as generating the corre-
sponding simulated pattern.

"Note that the order of the atoms must be the same as the order of atoms in the configuration file.

°Note that the order of the atom pairs is set by the order of atoms in the configuration file. This is
illustrated by the example of 4 atoms labelled 1,2,3,4, with the order of pairs being 1-1, 1-2, 1-3,
1-4,2-2, 2-3, 2-4, 3-3, 34, 4-4.

4.1.4 Subordinate keywords

Like the previous section, this is also boring but essential and comprehensive. Each block of subor-
dinate keywords is given under the corresponding major keyword. Note that not all keywords require
the : : characters; these are only used if they are to be followed by data on the line. Also note that
some keywords (particularly those beginning with the characters “N0_" merely replicate the default
behaviour, but can be useful as a record of the user’s explicit intentions.

AVERAGE_COORDINATION CONSTRAINTS ::

> CAVSTR1 :: Give, in order, the following parameters: central atom
type (e.g. 1), neighbour atom type (e.g 2), the dis-
tances between which to calculate the coordination
number (e.g. 0 2.0), the desired average coordina-
tion number (e.g. 4.0) and the weighting for this con-
straint (e.g. 0.0001, the smaller this value the stronger
the weighting). The ”1” refers to the 1st average co-
ordination constraint. Duplicate this subordinate key-
word and append the appropriate number (e.g. >
CAVSTR2 ::) if you have more than one constraint.
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BRAGG ::

> BRAGG_SHAPE :: Give a text string to denote the type of profile
line shape to use. Options are GSAS1, GSAS2,
GSAS3, XRAY2, and GSAS1 ABSO, GSAS2_ABSO,
GSAS3_ABSO0 and XRAY2_ABSO (the last four includes
absorption correction type 0), as defined by the GSAS
manual. The case doesn’t matter.

> DMIN :: Give the minimum d-spacing value to be used in the
analysis of the Bragg diffraction data. Users can use
the oMax subordinate keyword instead. The use of
this subordinate keyword will replace the need for the
.hk1 file.

> EXTENDED PEAKS :: (Optional) Extends peak tails to lower intensity cut-
offs.

> FAST_BRAGG :: (Optional) Activates fast calculations of Bragg profile
that utilize Q-multiplicity. Currently, cannot be used
with magnetism.

> HKL_RANGE :: Give, in order, the maximum values of the Miller in-
dices h, k and /. This is not yet implemented but will
be available soon. The use of this subordinate key-
word will replace the need for the . hk1 file.

> NO_RECALCULATE Do not recalculate the list of reflections to use, but
use the ones provided in the hk1s file by a previous
run. This is the default setting; although not neces-
sary, this keyword can be useful as a record for the
user.

> QMAX :: Give the maximum value of Q to be used in the anal-
ysis of the Bragg diffraction data. Users can use the
DMIN subordinate keyword instead. The use of this
subordinate keyword will replace the need for the
.hk1 file.

> RECALCULATE :: Recalculate the list of reflections to use. The default
setting is not to recalculate.

> SCATTERING_LENGTH :: Give the scattering length (for neutron data) for each
atom type, following the order specified in the main
".dat’ file. For the X-ray Bragg data, this subordinate
keyword does not work. We should either put the co-
efficients for X-ray scattering for each atom type in the
*.xray’ file or we don’t need to worry about it and RM-
CProfile will take care of calculating the Q-dependent
X-ray scattering factors automatically.
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> SUPERCELL :: Three numbers to denote the supercell of the basic
unit cell used to generate the atomic configuration.
This information can also be in the . rmé6f file instead
of here.

> WEIGHT :: Parameter to weight the contribution of the Bragg pro-
file to the Monte Carlo simulation.

> WEIGHTED_RESIDUAL :: (Optional) Individual peak intensities are weighted in
chi-sq; similar to Rwp used in Rietveld software.

BRAGG_DUMMY ::

> BANK.NO :: Specifies the bank number for which the dummy data
will be generated by providing the number following

> BRAGG_SHAPE :: Refer to the same entry under ' BRAGG ::’ keyword.

> DMIN :: Refer to the same entry under 'BRAGG ::’ keyword.

> FITTED_SCALE :: (Optional) Refer to the same entry under 'BRAGG :”
keyword.

> INST_FILE :: The name of the instrument file should be provided
following 7.

> SCATTERING_LENGTH :: Refer to the same entry under ' BRAGG ::’ keyword.

> SUPERCELL :: Refer to the same entry under ' BRAGG ::’ keyword.

> TOF_DATA :: Three parameters should be provided following ’:?
— tof_min tof_max tof_bin, which represents the mini-
mum, maximum and binning for the TOF, respectively.
Here it should be noticed that the binning of the TOF
should be given with the logrithmic scale.

BVS ::

> ATOM :: Give the element symbols for each atom in the config-
uration (in the same order as defined in the configura-
tion file - this is essentially a duplication of the ATOMS
: : keyword, but unfortunately is necessary.)

> OXID :: Give the oxidation states for the atoms in the same
order as above.

> WEIGHTS :: Give appropriate weightings for the bond valence
sums for each atom type: smaller numbers give heav-
ier weighting.
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> RIJ :: Give the bond valence parameters for each atom pair
in turn (enter 0 for non-bonded pairs). These are or-
dered in the same way as when giving the coeffi-
cients, but in this case you do not include the like-
atom pairs. For a 3 atom configuration you'd supply
the parameters for pairs 1-2, 1-3 and 2-3, in that or-
der.

> BVAL :: Give the value of B for each atom pair. This is usu-
ally taken as a constant: 0.37. Enter 0 for non-bonded
pairs.

\%

CUTOFF :: Give the cut-off distances for calculating the bond
valence sum for each pair in turn. Enter 0 for non-
bonded pairs.

> SAVE :: Indicate how often you want an update on the status
of the bond valence sums to be printed.

> UPDATE :: Indicate how often you want the neighbour list (which
defines which atoms are bonded to each other) to be
updated.

CML ::

> CCVIZ :: Instructs the code to run the ccviz program that
converts the xml file to an xhtml file. The parameter
gives the path and name of the ccviz program. Ex-
amples are ./ccviz if the program is in the same
location as you are running RMCProfile from, and
/use/local/bin/ccviz if you are running ccviz
from a specific stored version. No parameter is re-
quired if the ccviz command is already installed in a
location picked up in your search path. For this to work
it is required that mktemp is installed on the comput-
ing running the code. Default is not to perform this
action.

> INPUT_CONFIGURATION Instructs the code to read the configuration from a
CML file. Default is to read from a standard config-
uration file; not yet implemented.

> REPORT_CONFIGURATION :: Instructs the code to save the configuration in the
main CML file for subsequent visualisation using the
ccViz tool (described later). This is not recommended
except for the use of small configurations. Default is
not to save the configuration in the main xml file; not
yet implemented.

47/187



RMCProfile Manual v6.7.8 4 1. rRMCPROFILE MAIN DATA FILE

> OUTPUT_CONFIGURATION Instructs the code to write the configuration into a
CML file. Default is to write to a standard configuration
file; not yet implemented.

DIFFUSE_SCATTERING ::

> FILENAME :: Filename containing the data.
> WEIGHT :: Weight for this dataset in the total residual.
> SAVE :: (Optional) Save the diffuse scattering fitting result to

a separate file.

> NO_AVERAGING :: (Optional) If included, no averaging over the calcu-
lated diffuse scattering patterns related by symmetry
will be performed; each pattern will be fitted to exper-
imental data separately.

> FITTED_OFFSET :: Activates fitting of an intensity offset between the cal-
culated and experimental diffuse-scattering patterns.

> CONSTANT_OFFSET :: An intensity offset between the calculated and exper-
imental diffuse-scattering patterns will be fixed at a
specified value (should be given following ’:?’).

> FITTED_SCALE :: Activates fitting of a scale factor for the calculated dif-
fusescattering pattern.

> CONSTANT_SCALE :: A scale factor for the calculated diffuse-scattering will
be fixed at a specified value (should be given following

7).

DISTANCE WINDOW ::

> MNDIST :: Give the closest approach distances for each atom
pair. These are ordered as the partials, so for a 2 atom
configuration three distances would be given for pair
1-1, pair 1-2 and pair 2-2 respectively.

> MXDIST :: Exactly the same as the previous keyword but this
time giving the furthest away distances.

EXAFS ::

> FILENAME :: Filename containing the data.

> FIT_SPACE :: Acceptable values: r, k (case-insensitive). Specifies
whether a given EXAFS dataset if fitted in r- or k-
space.
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> START_POINT_(R_SPACE)
> END_POINT_(R_SPACE)
> R_SPACING ::

> LOW_R.REGION_LIMIT ::

> LOW_R_.WEIGHT

> START_POINT_(K_SPACE)

> END_POINT_(K_SPACE)

> K_POWER ::

> WEIGHT ::

> ENERGY_OFFSET ::

> SCALE_FACTOR ::

> NUM_TYPES_ABSORBING_ATOMS

> TYPE (S) .OF _ABSORBING_ATOMS

FLAGS ::

Start point for a fit in r-space (A).
End point for a fit in r-space (A).
r-spacing (A) to be used in the EXAFS fitting.

(Optional) The upper limit (in A) for a lower-r part of
EXAFS to be included separately in the fit. If speci-
fied, introduces an additional term to the total resid-
ual, which describes a contribution from the lower-
r part of EXAFS. This subordiante keyword must be
provided together with the following subordinate key-
word ’s, LOW_R_WEIGHT".

Weight assigned to the lower-r part of EXAFS.

Start point (A=) of a fit in k-space (if specified in
">FIT_SPACE’) or the lower limit of a k-range used in
the Fourier transform if the fit is performed in r-space.

End point (A~1) of the fit in k-space (if specified in
">FIT_SPACE’) or the upper limit of a k range used in
the Fourier transform if the fit is performed in r-space.

Specifies the power of n in the weight-factor k" ap-
plied to an EXAFS signal chi(k) prior to the Fourier
transform.

Weight assigned to a given EXAFS dataset in the total
residual.

(Optional) Shift of EO (eV) in the experimental spec-
trum. Currently, EO=EOQ_true/3.807, where EOQ_true is
the desired shift. If not given, E0=0 will be used.

(Optional) Scale factor for the experimental spectrum.
If not specified, the default scale factor 1 will be used.

(Optional) Specifies the number of types of absorbing
atoms for a given EXAFS dataset. If not included, the
number of types will be set to 1.

A list of types of the absorbing atoms for a given EX-
AFS dataset.

> CSSR Instructs the program to write a copy of the final
atomic configuration in cssr format, suitable for view-
ing in a molecular plotting program such as Crystal-
Maker. Default is not to produce this file.
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> MOVEOUT Instructs the RMC simulation to attempt to adjust the
initial configuration to best match the minimum dis-
tances. Default setting is not to do this.

> NO_MOVEOUT Instructs the simulation not to use the MOVEQUT op-
tion. This is the default setting; although not neces-
sary, this keyword can be useful as a record for the
user.

> NO_RESOLUTION_CONVOLUTION Instructs the to not program use the convolution of the
experimental neutron reciprocal space data with the
experimental resolution function. This is the default
setting; although not necessary, this keyword can be
useful as a record for the user.

> NO_SAVE_CONFIGURATIONS Instruct the program not to output a separate configu-
ration file at each save point during the run. This is the
default setting; although not necessary, this keyword
can be useful as a record for the user.

> RESOLUTION_CONVOLUTION :: Instruct the program to use the convolution of the ex-
perimental neutron reciprocal space data with the ex-
perimental resolution function. The default is not to
use the convolution.

> SAVE_CONFIGURATIONS Instruct the program to outputs a separate configura-
tion file at each save point during the run. This is used
in cases where it is necessary to collect multiple con-
figuration files at equilibrium for analysis. The different
files are numbered, e.g. as rmc6£f_01, .rmc6£f_02
etc. The default is not to output these files.

LEFT TAILS :: (RIGHT TAILS ::)
> START_STOP :: Bounds (A) for the r-interval over which this tail re-
straint will be applied. Parameters that should follow
.7 is ’rmin rmax’.
> PARTIAL :: Number of a partial to which the restraint is applied.
> COEFFICIENTS :: Parameters of a sigmoidal function:
(Ar — Ax)/(1 + el —nV/Ary L Ay,
> WEIGHT :: Weight assigned to the tails penalty term.
> HARD :: (Ctional) Becomes a hard constraint; the move is re-
jected if the condition is not met; will override the
‘weight’ keyword.
MAGNETISM ::
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> FORM_FACTOR :: Atom number followed by the seven coefficients for
the expression for the magnetic form factor. The user
will need to provide either this keyword line or the
FORM_FACTOR.FILE :: keyword line.

> FORM_FACTOR.FILE :: File containing the magnetic form factors. The user
will need to provide either this keyword line or the
FORM_FACTOR : : keyword line.

> MAGNETISM_FILE_STEM :: Stem name for the files associated with magnetic
spins.
> MAGNETIC_ATOMS :: List of atoms that have an associated magnetic spin.

It is essential that these atoms are the first atoms in
the configuration file, so that a list of non-sequential
atoms would be invalid.

> MAX_SPIN_MOVEMENT :: Parameter that gives the maximum rotation of the
magnetic spin in any RMC step.

> NO_VARY_SPIN MOVE _RATE Do not vary the rate of the spin move relative to
the atomic displacements. Default is not to allow
the spin move rate to vary if this keyword or the
VARY_SPIN_MOVE_RATE keyword is not given.

> SPIN_.MOVE_RATE :: Rate at which the spins are moved relative to the
atomic displacement moves. A value of 0.5 means
that the number of attempted spin moves will equal
the number of atom displacement moves; a value less
than 0.5 means that there will be more atom displace-
ment moves than attempted spin moves.

> VARY_SPIN_MOVE_RATE Allow the rate of the spin move relative to the atomic
displacements to be varied during the simulation. De-
fault is not to allow the spin move rate to vary if this
keyword is not given.

NEUTRON_REAL_SPACE DATA ::

> BROADENING_CORRECTION :: A single value should follow to specify the parameter
concerning the broadening effect in real-space, ac-
counting for the increasing noise level in high Q re-
gion. The specified parameter is quite similar with (but
not identical to) the gbroad parameter in PDFgui. Re-
fer to Appendix-F for details.
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> DATA_TYPE :: Gives the type of data; options are G(r), T (r),
D(r), G’ (r) or G(r)P (used in PDFGetX3
and PDFGui programs), together with the word
normalised or normalized for functions that are
scaled by the neutron scattering coefficient Y ¢;c;b;b;
to give limiting values of +1 depending on the func-
tion. This is explained in more detail in Section X.

> CONSTANT_OFFSET :: If specified, it allows the user to provide an offset that
applies to the PDF data before fitting. Default value is
0.0 if this keyword is not provided.

> CONVOLVE :: This subordinate keyword tells RMCProfile to con-
volve a sinc function into the calculated PDF pattern
to account for the finite Q-range effect. A parame-
ter should be provided following ’::’ to specify the ef-
fect Q-range. To keep consistence with experimental
data, this value is better to be identical to the actual
Q-range used for Fourier transforming the S(Q) data
to obtain the PDF.

> END_POINT :: End point of the data (an integer).

> END_POINT :: RMCProfile6 can now run in dynamic mode
and automatically extend the range of the
NEUTRON REAL SPACE DATA. If four values are
provided those would have the following meaning:
initial end point, time of the calclation of initial range,
extension step in points and time intervals between
following extinctions in minutes. For example the
keyword END_POINT :: 250 180 100 120 would
start the refinement with the range of 250 points and
run for 180 minutes. Next, it will be extended by 100
points every 120 min.

> FILENAME :: Filename containing the data.

> FIT_TYPE :: Gives the function that is fitted; options are G(r),
T(r), D(r), G’ (r) or G(r)P (used in PDFGetX3
and PDFGui programs), together with the word
normalised or normalized for functions that are
scaled by the neutron scattering coefficient ¥ ¢;c;b;b;
to give limiting values of +1 depending on the func-
tion. This is explained in more detail in section 4.3.5.

> FITTED_OFFSET If specified, this instructs the program to fit the offset
value provided for this set of data. Default is not to fit.

> GUDRUN If specified, the data file was generated by the Gu-
drun data reduction suite, and contains errors on each
point.
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> NEUTRON_COEFFICIENTS :: Requires list of neutron scattering coefficients (prod-
ucts of scattering lengths and number concentrations)
for all atom pairs, particular to this data set only. The
data are allowed to straddle several lines of the file.
Default units are 10~39 m?. The default values are cal-
culated by the code if this keyword is not given (see
section 4.2).1

\%

NO_CONSTANT_OFFSET Instructs the code that no offset is to be applied to
the T(r) data before fitting. This is the default setting;
although not necessary, this keyword can be useful
as a record for the user.

> NO_FITTED_OFFSET Instructs the program not to fit the offset value pro-
vided for this set of data. This is the default setting;
although not necessary, this keyword can be useful
as a record for the user.

> RESOLUTION_CORRECTION :: A single value should follow to specify the exponent
accounting for the dampening in real-space (which
fundamentally comes from the finite resolution effect
in Q-space), in the form of exp(—r x Expo).

\4

R.CUTOFF :: As the result of convolving with a sinc function (see
the '"CONVOLVE ::’ subordinate keyword above), the
PDF pattern will contain a lot of Fourier ripples. Here,
the cutoff parameter provided following ;" specifies
that the region below the cutoff in r-space will be set
to the baseline, to get rid of the Fourier ripples. This
subordinate keyword does not have be specified. If
not given, the value will be set to be equal to the
non-zero minimum among those values following the
'MINIMUM _DISTANCES ::’ keyword.

> START_POINT :: Start point of the data (an integer).

> STOG :: If specified, the data file was generated by the STOG
program for converting total scattering data to PDF
data.

> WEIGHT :: Parameter that weights the data in the simulation.

NEUTRON_REAL_SPACE_DUMMY DATA ::

> BROADENING_CORRECTION :: A single value should follow to specify the parameter
concerning the broadening effect in real-space, ac-
counting for the increasing noise level in high Q re-
gion. The specified parameter is quite similar with (but
not identical to) the gbroad parameter in PDFgui. Re-
fer to Appendix-F for details.
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> DATA_TYPE :: Specifies the type of the generated dummy data. The
acceptable value is the same with that under 'NEU-
TRON_REAL_SPACE_DATA :’ keyword.

> NEUTRON_COEFFICIENTS :: Refer to the same entry under °’NEU-
TRON_REAL_SPACE_DATA :’ keyword.

> RESOLUTION_CORRECTION :: A single value should follow to specify the exponent
accounting for the dampening in real-space (which
fundamentally comes from the finite resolution effect
in Q-space), in the form of exp(—r x Expo).

> RMAX :: Specifies the upper limit of the r-space in which the
dummy data will be generated.

> RMIN :: Specifies the lower limit of the r-space in which the
dummy data will be generated.

NEUTRON_RECIPROCAL _SPACE DATA ::

> BROADENING_CORRECTION :: In accordance with the corresponding to correction in
real-space, we also need to implement the correction
in reciprocal space. Refer to the same subordinate
keyword under neutron real space data section.

> DATA_TYPE :: Gives the type of data; options are F (Q), QF (Q),
i(Q), Qi(Q) or S(Q), together with the word
normalised Of normalized for functions that are
scaled by the neutron scattering coefficient ¥ ¢;c;b;b;
to give limiting values of +1 depending on the func-
tion. This is explained in more detail in Section X.

> CONSTANT_OFFSET :: If specified, it allows the user to provide an offset that
applies to the scattering data before fitting. Default
value is 0.0 if this keyword is not provided.

> CONVOLVE :: If specified, this will cause the program to convolve
the reciprocal space data with a sinc function to model
the effects of having a finite sample size. Default is
not to perform this operation, but in such a case the
user will need to do this for himself before running
RMCProfile using one of our tools. We strongly rec-
ommend using this subordinate keyword. In this case,
the ‘::’ is required because we plan to add a compul-

sory parameter.
> END_POINT :: End point of the data (an integer).
> FILENAME :: Filename containing the data.
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> FIT_TYPE :: Gives the function that is fitted; options are F (Q),
QF (Q), 1 (Q), Q1 (Q) ors(Q), together with the word
normalised or normalized for functions that are
scaled by the neutron scattering coefficient Y ¢;c;b;b;
to give limiting values of +1 depending on the func-
tion. This is explained in more detail in section 4.3.5.

> FITTED_OFFSET If specified, this instructs the program to fit the offset
value provided for this set of data. Default is not to fit.

> FITTED_SCALE Instructs the program to fit a scale factor for the scat-
tering data. Default is not to fit.

> GUDRUN If specified, the data file was generated by the Gu-
drun data reduction suite, and contains errors on each
point.

> NEUTRON_COEFFICIENTS :: Requires list of neutron scattering coefficients (prod-

ucts of scattering lengths and number concentrations)
for all atom pairs, particular to this data set only. The
data are allowed to straddle several lines of the file.
Default units are 10~39 mP. The default values are cal-
culated by the code if this keyword is not given (see
section 4.2).1

> NO_CONSTANT_OFFSET Instructs the code that no offset is to be applied to
the scattering data before fitting. This is the default
setting; although not necessary, this keyword can be
useful as a record for the user.

> NO_FITTED_OFFSET Instructs the program not to fit any offset value on the
scattering data. This is the default setting; although
not necessary, this keyword can be useful as a record
for the user.

> NO_FITTED_SCALE Instructs the program not to fit a scale factor for the
data. This is the default setting; although not neces-
sary, this keyword can be useful as a record for the
user.

> RESOLUTION_CORRECTION :: In accordance with the corresponding to correction in
real-space, we also need to implement the correction
in reciprocal space. Refer to the same subordinate
keyword under neutron real space data section.

> SQ_CORRECTION :: Filename for a Q-space resolution-correction matrix.
The file name should be provided following ’::’.
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> SQ_CORRECTION.MDIM :: Dimensions of the Q-space resolution correction ma-
trix (NxM). N and M, which should be provided follow-
ing :7, are the numbers of points in r- and Q-spaces,
respectively. N must be equal to or greater than the
number of points in the histogram, whereas M must
be equal to or greater than the number of points in

the S(Q).

> START_POINT :: Start point of the data (provided as an integer).

> STOG :: If specified, the data file was generated by the STOG
program for converting total scattering data to PDF
data.

> WEIGHT :: Parameter that weights the data in the simulation.

NEUTRON_RECIPROCAL_SPACE DUMMY DATA ::

> BROADENING_CORRECTION :: In accordance with the corresponding to correction in
real-space, we also need to implement the correction
in reciprocal space. Refer to the same subordinate
keyword under neutron real space data section.

> CONVOLVE :: Refer to the same entry under the ’NEU-
TRON_RECIPROCAL_SPACE_DATA ::’ keyword.

> DATA_TYPE :: Specifies the type of the generated dummy data. The
acceptable value is the same with that under 'NEU-
TRON_RECIPROCAL_SPACE _DATA :’ keyword.

> NEUTRON_COEFFICIENTS :: Refer to the same entry under °NEU-
TRON_RECIPROCAL_SPACE_DATA ::" keyword.

> QBIN :: Specifies the binning of the Q-space for the dummy
data generation. If not provided, the default bin 0.02
will be used.

> QMAX :: Specifies the upper limit of the Q-space in which the

dummy data will be generated.

> QMIN :: Specifies the lower limit of the Q-space in which the
dummy data will be generated.

POTENTIALS ::
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> ANGLE :: This gives the parameters in the bond-angle poten-
tial energy function. You give, in this order, the ele-
ment symbol of the central atom label followed by the
element symbols of the two bonded atoms, followed
by the value of the force constant, K, in units of ev
or kJ/mo1l (which need to be stated), the equilibrium
bond angle 8y (in units of deg), followed by the two
bond lengths in units of Ang (which must be stated).

> ANGLE_HISTOGRAM :: Requests the generation of bond-angle histograms,
in steps of bond angle and the cosine of the bond
angle. The required step can be selected by using the
angle = <value> option.

> ANGLE_SEARCH :: Give the range of values of angles around the equilib-
rium angle 6, that will be searched in the initial bond-
search task. The value can be in a percentage (in
which case give the units as % or deg).

> PLOT :: This provides information for producing stereographic
plots of bond orientation distribution functions. Give
the following information using the words: pixels =
<value>, with the default value being 400; colour
= <value>,(the US spelling color will also work)
where allowed colours are charcoal (default), red,
green, maroon and pink; zangle = <value>
and zrotation = <value> to give the angle that
the plot is rotated away from and about the z axis,
with the choice of units being deg or rad.

> STRETCH :: This gives the parameters in the bond-stretch poten-
tial energy function. You give, in this order, the atom
labels, followed by the value of the energy of the bond,
D, in units of ev or kJ/mo1 (which need to be stated),
and finally the equilibrium bond length, ry, in units of
Ang (which must be stated).?

> STRETCH_SEARCH :: Give the range of values of distances around the equi-
librium distance rp that will be searched in the initial
bond-search task. The value can be in a percentage
(in which case give the units as % or A (in which case
give the units as Ang).

> TEMPERATURE :: Sample temperature in units of Kelvin or °C (in which
case specify the units as K or C respectively). The
default units are K. Note that this value will be over-
ridden by the value of sample temperature provided
in the metadata input.

SWAP
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> NO_SWAP_TUNE Don’t tune the swapping probability. This is the default
setting; although not necessary, this keyword can be
useful as a record for the user.

> SWAP_ATOMS :: List the numbers of atoms to be swapped.?

> SWAP_PROBABILITY :: Probability that a pair of atoms will attempt a swap.
A value of 0.5 means that the number of attempted
swap moves will equal the number of atom dis-
placement moves; a value less than 0.5 means that
there will be more atom displacement moves than at-
tempted swap moves.

> SWAP_TUNE Tune the swapping probability. Default is not to tune.

SWAP MULTI

> SWAP_ATOMS :: List the three numbers to provide information of
what types of atoms to be swapped, followed by
the swap probability.3. The > SWAP_ATOMS :: key-

word should be used multiple times in order to obtain
swaps between several atom types. For example >
SWAP_ATOMS :: 1 2 0.1 and > SWAP_ATOMS

2 3 0.2 is used to enable swapping between atom
types 1 and 2 with the probability of 0.1 and between
atom types 2 and 3 with the probability of 0.2.

XRAY REAL SPACE_DATA ::

> BROADENING_CORRECTION :: Refer to the same subordinate keyword under neutron
real space data section.

> DATA_TYPE :: Gives the type of data; options are G (r), T (r),D (r)
orG’ (r).
> CONSTANT_OFFSET :: If specified, it allows the user to provide an offset that

applies to the PDF data before fitting. Default value is
0.0 if this keyword is not provided.

> END_POINT :: End point of the data (an integer).
> FILENAME :: Filename containing the data.
> FIT_TYPE :: Gives the function that is fitted; options are G (r),

T(r),D(r) orG’ (r).

> FITTED_OFFSET If specified, this instructs the program to fit the offset
value provided for this set of data. Default is not to fit.
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> NEUTRON_COEFFICIENTS :: This is for calculating the X-ray PDF in an alternative
way. No need to be provided. In fact, this is not the real
neutron scattering coefficients. Instead, it should pro-
vide weightings that are calculated using Z in place of
neutron scattering lengths, and then normalised to 1
(this is explained in more detail in Appendix D).

> NO_CONSTANT_OFFSET Instructs the code that no offset is to be applied to
the T(r) data before fitting. This is the default setting;
although not necessary, this keyword can be useful
as a record for the user.

> NO_FITTED_OFFSET Instructs the program not to fit the offset value pro-
vided for this set of data. This is the default setting;
although not necessary, this keyword can be useful
as a record for the user.

> RESOLUTION_CORRECTION :: Refer to the same subordinate keyword under neutron
real space data section.

> START_POINT :: Start point of the data (an integer).

> WEIGHT :: Parameter that weights the data in the simulation.

> QMIN :: Minimum value of Q used to obtain real space X-Ray
data.

> QMAX :: Maximum value of Q used to obtain real space X-Ray
data.

> QSTEP :: Step size of Q in reciprocal space used to obtain real

space X-Ray data.

> NORMALIZATION_TYPE :: The normalization for X-ray dataset, which can be
provided as <f"2> or <f>"2. The default value will
be <£"2> if this subordinate keyword is not given.

XRAY REAL SPACE DUMMY DATA ::

> BROADENING_CORRECTION :: Refer to the same subordinate keyword under neutron
real space data section.

> DATA_TYPE :: Refer to the same entry under the
'XRAY_REAL_SPACE_DATA ::’ keyword.
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> QMAX ::

> QOMIN ::

> QSTEP

> RMAX ::

> RMIN ::

> NORMALISATION_TYPE ::

> RESOLUTION_CORRECTION ::

> XRAY_COEFFICIENTS ::

XRAY RECIPROCAL_SPACE DATA ::

> BROADENING_CORRECTION ::

> DATA_TYPE ::

> CONSTANT_OFFSET ::

Specifies the upper limit of the Q-space where the cal-
culated histogram will be temporarily Fouriere trans-
formed into. The reason why we need to specify this
is that we need to transform the histogram into the Q-
space and then take into account of the Q-dependent
of the scattering form factor for X-ray. Then the pat-
tern in Q-space will be transformed back into r-space
to get the X-ray real space pattern.

Specifies the lower limit of the Q-space where the cal-
culated histogram will be temporarily Fouriere trans-
formed into.

Specifies the binning of the Q-space where the cal-
culated histogram will be temporarily Fouriere trans-
formed into. If not provided, the default binning 0.02
will be used.

Specifies the upper limit of the r-space in which the
dummy data will be generated.

Specifies the lower limit of the r-space in which the
dummy data will be generated.

Refer to the same entry under the
'"XRAY_REAL_SPACE_DATA ::’ keyword.

Refer to the same subordinate keyword under neutron
real space data section.

If this keyword is to be wused, the users
are supposed to provide the following value
'Z1*Z2*frac_species(ial)*frac_species(ia2)’ for each
partial, where Z1 and Z2 represents the atomic
number of the two atoms involved in the pair and
frac_species(ial)’ and ’frac_species(ia2)’ refer to the
overall fraction of each species.

Refer to the same subordinate keyword under neutron
reciprocal space data section.

Reserved for the type of data; the only option today is
F(Q).

If specified, it allows the user to provide an offset that
applies to the scattering data before fitting. Default
value is 0.0 if this keyword is not provided.
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> CONVOLVE :: If specified, this will cause the program to convolve

the reciprocal space data with a sinc function to model
the effects of having a finite sample size. Default is
not to perform this operation, but in such a case the
user will need to do this for himself before running
RMCProfile using one of our tools. We strongly rec-
ommend using this subordinate keyword. In this case,
the ‘::’ is required because we plan to add a compul-

sory parameter.

DUMMY _REAI_SPACE_FIT :: Specifies to calculate the dummy X-ray real space
data.

DUMMY _REAL_SPACE_PARAMETERS :: Specifies the starting and ending point for the dummy

X-ray real space data calculation, together with the
corresponding weight. When we want to calculate
dummy X-ray real space in various r- sections, just
specify current sub-keyword multiple times.

FILENAME :: Filename containing the data.

FIT_TYPE :: Reserved for the function that is fitted; the only option
today is F (Q) .

FITTED_OFFSET If specified, this instructs the program to fit the offset

value provided for this set of data. Default is not to fit.

FITTED_SCALE Instructs the program to fit a scale factor for the data.
Default is not to fit.

NO_CONSTANT_OFFSET Instructs the code that no offset is to be applied to
the scattering data before fitting. This is the default
setting; although not necessary, this keyword can be
useful as a record for the user.

NO_FITTED_OFFSET Instructs the program not to fit any offset value on the
scattering data. This is the default setting; although
not necessary, this keyword can be useful as a record
for the user.

NO_FITTED_SCALE Instructs the program not to fit a scale factor for the
scattering data. This is the default setting; although
not necessary, this keyword can be useful as a record
for the user.

NORMALIZATION_TYPE :: The normalization for X-ray dataset, which can be
provided as <f"2> or <£>"2. The default value will
be <£"2> if this subordinate keyword is not given.

NORM_EXP X :: The exponent specifying the resolution correction,
similar to that used for the neutron data.
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> REAL_SPACE_FIT

> REAL_SPACE_PARAMETERS

> RECIPROCAL_SPACE_FIT

> RECIPROCAL_SPACE_PARAMETERS

> RESOLUTION_CORRECTION ::

XRAY RECIPROCAL_SPACE DUMMY DATA ::

> BROADENING_CORRECTION ::
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Specifies that we want to fit the X-ray data in real
space as well. Here it should be mentioned that the
Fourier transform from the reciprocal space to the real
space now is done internally in RMCProfile. There-
fore users don’t need to provide the X-ray real space
datasets. Three parameters should be given following
.’ — Starting and ending points (integer for both) in
real space together with the number of sections (re-
fer to next following sub-keyword), in the order they
appear here. The corresponding output for X-ray real
space fit then can be found in the last section of the
"out’ file.

The principle here is we can separate the real space
into different sections for the fitting (if it is indeed
specified to refine in real space). For each section,
we have three parameters — the starting point (inte-
ger), the ending point (integer) and the correspond-
ing weight. All the three parameters should be pro-
vided following ’:’. When we want to fit in more
than one sections, just specify current subordinate to-
gether with the corresponding three parameters mul-
tiple times.

Specifies the starting and ending points together with
the number of sections we want to divide the whole
data range into. All three parameters should be given
following ’:" as integers in the order - starting_point
ending_point number_of_sections.

This subordinate keyword specifies the parameters
for each data section in reciprocal space. For each
section, we have three parameters — the starting point
(integer), the ending point (integer) and the corre-
sponding weight. All the three parameters should be
provided following ’:’. When we want to fit in more
than one sections, just specify current subordinate to-
gether with the corresponding three parameters mul-
tiple times.

Refer to the same subordinate keyword under neutron
reciprocal space data section.

Refer to the same subordinate keyword under neutron
reciprocal space data section.
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> DATA_TYPE :: Refer to the same entry under the
"XRAY_RECIPROCAL_SPACE_DATA ::" keyword.

> QMAX :: Specifies the upper limit of the Q-space in which the
dummy data will be generated.

> QMIN :: Specifies the lower limit of the Q-space in which the
dummy data will be generated.

> QOBIN :: Specifies the binning of the Q-space in which the
dummy data will be generated. If not provided, the
default binning 0.02 will be used.

> NORMALISATION_TYPE :: Refer to the same entry under the
'XRAY_RECIPROCAL_SPACE _DATA ::’ keyword.

> RESOLUTION_CORRECTION :: Refer to the same subordinate keyword under neutron
reciprocal space data section.

"Note that the order of the atom pairs is set by the order of atoms in the configuration file. This is
illustrated by the example of 4 atoms labelled 1,2,3,4, with the order of pairs being 1-1, 1-2, 1-3,
1-4,2-2, 2-3, 24, 3-3, 34, 4-4.

2Additional units can be made available on request, but internally the program works in terms of
kJ/mol.

3Note that the order of atoms is set by the configuration file.

4'Chimin’ — the minimum desired value of chi? for a given dataset. Can be estimated, for example,
according to statistical-noise errors. ‘Dermax’ — the maximum value of the chi? derivative for a
given dataset. If set at zero, the weights will be adjusted at each save of a configuration to prevent a
prolonged increase of chi?. Setting this value to a negative number will cause gradual readjustment
of weights so that the chi? for this dataset will decrease faster.

4.1.5 Example files

This is an example of a simulation of Agz3Co(CN).

RMC refinement of Ag3Co (CN) 6
Using new input format

o o
o°  o°

TITLE :: Ag3CoCN6_300K

MATERIAL :: AG3[CO(CN) 6]

PHASE :: TRIGONAL

TEMPERATURE :: 300 K

PRESSURE :: AMBIENT

DATA_NOTE :: Data collected August 2007
RMC_NOTE :: First attempt to fit data

KEYWORDS :: Ag3Co(CN)6, First attempt

COMMENT :: Refinement without peak broadening
INVESTIGATOR :: Andrew Goodwin and Matt Tucker
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NUMBER_DENSITY :: 0.052612 Angstrom” (-3)
MAXIMUM_MOVES :: 0.0149 0.0200 0.0445 0.0411 Angstrom
R_SPACING :: 0.020 Angstrom

PRINTING_PERIOD :: 10000

TIME_LIMIT :: 0.0 MINUTES

SAVE_PERIOD :: 0.0 MINUTES

ATOMS :: Ag Co C N

NEUTRON_REAL_SPACE_DATA :: 1
> FILENAME :: ag3cocn6_300k_tr.dat
DATA_TYPE :: T(r)
FIT_TYPE :: D(r)
START_POINT :: 1
END_POINT :: 2000
CONSTANT_OFFSET :: 0.0
WEIGHT :: 0.02
NO_FITTED_OFFSET

vV V. V V V V V

NEUTRON_RECIPROCAL_SPACE_DATA :: 1
> FILENAME :: ag3cocn6_300k_sg.dat
> DATA_TYPE :: S(Q)

FIT_TYPE :: Qi (Q)

START_POINT :: 1

END_POINT :: 2471

CONSTANT_OFFSET :: 0.0

WEIGHT :: 0.5

NO_FITTED_OFFSET

NO_FITTED_SCALE

CONVOLVE

V V. V V V V V V

CML ::
> CCVIZ :: ./ccviz

FLAGS
> NO_MOVEOUT
> SAVE_CONFIGURATIONS
> NO_RESOLUTION_CONVOLUTION
> CSSR

BRAGG

BRAGG_SHAPE :: gsas2
RECALCULATE
SUPERCELL :: 6 4 6
WEIGHT :: 0.01

\%

vV V V

POTENTIALS
> STRETCH :: C N 8.5 eV 1.15 Ang
> STRETCH :: Co C 5.0 eV 2.0 Ang
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> STRETCH :: Ag N 6.0 eV 1.5 Ang

> STRETCH_SEARCH :: 20%

> ANGLE :: Ag N N 10 eV 180 deg 1.5 1.5 Ang

> ANGLE :: Co C C 10 ev 90 deg 1.8 1.8 Ang

> ANGLE_SEARCH :: 10 deg

> TEMPERATURE :: 300 K

> PLOT :: pixels = 400, colour = charcoal, zangle = 90.0, zrotation = 45.0 deg
END ::

This file is hopefully self-explanatory in light of the keyword descriptions above, but some points
might help:

1. An extensive set of metadata is provided below the initial two comment lines. Although none
of these lines are essential, they will provide the user with a good source of information when
returning to the input or output files. These data are reproduced within the CML file.

2. The atom list here is for the example AgzCo(CN)g, where the configuration file orders the
atoms within an initial block of all the Ag atoms first, followed by all the Co, C and N atoms in
blocks.

3. This example is using one file of neutron T(r) data and one file of neutron S(Q) data. The
example is providing the request that a different representation of the data are used in the
fitting.

4. No neutron coefficients are provided; these will be calculated from the internal table of atomic
scattering lengths and the computed number concentrations.

5. The cML : : line without subordinate keywords leads to the production of a report CML file
that does not contain the configuration, and the input and output configurations are in standard
format.

6. The dataset includes a Bragg profile, fitted with the gsas2 profile shape. The RMC configura-
tion is specified to be a 6 x4 x6 supercell of the unit cell. The indexing of the Bragg reflections
is to be recalculated.

4.2 Neutron and X-ray coefficients

The neutron coefficients are defined as f; = cicjb;b;, where j and j label two atom types, ¢; is the
number concentration of atom type /, and b; is the coherent scattering length of atom type /. This
is illustrated with the example of AgzsCo(CN)s. The atoms in the configuration are ordered as Ag,
Co, C and N. The corresponding values of ¢ are %, s, %6 and &, respectively. The coherent
scattering lengths for these elements are 5.922, 2.49, 6.646 and 9.36 fm respectively. However, the
default units used by RMCProfile require values smaller by a factor of 10. Thus if the neutron
coefficients are given in the input file, the example line would be
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NEUTRON_COEFFICIENTS :: 0.01233 0.00346 0.05535 0.07795 0.00024
0.00776 0.01092 0.06211 0.17496 0.12320

These values are calculated as follows: the first, referring to Ag-Ag pairings, is equal to (0.5922 x
3/16)2, and the second, referring to Ag-Co pairings, is equal to 2[(0.5922 x 3/16) x (0.249 x 1/16)].
It is important to remember that coefficients for unlike pairs must be multiplied by two. Note that the
list of values is allowed to span more than one line. Also note that you can provide coefficients in
fm? rather than 10722 m?, as shown here, as long as your data are similarly scaled.

As noted above, if this keyword is not provided, RMCProfile will calculate all the values of the co-
efficients from default values of the neutron coherent scattering lengths and the calculated number
concentrations. For many applications, this will be exactly what is required. But consider the case
where you have data from samples with different isotopes. Then each data set will require a differ-
ent set of neutron coefficients. In this case, you are able to use the “> NEUTRON_COEFFICIENTS
: :” subordinate keyword within any block of data keywords where required (you might not bother
for the data sets using the natural isotopes).

4.3 Using experimental data

One unfortunate aspect of the world of total scattering is that different communities have developed
different terminologies and definitions. Our colleague David Keen did us a great service by publish-
ing a comparative review of these, and we recommend that you keep a copy of this paper beside
you. RMCProfile will accept and work with several of the conventions and definitions used for total
scattering and PDF functions. Here we review the key equations that RMCProfile supports.

4.3.1 The pair distribution function
We start with the basic definition of the partial PDF, namely that the number of atoms of type j lying

within a shell of radius r and thickness dr centred on an atom of type i is given as 47rr2pjg,-j(r)dr,
where p; is the number of atoms of type j per unit volume. We have the following limiting cases:

gj(r~0)=0 ; gj(r— o0)=1 (4.1)

It will be convenient to introduce the number concentration, ¢;, where p; = ¢;p, where p is the total
number of atoms per unit volume. Clearly ¥ ¢; = 1.

We define an overall PDF by merging all the partial PDFs with appropriate weighting consistent
with the concentration and neutron scattering power as

G(r) = Z cicibib; (gi(r) — 1) (4.2)
i

where b; is the scattering factor of atom type j. The limiting values are
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2
G(r ~0)=— (Z cjbj> . G(r—o00)=0 (4.3)
J

The equation for G(r) can be expressed in a form with a constant offset:’

2
Z ¢ic;bibigj(r) (Z cib, ) (4.4)
which has limiting values
2
G(r~0=0 ; G(r—o0)= <Zc, ) (4.5)

4.3.2 Neutron scattering function

The scattering function and the PDF G(r) are related by?

e) p/4 pSin Qrdr (4.6)
and
6= 1 [ 42" Y o (4.7)
N 27rp0/ m Qr '

For dense materials the scattering function F(Q) has limiting values
i(Q—0) = Zc,b2 © Q= o00)=0 (4.8)

The scattering factor can be written in a form with a constant offset, to give®

2
S(Q) = i(Q) + (Z c,-b,-) (4.9)
J

"Note that this differs from the definition by Keen by a normalisation factor; we will discuss scaling by normalisation
factors later.

2According to the definitions discussed by Keen, the functions commonly written as i(Q) and F(Q) are synonymous.
The authors of this manual tend to use both functions.

3Keen defines this in normalised form, which we call Syorm(Q) in equation 4.19 below.
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which has limiting values
2 2
S5(Q—0)= Zc,b2 (Zc,-b,-) ;. S(Q— o0) = (Zc, ) (4.10)
J
4.3.3 Alternative forms of the pair distribution function

It is common to use two other definitions of the PDF functions:

- % / Qi(Q) sin QrdQ = 4rrpG(r) (4.11)

and

2
T(r) = D(r) + 4xrp <Z c,-b,-) =47rpG(r) (4.12)

J

The link between equations 4.11 and 4.7 should be clear. The interesting point is that D(r) is the
transform of the function Qi(Q), so often these two functions are considered together. In these two
functions the data are scaled by r and Q to give increased weighting to the high-r and high-Q parts
of the data respectively. This can be useful when viewing effects beyond the first peaks, not least
because it is often these effects that are particularly interesting.

The new PDF functions have limiting values

2
D(r — 0) = —4xrp (Z cjb,-) ;. D(r— o0)=0 (4.13)
J

and

2
T(r~0)=0 ; T(r—oo)=4dnrp (Z c,b,-) (4.14)
J

4.3.4 Normalised functions
RMCProfile also allows the use of normalised functions. For the PDFs we can defined these as
2 2
J

2

2
Dnorm(r) = D(r)/4mp <Z C/b/> ; Tnorm(r) = T(r)/4mp <Z Cjbj> (4.16)
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with limiting values

Gnorm(r ~ O) = _1 , Gnorm(r — OO) = 0 X Gﬁorm(f ~ 0) = 0 s Géorm(r — OO) = +1 (417)

and

Dnorm(r ~0)=—r 5 Dnorm(r = o0) =0 5 Thorm(r~0)=0 ; Thorm(r — o0) =+r (4.18)

Normalised scattering functions can be defined as

2
inorm(Q) = Fnorm(Q) = ’(Q)/chb/z ; Snorm(Q) = S(Q)/ (Z Cjbj> (4-19)
j i
with limiting cases*

horm(Q = 0)=—1 5 fhorm(Q — 00) =0

2 (4.20)
Shom(Q ~ 0) =1 — L. b7/ (Z‘%’b/) ; Snorm(Q — 00) = +1
J /

4.3.5 Implementation within RMCProfile

RMCProfile allows all the above functions to be used to describe both the form of the input data
and the functions to be fitted (and hence used in the output). In addition, RMCProfile also allows
Qi(Q) (and synonymously QF(Q)) to be used as well. Normalised functions are indicated by the
use of the word ‘normalised’.’

For clarification, the data or fit types for the various functions to be used in the input data file are

“Note that equation 21 in Keen, which is equivalent to second line of this equation, is missing the value of 1 in the
term for Snorm(Q ~ O)

5The spelling ‘normalized works just as well.
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Function | Input text Eqgn in Keen | Egn here Limiting values

i(Q) i(Q) 25 4.6 —Ycb? =0

F(Q) F(Q) 11 4.6 ~Y;Gb2 =0

@) $10) - 49 | =X Gbf + (L Gb)*+ — (L Gb)?
Qi(Q) | 0i(Q) - -~ ~ Y Gb2Q 0
QF(Q) | oF (Q) - - ~ Y Gb?Q 0
inorm(Q) | 1 (Q) normalised - 419 150
Frorm(Q) | F(Q) normalised - 419 10
Shorm(Q) | S(Q) normalised 19 4.19 1-Y; C/bjz/(Zj Cjb/_)z 1
G(r) G(r) 10 4.2,4.7 —(x;¢b)? — 0
G'(r) G’ (r) - 4.4 0 — +(¥; gb)?

D(r) D (r) 26 4.11 —4mp(¥; 6ibj)2r — 0
T(r) T (r) 27 412 0 — +4mp(Y; cibj)3r
Gnorm(r) | G(r) normalised - 415 —-1—-0
Ghorm(r) | G’ (r) normalised 16 4.15 0— +1

Dnorm(r) | D(r) normalised - 4.16 —r—=o0

Trorm(r) | T(r) normalised - 4.16 0 — +r

4.4 Using magnetism

You may wish to include magnetism in your refinement for several reasons. Firstly, you may wish to
find out more about the magnetic structure of your material, and allow a greater degree of freedom
than other techniques may allow. Alternatively you may be mainly interested in the nuclear structure
of your material, and include the magnetism just to ensure that the relevant peaks in your data are
properly fitted. Finally, you might be interested in both the positions of the atoms and their magnetic
moments. RMCProfile should be able to help you in each of these cases, just choose what
aspects of your structure you wish to refine. ©

A couple of caveats regarding the use of magnetism in your refinements, which may be obvious.
Firstly, the magnetic scattering is only included for neutron data sets, so don’t expect the magnetic
contribution to appear in x-ray data refinements. Secondly, magnetic correlations are not included
in any fits to PDF data, because of complications that arise when Fourier transforming magnetic
data. The other side to this is that if you transform your experimental data into real space, there will
be contributions from both the nuclear and magnetic scattering, which can make accurate fitting

6Thank you to Callum Young for writing this section.
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difficult. In some cases it may be best to avoid the use of real space functions if the magnetic
scattering cannot be separated from the nuclear component.

4.4.1 The main data file

RMCProfile is instructed to include magnetic scattering by inserting the appropriate text into the
version 6 .dat file. An example is shown below:

MAGNETISM
> MAGNETISM_FILE_STEM :: fe3o04_spin
> MAGNETIC_ATOMS :: 2
> FORM_FACTOR :: 1 0.3972 13.2443 0.6295 4.9034 0.0314 0.3496 0.0044
> FORM_FACTOR :: 2 0.3972 13.2443 0.6295 4.9034 0.0314 0.3496 0.0044
> MAGNETIC_MOMENTS :: 4.625 4.130
> MAX_SPIN_MOVEMENT :: 0.05
> SPIN_MOVE_RATE :: 0.5
> NO_VARY_ SPIN_MOVE_RATE

Here the MAGNETTISM : : major keyword indicates the beginning of the magnetism section. As with
other sections, the order of the following subordinate keywords is arbitrary, and left to the whim
of the user. The keywords available are described above in Section 4.1.4, but we shall discuss
them here as well to avoid excessive scrolling. Taking the keywords in the order listed above, we
start with > MAGNETISM.FILE_STEM :: fe3o04_spin. This instructs the program to look for a file
called fe304 _spin.cfg containing the spin configuration (on which we shall say more later), and to
name any associated magnetism output files in that way. The > MAGNETIC_ATOMS :: 2 line tells
the program that there are two magnetic atom types in the structure. It is assumed that these are
the first two atom types listed in the main configuration file. If this is not the case then you will have
to re-order your main configuration file!

The coefficients used to calculate the magnetic form factors from equation 2.5 are entered using
the lines > FORM.FACTOR :: n A a B b C c D. Thisisrequired for every magnetic atom type.
Alternatively the > FORM FACTOR FILE :: <name.file> keyword mustbe used, and an appro-
priate file included in the directory. The magnitudes of the magnetic moments for each atom type
are entered using the > MAGNETIC_MOMENTS :: ... keyword. The numbers should be entered
in the correct order.

The > MAX_SPIN_MOVEMENT :: line gives the value of onax described in Section 2.10.2; a small
value <0.1 is appropriate. > SPIN.MOVE_RATE :: describes the fraction of moves generated that
will change the spin configuration. For example, a spin move rate of 0.0 will result in no spin moves
being generated, and the magnetic structure will remain unchanged. Alternatively, a spin move rate
of 1.0 (assuming no swap moves are being used) will result in only magnetic moves being pro-
duced.” RMCProfile has the facility for the spin move rate to be automatically varied during the
course of the refinement.® This is implemented using the > VARY_SPIN_MOVE_RATE keyword. The

"The generation rate of ‘standard’ translational moves is unspecified, and will take up the remaining fraction once
magnetic and swap moves have been accounted for. Common sense will tell you that the total fraction of generated
moves specified by the user (spin + swap) should not exceed 1.0.

8This feature has not been used by the current author, but by all means try it.
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defaultis not to vary the rate, but this can be explicitly included using the > NO_VARY_SPIN _MOVE RATE
keyword.

4.4.2 The spin configuration file

The starting spin configuration is contained within one file, with the name MAGNETISM_FILE _STEM.cfg.
This has a fairly simple structure, much like the ‘classic’ version 3 files. An example is shown below:

0.095105 576 2
192 384

0.00000000 0.00000000 1.00000000
0.00000000 0.00000000 1.00000000
0.00000000 0.00000000 1.00000000

The first line contains: the atomic number density of the system (here 0.095105); the total number
of magnetic atoms, and hence the number of entries in this file (576); and the number of different
magnetic atom types (2). The following line contains the number of atoms of each type present.
These should be listed in the correct order, and should sum to give the total number of magnetic
atoms (here, 192 + 384 = 576)! There then follows a list of all the magnetic spin vectors in the
structure. These are unit vectors and should correspond to the atom positions listed in the main
configuration file, i.e. the nth vector listed in the compound_spin.cfg file should correspond to the
atom whose coordinates are listed in the nth entry in the main compound.cfg / compound.rmc6f
file.

The spin configuration file, like the standard configuration file, is updated during the course of the
refinement, so if you wish to keep track of your starting configuration, we suggest you keep a copy
of this file separate.

4.4.3 Generated files

RMCProfile produces three new files when refining a magnetic structure. These are
mag_stem_name.his, mag_stem_name.ff and mag_stem_name.braggff. The .his file performs
much the same function as the equivalent histogram file that accompanies the main configuration
file. The .braggff file lists the magnetic form factors for each atom type over the correct Q-range for
the Bragg data set, while the .ff file lists the magnetic form factors in a suitable format for the other
data sets. These will likely play little role in any analysis performed: the final spin configuration and
the fits to data will be of more use.

As outlined in Section 2.10.4,the program ATOMEYE can be used to help view the refined structure.
PYMOL can also be of use.

4.5 Using the Bragg profile

When the Bragg option is specified, RMCProfile extracts the necessary information about back-
ground and lineshape functions from a GSAS refinement. You can of course choose a different
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Rietveld package for your refinements, but in this case you will need to put it in GSAS format at the
end in order for RMCProfile to read it.

In the course of an RMC refinement, RMCProfile calculates Bragg peak intensities and adjusts
the configuration to match the measured intensities.

For more information about using Bragg data, please see section 4.13.

4.6 Using EXAFS data

The technical background for EXAFS can be found in the Appendix-C To Appendix-F in the RM-
CProfile tutorial documentation which comes together with current manual in the main RMCProfile
distribution directory. Also the users can refer to the documentationat http://www. rmcprofile.
org/imagesFhi/5/51/Rmcprofile_exafs_manual.pdf for more information.

4.7 Using potentials

As discussed in section 2.5, using well-parameterised interatomic potentials judiciously can play
a role when the short-distance part of the pair distribution function is dominated by intramolecular
distances that are not of primary interest in a a study.

4.7.1 Bond-stretching potential

We assume that the energy required to stretch a bond can be described using a Morse potential:

En = D[1 — exp(—a(r — ro))]? (4.21)

The function is written in this way so that the energy is zero at the origin, as it is for simple polynomial
expansions of the bond-stretching energy. Aside from the ry parameter, The Morse function has
three adjustable parameters, namely ry to specify the length of the bond, D to specify the energy
required to break the bond, and « which plays a role in specifying the curvature of the potential
energy function around the minimum. Following the MM3 molecular mechanics force field model,
we set o = 2.55 A~ for all atom pairs.

We can write a simple expansion of the Morse potential to lowest order:

Ey = Do (r — rp)? (4.22)

If you prefer to work with this type of quadratic expression but expressed in the following way:

Ey = %k(r —r)? (4.23)

73/187


http://www.rmcprofile.org/imagesFhj/5/51/Rmcprofile_exafs_manual.pdf
http://www.rmcprofile.org/imagesFhj/5/51/Rmcprofile_exafs_manual.pdf

RMCProfile Manual v6.7.8 4.7. USING POTENTIALS

the association between k, D and « is clear. We recommend using realistic rather than artificial
potentials, provided that the weighting you use for the data is derived from the errors on the data. A
set of recommended values for the parameters, taken from the MM3 and MM3 protein databases
are given in Table B.1 and Table B.2 respectively in Appendix B.

4.7.2 Bond angle potentials

We use a simple harmonic cosine potential to describe the energy associated with bending of
bonds:

1
E = 5K (cos ) —cos 00)? (4.24)

where 6 is the instantaneous bond angle, and 6, is the set angle. This equation can be expanded
to yield

E = 2K sin? %o gjn? -
(4.25)

~ SKsin? 0 (6 — 0p)?

where the angles are defined in units of radians rather than degrees. As with the bond-stretching
potential, we recommend the use of realistic values of the parameter K. Values of K/ sin? 6, for
some common bonds are given in Table B.3 and Table B.4 taken from the MM3 and MMS3 protein
databases respectively in Appendix B.

4.7.3 The main data file

Consider the following example from an input . dat file:

POTENTIALS ::
> STRETCH :: C C 4.0 eV 1.15 Ang
> STRETCH :: Zn C 2.0 eV 1.95 Ang
> STRETCH_SEARCH :: 10%
> ANGLE :: Zn C C 4.0 eV 90.0 deg 1.95 1.95 Ang
> ANGLE :: C Zn C 2.0 eV 180.0 deg 1.95 1.15 Ang
> ANGLE_SEARCH :: 10 deg
> TEMPERATURE :: 300 K
> PLOT :: pixels=400, colour=charcoal, zangle=90, zrotation=45 deg

Here we have defined two bonds, for C—C and Zn-C bonds, which are given in the “> STRETCH
: :”lines. The order in which the information on the two bonds is provided will lead to the association
of numbers 1 and 2 to the two bonds (which you need to know about for the bonds file below). Here
we have requested that RMCProfile search for bonds of distance 1.15 and 1.95 A respectively,
with a tolerance of 10%. We could have specified the tolerance in absolute units instead.

The example from which this snippet was taken consisted of ZnCg octahedra. We have therefore
defined a bond-bending potential (the first “> ANGLE ::” line) to describe the C—Zn—-C angle of
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equilibrium value 90°. The octahedra are connected via C—C bonds, which form part of a linear Zn—
C—-C—Zn linkage. We might want to add a potential to ensure the RMC simulation doesn’t allow large
departures from this linear configuration, and this is the role of the second angle constraint. Note
that the equilibrium angle is actually used in the initial search of atom triplets, and the tolerance on
the angles for the initial search is provided by the ANGLE_SEARCH :: 10 line. As with the bond
stretching potential, the ordering in which the information on the two bond angles is provided with
lead to the association of numbers 1 and 2 to the two triplets (which you need to know about for
the triplets file below). In the first case we have requested that RMCProfile search for bond angle
triplets with bond lengths of distance 1.95 A for both Zn—C bonds, with a tolerance of 10% on the
bond lengths and with a tolerance of 10° on the bond angle. We could have specified the tolerance
on the bond angle in terms of a percentage instead.

The temperature provided plays a role that is related to weighting of the data, and in the polyhedral
restraints method this is seen as a parameter to tune in concert with the weighting on the data.
However, when using realistic numbers in the interatomic potentials, the sample temperature should
be able to play a quantitative role in the modelling, at least for the D parameter, in that it should give
rise to a peak in the PDF of correct width.? The exact value of ry can be tuned to correspond with
the position of the peak in the PDF (which may not exactly match the recommendations).

The “> PLOT ::”line enables the bond orientation distribution function to be plotted as a coloured
stereographic projection: this is discussed below.

4.7.4 The bonds file

The bonds file will be generated by the first run of RMCProfile, using the information contained
within the “POTENTIALS ::” keyword block, and will have the root name of the simulation with the
.bonds extension. When this file exists, the data contained within it will supersede the bonds data
provided in the input file. This is a good thing since often the bonds are established on a nicely
ordered structure with no fluctuations that are hard for an automatic method to detect. If you don’t
want to use an existing bonds file, then rename or delete it.

A typical example has the form:'®

Metadata file type :: Bonds file for RMC simulation
Metadata creation date :: 12-08-2009

Metadata material :: ZnC4

Number of atoms = 10

Number of bonds = 2

...............................................

1 Zn 1 0

2 Zn 1 0

3C1 8 C; 1
<snip>

10 C 1 5C; 1

®This might not work at low temperature because this discussion ignores the effect of quantum zero-point motions,
in which case it might be necessary to use a higher temperature.

°The <snip> lines replace similar data, removed for the sake of brevity
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1 %2n2 :: 3 C; 4C,; 6C; 10cC ; 4
2 %n 2 :: 5cCc; 7C,; 8C; 9cC; 4
3 C 2 :: 1 Zn ; 1

4 C2 :: 1 7Zn ; 1

<snip>

9 C 2 :: 2 7Zn ; 1

10 C 2 :: 1 Zn ; 1

The structure of this file is important. The Metadata lines are important to link this file with the
actual simulation, but will be ignored by RMCProfile. They are their for your benefit, so don’t
delete them! The two lines containing the number of atoms and number of bonds are important and
must be accurate. The line of dots is used to divide the header from the data.

So now we consider the actual bonds data. For each bond there is a list of all the atoms in the
same order as the configuration — if you break this order, that will be recognised and the program
will abort. We look at the data on any one line, and consider the following example line:

1 Zn 2 :: 3 CcC; 4C; 6C,; 10cC; 4

The first number specifies the atom number in the configuration file, and this is followed by the
chemical element symbol. The third number gives the bond number. So in this example, we are
looking at the first atom in the configuration, which happens to be a zinc atom, and this lines is
concerned with the second bond specified in the input file.

The double colons are important, because they separate the description of the data (to the left) from
the actual bond data (on the right). Consider first the last number. This gives the number of bonds,
which in this case is 4 denoting a tetrahedral coordination. Note that there are four semicolons;
these separate the data for each bond. And the data for each bond merely consists of an atom
number and its chemical symbol. So in this example, the zinc atom is bonded to four carbon atoms,
which are numbers 3, 4, 6 and 10 in the configuration.

Ideally you should not need to edit this file, but if something in your system is more complicated,
then sadly you will have to do some hand work.

4.7.5 The triplets file

The triplets file, which contains the information about bond angles, will have the root name of
the simulation with the .triplets extension. As with the bonds file, the triplets file is created
automatically if it doesn’t exist.

A typical example has the form:""

Metadata file type :: Bonds file for RMC simulation
Metadata creation date :: 12-08-2009
Metadata material :: ZnC4

"The <snip> lines replace similar data, removed for the sake of brevity
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Number of atoms = 10
Number of bonds = 2
Number of triplets = 2

1 %2n 1 :: 101 C 102 C; 101 Cc 103 C ; 101 C 104 Cc ; 101 Cc 105 C ; 4
1 Zn 1 :: 0

<snip>

101 ¢ 1 :: 0

101 ¢ 1 :: 1 Zn 102 C ; 1 Zn 103 C ; 1 Zn 104 C ; 1 Zn 105 C ; 4
<snip>

101 ¢ 2 :: 1 Zn 201 C ; 1

101 ¢ 2 :: 201 C 2 Zn ; 1

<snip>

First we note that this file will be generated automatically by RMCProfile at the first run when the
POTENTIALS :: keyword block is used. Thereafter its existence will be recognised, and the data
within the file will supersede the triplets data provided in the input file. This is a good thing since
often the bonds are established on a nicely ordered structure with no fluctuations that are hard for
an automatic method to detect. If you don’t want to use an existing triplets file, then rename or
delete it.

The structure of this file is important. As in the .bonds file, the Metadata lines are important to
link this file with the actual simulation, but will be ignored by RMCProfile. The two lines containing
the number of atoms and number of triplets are important and must be accurate. The line of dots is
used to divide the header from the data.

So now we consider the actual triplets data. For each triplet type there is a list of all the atoms in the
same order as the configuration — if you break this order, that will be recognised and the program
will abort. Unlike the .bonds file, we have two lines for each atom. This is because an atom can be
either at the centre of a triplet or at the end. The first line describes the atomic connectivity when
the atom is at the centre of a triplet, and the second line describes the atomic connectivity when
the atom is at the end of a triplet.

Consider the following pair of lines for one atom:

1 %Zn 1 :: 101 C 102 C; 101 Cc 103 C ; 101 C 104 Cc ; 101 Cc 105 Cc ; 4
1 Zn 1 :: O

The first line describes the connectivity when the atom, Zn in this case, is at the centre of a C—Zn—-C
triplet. The first number specifies the atom number in the configuration file, and this is followed by
the chemical element symbol (Zn in this case). The third number gives the number of the triplet type,
as determined by the order in which the > ANGLE :: line occurs in the data file. In this example,
we are looking at the first atom in the configuration, which happens to be a zinc atom, and this pair
of lines is concerned with the first triplet specified in the input file.

The double colons are important, because they separate the description of the data (to the left)
from the actual bond data (on the right). Consider the last number. This gives the number of triplets
which involve the atom. In this example, the Zn atom occurs as the centre of 4 triplets (from the first
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line) and is never at the end of the triplet (as specified by the zero in the second line). The triplets
are all of the form C-Zn-C.

Now consider a second example:

101 C 1 :: 1 Zn 201 C ; 1
101 C 1 :: 201 C 2 Zn ; 1

These lines describe the second triplet defined in the data file, namely C—C—Zn linkages, and are
concerned with carbon atom that is atom number 101 in the configuration. The first line describes
the way that this atom is at the centre of a triple and bonded to Zn atom 1 and C atom 201. This
atom is the centre of only one triplet. The second line describes the way that this atom is at the end
of the triplet bonded to C atom 201as the centre of the triplet and Zn atom 2 at the other end.

Ideally you should not need to edit this file, but if something in your system is more complicated,
then sadly you will have to do some hand work.

4.7.6 Visualisation of bond orientation distribution functions
RMCProfile allows for easy plotting of bond orientation distribution functions.
4.7.6a Histogram file

RMCProfile produces histograms of the number of bonds over the non-uniform grid of 8 and ¢
polar coordinates, defined using the convention used in the physics community.'? This file is given
a name of the form <name>.bondodf_n, where <name> is the root name of the RMC simulation,
and n corresponds to the bond number. It is important to note that this file is no more than a dump of
the numbers of bonds that lie within the bit of solid angle defined by # and ¢, and is not normalised
for the size of the solid angle. The grid is in uniform steps of A9 and A¢, with grid size of 40 x 80
cells.

4.7.6b PPM plot file

By using the > PLOT :: subordinate keyword, RMCProfile will produce data in a form suitable
for plotting as a stereographic projection, as per this example:

The file is produced in the Portable PixMap format, with name <name>_bondplot_n.ppm.'® To
convert to a more-standard format such as png, jpg, gif, tiff, eps or pdf, one option is to install a tool
such as Imagemagick.'* To produce the image from Imagemagick, execute the following shell
command:

convert —-transparent black <name>.ppm <name>.<extension>

2Note that the mathematics community switches the meanings of these symbols; here 6 gives the angle a vector
makes with the z axis (0 < 6 < 180°), and ¢ gives the angle that the vector is rotated about the z axis (0 < ¢ < 360°).

3The PPM format is described at http://en.wikipedia.org/wiki/Portable_pixmap

“which is available from http://www.imagemagick.org/
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Figure 4.1: Example of a stereographic representation of the bond orientation function generated by
RMCProfile.

where the two placeholders indicated by <name> denote the main file name and the name of the
file you want to generate, and <extension> gives the file type (examples are png, gif, pdf and
eps). The modifier -t ransparent black will convert black to transparent; the background is
written using a black colour, and this allows the background to be made transparent.

If you get an error message of the type:
convert: unable to access configure file ‘colors.xml’.

you are probably able to ignore it; the message is telling you that it has used an internal colour map.

Other graphics program, such as GraphicConverter'® for Mac OS X, and Adobe’s Photoshop,
are able to read and manipulate files in the PPM format.

4.7.6c Converting the histogram file to a PPM file

We provide a utility called bondplot, a Fortran 90 program, to allow you to convert from the his-
togram file to a PPM file. This gives the user some control over various options which have assumed
values when the file is generated by RMCProfile. You run bondplot as a simple command within
the shell or command interface, with no parameters. The program will, in order, ask for the following
information

1. The name of the histogram file;

Shitp://www.lemkesoft.com/
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2. The name of the required output file (which much have extension . ppm for the graphics con-
version programs to work);

3. The required number of pixels along an edge of the plot (which always has square shape);
4. Values of angle 6 and ¢ throughwhich to rotate the sphere;

5. Option to change the maximum and minimum values of the bond odf that correspond to the
extreme colours being used;

6. Background colour;

7. Option to rotate the plot in order to produce an animated gif file.

This generates the PPM file which you can then convert to a graphics file in a standard format using
the methods described in the previous section.

4.7.7 Generation of spherical harmonic function averages

RMCProfile automatically computes the mean-value and mean-squared value (and hence the vari-
ance) on values of the spherical harmonics that describe the orientation of a bond. We convert the
complex numbers to real equivalents by combining the real and imaginary components as

s (Y +(=1)"Y; ™) itm >0

Ye(m) = Y? ifm=0 (4.26)

=LY —(=0)™Y7™) ifm <0

S

Definitions were taken from http://en.wikipedia.org/wiki/Table_of_spherical_harmonics but slightly re-
arranged in a logical order.

Real spherical harmonics with ¢ = 1

N LSV A I /
y1(—1)_/\£<Y1 +Y1)_ 2 (4.27)
3 =z
= 0= _ —
¥1(0) = V! e (4.28)

y(1) = ;(Y1—‘—Y1‘)=\/Ef (4.29)

Real spherical harmonics with ¢ = 2

A 1 [15 x
Yo(—2) = i E(YZZ—YZZ):?/?-T{ (4.30)
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A 1\ _1 /15 yz
yz(—1)_/\/;(y2 +Y) =5\ =% (4.31)
1 /5 222 —x? —y?
¥2(0) = Y 4\/; 2 (4.32)
1 _ 1 /15 zx
ya(1) = \/;<Y -Y)=5/=% (4.33)
1 /15 x2—y?
— 2 _ _>.
¥2(2) = f(y +YE) == (4.34)
Real spherical harmonics with ¢ = 3
o 1ys, yey 1 /35 (B —y%)y
y3(—3) = :\@ (YS + Y3) - (4.35)
_ 1 /105 xyz
— — 2 _— —_— ——
ya(—2) = /\/;(Y ~¥) =5\ % (4.36)
g ) 1 [21 y(4z22 — X2 — y?)
y3(—1) = /\/;(Y3 + Y3) - V5 3 (4.37)
1 /7 z(2z2 —3x2 — 3y?)
0
y3(0) = Y3 = Z\/; : 3 (4.38)
1 21 x4z2 2
y3(1) = \@( = —) (4.39)
7T
1 N1 \/75
y3(2) = \/; ( 3+ Y =2 (4.40)
1 1 [35 (x®- 3y
ys(3) =1/ 3 (vs° =7\ (4.41)
Real spherical harmonics with ¢ = 4
A 4\ _3 /35 Xxy (x% — y?)
Ya(—4) = i §(Y Y>_Z,/?- = (4.42)
9= (vtavg) =3[ 0 (4.49)
Yalmel =y \Ta "+ Ta) = 2\ 21 4 :
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o1y yo\ 3 /5 xy-(722—1r?)
(2 =iy/5 (V2= ¥3) = 32 T (4.44)
(—1>-i\ﬁ(v—1+v1)—3 2 vz 7z 30) (4.45)
alm=tyo\"a * %) =2V 27 ra '
3 /1 35z —30z%r% +3r*
o= - 1 r4 (4.46)
A N\ _3 /5 xz-(7z°2—3r?)
ya() =5 (Vi =) = o (4.47)
My 2. e\ 3 /5 (x¥2—y?)- (722 —1?)
ya(2) = \[2 (Y4 + Y4) -5 g (4.48)
1/, s e 3 /35 (x*—3y?)xz
@) =5 (=) =gy (4.49)

s a3 /85 xB (X2 —3y?) — y2 (3x% - yP)
y4(4)-\@(y4 +Yi) =22 e (4.50)

These quantities are averaged over each bond for any given bond type, and also averaged over
steps. The resultant averages, namely (Yy(m)) and { Y2(m)), are printed in a file with name <file>.ylm.

4.7.8 Generation of Kubic harmonic function averages

If rmcprofile deduces that the RMC configuration is likely to be of a cubic lattice type, it will cal-
culate the averages of the Kubic harmonics, K,({2), of the appropriate symmetries for the molecular
bonds, where (2 represents the polar coordinates describing the orientation of a bond.

The Kubic harmonics calculated are the following, where Q = x* + y* + z* and S = x?y2z2:

Ko(€2) =1 (4.51)

Ki(Q) = %m (5Q - 3) (4.52)

Ks(9) = %x/@ (4625 +21Q — 17) (4.53)

Ks(9) = 31—2@ (6502 — 2085 - 94Q + 33) (4.54)

Kio(Q) = é@ (71 06QS + 187Q2 — 3190S — 264Q + 85) (4.55)
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The value of the Kubic harmonics is that the bond orientation distribution function for a molecule lo-
cated at a site of octahedral symmetry (point groups O, or m3m) can be expressed as an expansion
in these functions:

1
P(Q) = o Z K () (4.56)
7
where only even terms in £ are allowed by symmetry, and

Cr = (Ke(€2)) (4.57)
As with the spherical harmonic quantities above, values of the Kubic harmonics are averaged over

each bond for any given bond type, and also averaged over steps. The resultant averages, namely
(Yy(m)) and (Y?), are printed in the file with name <file>.ylm.

4.8 Using Bond valence sum

To access this functionality you will need to provide the BvS: : block of keywords, as described in
section 4.1.2 in the . dat file. An example is given below.

BVS ::
> ATOM :: Y Zr O
> OXID :: 3 4 -2
> WEIGHTS :: 0.055 0.055 0.140
> RIJ :: 0 2.019 1.928
> BVAL :: 0 0.37 0.37
> CUTOFF :: 0 3.2 3.2
> SAVE :: 400000
> UPDATE :: 200000

The first two subordinate keyword lines define your atom types and their oxidation states. These
must be in the same order as specified in the .dat file. The next line gives the weights of the
constraint for each atom type. The smaller the number, the stronger the constraint.

The subsequent lines give the relevant bond valence parameters for your atom pairs, as per Brese
and O’Keefe, Acta Cryst B, 47, 192-197 (1991). The ordering of the pairs should be, for an example
3 atom configuration, given as 1-2, 1-3, 2-3. Note that unlike when listing coefficients in the main
.dat file, here you do not include like atom pairs. Enter zeroes for non-bonded pairs.

The final lines determine how often you want an update on the status of the BVS constraint and
how often the neighbour list is recalculated.

While we recommend the keyword method for simplicity, it is also possible to provide this information
via a text file with the same stem name as your . dat file and the extension .bvs. A file for the same
example as given above would look like this:
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Y 3 // atom #1

7r 4 // atom #2

o -2 // atom #3

0.055 0.055 0.140 // chi”2 weights (for each type)
000 // Y-Zr (Rij, B, cut-off distance)
2.019 0.37 3.2 // Y-0

1.928 0.37 3.2 // Zr-0

400000 // "intermediate save"

200000 // "neighbour list update"

4.9 Using constraints and restraints

Constraints and restraints are valuable ways to direct the RMCProfile run away from unphysical
models. It should be born in mind however that the overriding ethos of RMC is to produce atomistic
models from experimental data and as such the constraints and restraints should play a lesser role
than the data in any RMCProfile run. The choice of the relative weighting of the constraint(s) and
restraint(s) with respect to the data is very important and optimum values are often only achieved
through trial and error. For example, when using polyhedral restraints (described in the following
section), it is sometimes beneficial to weight them quite strongly at the start of an RMCProfile
minimisation until the model is fitting the data reasonably and then to reduce the weighting so that
the data now dominates the choice of preferred atom moves. Similarly distance window constraints
should be inspected regularly during an RMCProfile minimisation to ensure that they are not
restricting the model excessively.

4.10 Polyhedral restraints

As mentioned above, there are 14 different polyhedral restraints available in RMCProfile. The large
number is mainly due to the fact that each restraint is for a specific type of system rather than being
a generic restraint definable by the user; this has been done for simplicity of coding, use of legacy
code and for speed. The 14 options are listed below and a brief description of each follows.

1. SiOz

2. SI’TiO3

84/187



RMCProfile Manual v6.7.8 4.10. POLYHEDRAL RESTRAINTS

CDy
SFe
AIPO4
PZT
ZrP>07
ZrW>0Og
NazPOq4
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12. AgCN
13. Zn(CN),
14. C4Fg

The names are derived from the first system to use that restraint, but the restraint is suitable for any
similar system. For example, the SiO; restraint defines a set of linked tetrahedra so could be used
for any system where the first two atom types form a network of linked tetrahedra.

The weight for each restraint is set in the .poly file. The weightings are simple multipliers, so a
larger number means a heavier weighting. These weightings should be chosen carefully such that
the data weighting is always higher, if this is not done then the restraint will become a constraint
and the data will be ignored and the resulting configuration biased.

Please note none of the restraints support swapping moves of the atoms linked by the restraint at
the moment. This feature will be added in a later release of the program if required.

4.10.1 The SiO5 restraint

This restraint defines a network of linked tetrahedra formed from the first two atoms in the config-
uration, as the name suggests it was first used for phases of silica. To use this restraint option “1”
needs to be specified in the .dat file and .poly, .sio and .osi files supplied. The .poly file
contains a title line which is ignored and the next line must contain the ideal Si-O bond distance to
be used, the weighting for this bond restraint (i.e., 100) and then the weighting for the tetrahedral
angle restraint (i.e., 300). The .sio file contains a list of oxygen neighbours around each silicon
atom and the .osi file contains a list of the silicon neighbours around each oxygen atom, both
of these files should be generated using the neighbour_1ist program supplied with RMCProfile
and described in section 6.1.

4.10.2 The SrTiO3 restraint
This restraint defines a network of linked octahedra formed from the first two atoms in the configura-

tion, as the name suggests it was first used for studying strontium titanate. Since the octahedra are
formed from the first two atoms in the configuration it must be set up to actually represent TiO3Sr. In
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this way the same constraint can be used to study Ca,Sry_,TiO3 or any similar system. To use this
restraint option “2” needs to be specified in the . dat file and .poly, .tio and .ot1 files supplied.
The .poly file contains a title line which is ignored and the next line must contain the ideal Ti—O
bond distance to be used, the weighting for this bond restraint (i.e., 100) and then the weighting for
the tetrahedral angle restraint (i.e., 300). The . t1io file contains a list of oxygen neighbours around
each titanium atom and the . ot i file contains a list of the titanium neighbours around each oxygen
atom, both of these files should be generated using the neighbour_1ist program supplied with
RMCProfile and described in section 6.1.

4.10.3 The CD4 restraint

This restraint defines a configuration of unlinked tetrahedra formed from the first two atoms in the
configuration. As the name suggests it was first used for the study of deuterated methane. To
use this restraint option “3” needs to be specified in the .dat file and .poly, .cd and .dc files
supplied. The .poly file contains a title line which is ignored and the next line must contain the
ideal C—D bond distance to be used, the weighting for this bond restraint (i.e., 100) and then the
weighting for the tetrahedral angle restraint (i.e., 300). The .cd file contains a list of deuterium
neighbours around each carbon atom and the .dc file contains a list of the carbon neighbours
around each deuterium atom, both of these files should be generated using the neighbour_list
program supplied with RMCProfile and described in section 6.1.

4.10.4 The SFg restraint

This restraint defines a configuration of unlinked octahedra formed from the first two atoms in the
configuration, as the name suggests it was first used for studying the molecular crystal SFg. To use
this restraint option “4” needs to be specified inthe . dat fileand .poly, .sf and . £s files supplied.
The .poly file contains a title line which is ignored and the next line must contain the ideal S—F
bond distance to be used, the weighting for this bond restraint (i.e., 100) and then the weighting for
the octahedral angle restraint (i.e., 300). The . sf file contains a list of fluorine neighbours around
each sulphur atom and the . £s file contains a list of the sulphur neighbours around each fluorine
atom, both of these files should be generated using the neighbour_1ist program supplied with
RMCProfile and described in section 6.1.

4.10.5 The AIPO, restraint

This restraint defines a network of linked tetrahedra formed from the first three atoms in the con-
figuration, as the name suggests it was first used for phases of aluminium phosphate. This differs
from the SiO, restraint in that the network consists of tetrahedra of two sizes: one for the AlO4
and one for PO4. To use this restraint option “5” needs to be specified in the . dat file and .poly,
.alo, .oal, .po and .op files supplied. The .po1ly file contains a title line which is ignored and
the next line must contain the ideal AI-O bond distance to be used, the weighting for this bond re-
straint (i.e., 100) and then the weighting for the tetrahedral angle restraint (i.e., 300). The following
line must contain the ideal P-O bond distance to be used, the weighting for this bond restraint and
then the weighting for the tetrahedral angle restraint. The . alo file contains a list of oxygen neigh-
bours around each aluminium atom and the .oal file contains a list of the aluminium neighbours
around each oxygen atom. Similarly, the . po file contains a list of oxygen neighbours around each
phosphorous atom and the . op file contains a list of the phosphorous neighbours around each oxy-
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gen atom. All of these neighbour files should be generated using the neighbour_1ist program
supplied with RMCProfile and described in section 6.1.

4.10.6 The PZT restraint

This restraint defines a network of linked octahedra formed from the second, third and fourth atoms
in the configuration, as the name suggests it was first used for phases of lead zirconium titanate
(PbZr,Ti;_xO3). This differs from the SrTiOj3 restraint in that the network consists of octahedra of
two sizes: one for the ZrOg and one for TiOg. To use this restraint option “6” needs to be specified
in the .dat file and .poly, .zro, .ozr, .tio and .oti files supplied. The .poly file contains
a title line which is ignored and the next line must contain the ideal Zr-O bond distance to be
used, the weighting for this bond restraint (i.e., 100) and then the weighting for the octahedral angle
restraint (i.e., 300). The following line must contain the ideal Ti—O bond distance to be used, the
weighting for this bond restraint and then the weighting for the octahedral angle restraint. The . zro
file contains a list of oxygen neighbours around each zirconium atom and the . ozr file contains a
list of the zirconium neighbours around each oxygen atom. Similarly, the .tio file contains a list
of oxygen neighbours around each titanium atom and the .ot i file contains a list of the titanium
neighbours around each oxygen atom. All of these neighbour files should be generated using the
neighbour_list program supplied with RMCProfile and described in section 6.1.

4.10.7 The ZrP,0y restraint

This restraint defines a network of linked octahedra and tetrahedra formed from the first three atoms
in the configuration, as the name suggests it was first used for phases of ZrP,0O-. To use this re-
straint option “7” needs to be specified in the .dat file and .poly, .zro, .ozr, .po and .op
files supplied. The .poly file contains a title line which is ignored and the next line must contain
the ideal Zr—O bond distance to be used, the weighting for this bond restraint (i.e., 100) and then
the weighting for the octahedral angle restraint (i.e., 300). The following line must contain the ideal
P—O bond distance to be used, the weighting for this bond restraint and then the weighting for the
tetrahedral angle restraint. The . zro file contains a list of oxygen neighbours around each zirco-
nium atom and the . ozr file contains a list of the zirconium neighbours around each oxygen atom.
Similarly, the .po file contains a list of oxygen neighbours around each phosphorous atom and the
. op file contains a list of the phosphorous neighbours around each oxygen atom. All of these neigh-
bour files should be generated using the neighbour_1ist program supplied with RMCProfile and
described in section 6.1.

4.10.8 The ZrW,0g restraint

This restraint defines a network of linked octahedra and tetrahedra formed from the first three atoms
in the configuration, as the name suggests it was first used for phases of ZrW,QOg. This restraint
differs from the ZrP>O7 version since one of the tetrahedral oxygens is non-bridging. To use this
restraint option “8” needs to be specified in the .dat file and .poly, .zro, .ozr, .wo and .ow
files supplied. The .poly file contains a title line which is ignored and the next line must contain
the ideal Zr—O bond distance to be used, the weighting for this bond restraint (i.e., 100) and then
the weighting for the octahedral angle restraint (i.e., 300). The following line must contain the ideal
W-0O bond distance to be used, the weighting for this bond restraint and then the weighting for
the tetrahedral angle restraint. The . zro file contains a list of oxygen neighbours around each
zirconium atom and the .ozr file contains a list of the zirconium neighbours around each oxygen
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atom. Similarly, the .wo file contains a list of oxygen neighbours around each tungsten atom and
the .ow file contains a list of the tungsten neighbours around each oxygen atom. All of these
neighbour files should be generated using the neighbour_1ist program supplied with RMCProfile
and described in section 6.1.

4.10.9 The Na3zPO, restraint

This restraint defines a configuration of unlinked tetrahedra formed from the second and third atoms
in the configuration, as the name suggests it was first used for studying the molecular crystal
NaszPO4. To use this restraint option “9” needs to be specified in the .dat file and .poly, .po
and . op files supplied. The .poly file contains a title line which is ignored and the next line must
contain the ideal P-O bond distance to be used, the weighting for this bond restraint (i.e., 100)
and then the weighting for the octahedral angle restraint (i.e., 300). The .po file contains a list of
oxygen neighbours around each phosphorous atom and the . op file contains a list of the phos-
phorous neighbours around each oxygen atom, both of these files should be generated using the
neighbour_list program supplied with RMCProfile and described in section 6.1.

4.10.10 The NaNOj; restraint

This restraint defines a configuration of unlinked triangular molecules formed from the second and
third atom types in the configuration, as the name suggests it was first used for studying the molec-
ular crystal NaNOgs. To use this restraint option “10” needs to be specified in the .dat file and .poly,
.no and .on files supplied. The .poly file contains a title line which is ignored and the next line must
contain the ideal N-O bond distance to be used, the weighting for this bond restraint (i.e., 100) and
then the weighting for the angle restraint (i.e., 300). The .no file contains a list of oxygen neigh-
bours around each nitrogen atom and the . on file contains a list of the nitrogen neighbours around
each oxygen atom, both of these files should be generated using the neighbour_list program
supplied with RMCProfile and described in section 6.1.

4.10.11 The KCN restraint

This restraint defines a configuration of unlinked binary molecules formed from the second and third
atom types in the configuration, as the name suggests it was first used for studying the molecular
crystal potassium cyanide. To use this restraint option “11” needs to be specified in the . dat file and
.poly, .cnand .nc files supplied. The . poly file contains a title line which is ignored and the next
line must contain the ideal C—N bond distance to be used and the weighting for this bond restraint
(i.e., 100). The .cn file contains a list of nitrogren neighbours around each carbon atom and the
.nc file contains a list of the carbon neighbours around each nitrogen atom, both of these files
should be generated using the neighbour_1ist program supplied with RMCProfile and described
in section 6.1.

4.10.12 The AgCN restraint

This restraint defines a configuration of atoms linked in a chain structured formed from the first three
atom types in the configuration, as the name suggests it was first used for studying the molecular
crystal AgCN. To use this restraint option “12” needs to be specified in the .dat file and .poly,
.agc, .cag, .cn, .nc, .nag, and . agn files supplied. The .po1ly file contains a title line which is
ignored and the next line must contain the ideal Ag—C bond distance to be used and the weighting
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for this bond restraint (i.e., 100). The following line must contain the ideal C—N bond distance to
be used and the weighting for this bond restraint. The next line must contain the ideal N-Ag bond
distance to be used and the weighting for this bond restraint. The . agc file contains a list of carbon
neighbours around each silver atom and the . cag file contains a list of the silver neighbours around
each carbon atom. The . cn file contains a list of nitrogren neighbours around each carbon atom
and the . nc file contains a list of the carbon neighbours around each nitrogen atom. The .nag file
contains a list of silver neighbours around each nitrogen atom and the . agn file contains a list of
the nitrogren neighbours around each silver atom. All of these neighbour files should be generated
using the neighbour_1ist program supplied with RMCProfile and described in section 6.1.

4.10.13 The Zn(CN), restraint

This restraint defines a network of linked tetrahedra formed from the first three atoms in the con-
figuration, as the name suggests it was first used for phases of zinc cyanide. This differs from the
SiOs restraint in that the network consist of tetrahedra link by two bridge atoms, in this case carbon
and nitrogen with zinc at the centre of the tetrahedra. To use this restraint option “13” needs to
be specified in the .dat file and .poly, .zncn, .czn, .nzn, .cn and .nc files supplied. The
.poly file contains a title line which is ignored and the next line must contain the ideal Zn—C bond
distance to be used, the weighting for this bond restraint (i.e., 100) and then the weighting for the
tetrahedral angle restraint (i.e., 300). The following line must contain the ideal C—N bond distance
to be used and the weighting for this bond restraint. The next line must contain the ideal N-Zn
bond distance to be used and the weighting for this bond restraint. The . zncn file contains a list
of carbon and nitrogren neighbours around each zinc atom, the .czn file contains a list of the
zinc neighbours around each carbon atom and the .nzn file contains a list of the zinc neighbours
around each nitrogen atom. The . cn file contains a list of nitrogren neighbours around each car-
bon atom and the .nc file contains a list of the carbon neighbours around each nitrogen atom.
Most of these neighbour files should be generated using the neighbour_1ist program supplied
with RMCProfile and described in section 6.1, however the . zncn file should be produced using
the neighbour_list_two program since both carbon and nitrogen atoms need to be specified as
neighbours.

4.10.14 The C4Fg restraint

This restraint defines a configuration of unlinked C4Fg molecules formed from the first two atom
types in the configuration. This is a very specific restraint that defines a molecule of four carbon
atoms arranged in a square with two fluorine atoms attached to each corner. Only bond distance
restraints are applied to hold the molecule together. To use this restraint option “14” needs to be
specified in the .dat file and .poly, .cc, .cf and . fc files supplied. The .poly file contains a
title line which is ignored and the next line must contain the ideal C—F bond distance to be used
and the weighting for the bond restraints (i.e., 100) and then the next line contains the ideal C-C
bond distance to be used. The . cc file contains a list of carbon neighbours around each carbon
atom, the . cf file contains a list of the fluorine neighbours around each carbon atom and the . fc
file contains a list of the carbon neighbours around each fluorine atom. All of these neighbour files
should be generated using the neighbour_1ist program supplied with RMCProfile and described
in section 6.1.
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4.11 RMC Version 6 format configuration files

Version 6 of RMCProfile not only brings a new data format, but it also brings several new formats
for configuration files — described generically as “Version 6 format files” — which reflect a different
approach to managing configuration files. These are somewhat richer than the ‘classic’ Version 3
format files (described later).

4.11.1 Version 6f format configuration file

This format is best described with reference to an example file:

(Version 6f format configuration file)

Metadata tile: NaCl in a small box
Metadata owner: Martin Dove
Metadata date: 15-02-2009
Metadata material: NaCl
Metadata comment: This is a test configuration
Metadata source: Solid State Physics text book
Number of moves generated: 0
Number of moves tried: 0
Number of moves accepted: 0
Number of prior configuration saves: 0
Number of atoms: 64
Supercell dimensions: 2 2 2
Number density (Ang”-3): 0.043656
Cell (Ang/deq): 11.360000 11.360000 11.360000 90.000000 90.000000 90.000000
Lattice vectors (Ang):
11.360000 -0.000000 -0.000000
0.000000 11.360000 -0.000000
0.000000 0.000000 11.360000
Atoms:
1 Na [1] 0.000000 0.000000 0.000000 1 0 0 0
2 Na [1] 0.250000 0.250000 0.000000 2 0 0 0
3 Na [1] 0.250000 0.000000 0.250000 3 0 0 0
4 Na [1] 0.000000 0.250000 0.250000 4 0 0 0
5 Na [1] 0.000000 0.000000 0.500000 1 0 0 1
6 Na [1] 0.250000 0.250000 0.500000 2 0 0 1
58 Cl 0.500000 0.750000 0.000000 6 1 1 0
59 Cl 0.500000 0.500000 0.250000 7 1 1 0
60 Cl 0.750000 0.750000 0.250000 8 1 1 0
61 Cl 0.750000 0.500000 0.500000 5 1 1 1
62 Cl 0.500000 0.750000 0.500000 6 1 1 1
63 Cl 0.500000 0.500000 0.750000 7 1 1 1
64 Cl 0.750000 0.750000 0.750000 8 1 1 1

A number of points can be seen from this example:

1. The first line must contain the phrase ‘version 6f’ (case sensitive).
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2. All other keywords are case insensitive.

3. The metadata lines are not essential, but given that the data2config program (see section
on utilities) makes their use fairly easy, you are recommended to use them. Unless you keep
very good notebooks and are equally good at keeping your file system in good order, then it is
folly not to avail yourself of the option to use metadata. Remember the motto, “Don’t cry later
[ if you don’t use metadata’.

4. And if you wisely use the metadata lines, the colons are essential.

5. The various lines beginning ‘Number of’ are not necessary, but will be automatically gener-
ated by RMCProfile in subsequent writes of the configuration file.

6. The ‘Number density’ line is also not required, but will be written by RMCProfile in sub-
sequent writes of the configuration file.

7. The‘Cell (Ang/degq) :’lineisessentialif you don'tinclude the ‘T.attice vectors (Ang)’
data. It defines the size and shape of the configuration in terms of the conventional crystallo-
graphic lattice parameters, and will be used to create the lattice vectors. If you include both the
lattice parameters and lattice vectors, the ‘Lattice vectors (Ang)’ data will take prece-
dence. Both will be generated in subsequent writes of the configuration file.

8. The ‘Lattice vectors (Ang) :’ line and the following three lines containing the vectors
describing the shape and dimensions of the configuration. These lines are not required if you
include the ‘Cel1l (Ang/deq) :’ line, but will take precedence if both are included. If these

data are not include, they will be generated by RMCProfile in subsequent writes of the
configuration file.

9. The ‘Atoms:’ line is required. It must precede the block of lines containing the information
about each atom.

10. The ‘supercell’ line is not required, but is generated by data2config and its inclusion
means that it is not required within the main .dat file.

11. Each atom line follows the format with the following data:

(a) An optional number can be provided before the atom symbol to label the atom within the
configuration.

(b) The atomic element symbol (compulsory). This requirement is different from ‘Version 3’
classic configuration files, which do not contain any information about the atom types.
The advantage of containing this information is that it makes the file self-contained; you
can run analysis programs without needing to obtain this information from other sources.
This element must be one of the real elements. You are allowed to use D for deuterium,
and you can use Va for a vacant site.

(c) An optional numerical atom label (integer) immediately after the atomic symbol, given
within square brackets. This integer can have any value.

(d) Three fractional coordinate values. Unlike Version 3 configuration files, the assumption
is that the origin of the box has coordinate 0, 0, 0, and that x, y, and z values range from
0—1.
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(e) A single optional integer that is appropriate if the configuration is a supercell of a funda-
mental crystallographic unit cell. In this case, the integer will correspond to the atom in
the crystallographic unit cell that this atom corresponds to.

(f) A set of three optional integers that are appropriate if the configuration is a supercell of
a fundamental crystallographic unit cell. In this case, these integers denote the position
of the origin of the unit cell containing this atom relative to the origin of the configuration,
with the origin cell denoted by integers 0 0 0, and for a supercell having dimensions
Ny x Ny, x N the three integers range in value from 0 — (Ny — 1), 0 — (N, — 1) and
0 — (N; — 1) respectively. Note that if the optional integer giving the label of the atom in
the origin cell is included (previous input quantity), these three integers must follow that
integer.

12. There are as many atoms lines as there are atoms. There is no termination line. If the number
of atoms is given in the ‘Number of atoms’line, the lines will be counted as they are read,
but if the Number of atoms’lineis notgiven RMCProfile will presume that the set of atom
lines will be the last lines in the configuration file.

It will be assumed that Version 6f configuration files will have names with a . rmc6f extension.

We have provided the data2config tool to allow users to generate this file from a number of
different types of crystal structure files, such as those produced by the Gsas Rietveld refinement
program, or standard CIF files. data2config also allows you to convert classic format configura-
tion files into the Version 6f format.

4.11.2 Version 6f format histogram file
Normally users do not create the histogram files themselves, but instead they are generated by

successive runs of RMCProfile. However, it is useful to understand the format of this file to enable
it to be used for subsequent data analysis.

This file format is best illustrated with an example:

RMCProfile v6f intermediate (histogram) file

Metadata owner: Martin Dove
Metadata date: 17-02-2009
Metadata material: Ag3Co(CN)6
Metadata source: Generated from RMC runs starting with our own GSAS structure
Number of moves generated: 92422
Number of moves tried: 92343
Number of moves accepted: 144815
Number of prior configuration saves: 0
Number of atoms: 4608
Number density (Ang~-3): 0.052612
Cell (Ang/deg): 42.150540 48.671252 42.692412 90.000000 90.000000 90.000000
Lattice vectors (Ang):
42.150540 0.000000 0.000000

0.000000 48.671252 0.000000

0.000000 0.000000 42.692412
Atoms (fractional coordinates):

1 Ag 0.082764 0.999551 0.080983 1 0 0 0

2 Ag 0.084347 0.998030 0.248759 2 0 0 0

3 Ag 0.083515 0.998656 0.415444 3 0 0 0
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4 Ag 0.081875 0.000937 0.583213 4 0 0 0
4605 N 0.938087 0.920807 0.452244 13 5 5 5
4606 N 0.940870 0.914326 0.618485 14 5 5 5
4607 N 0.951886 0.912453 0.789664 15 5 5 5
4608 N 0.940857 0.927571 0.956517 16 5 5 5
Number of points in pair distribution functions: 1053
Step size in pair distribution function: 2.00000000000000004E-002
step AgAg AgN N, N
1 0 0 0
2 0 0 0
3 0 0 0
172 85 71 47
173 88 68 45
174 84 95 34
175 117 70 42
176 112 90 47
177 93 78 55
178 96 74 56
179 70 71 58
180 77 73 55

In many ways this looks very similar to the configuration file format. Extensions to the configuration
file are mostly the information concerned with the additional data for the histograms from which the
pair distribution functions are calculated.

Since this file is generated automatically by RMCProfile, there is no need to describe some of the
information as optional. Note that if you generate this file from a previous version 3 .his file (eg
using data2config) there will be no means to generate the 4 integer indices at the end of each
atom line, and thus these will not be given (merely replacing each integer by zero will not achieve
very much; the default is not to include them).

This file usually has a filename with extension .his6f.

4.12 Experimental data files

The main experimental data, whether the scattering or pair distribution function data, all have the
same basic formats. Moreover, unlike other files you are free to chose any names for these files,
because the names are provided within the main . dat file. However, to avoid confusion you might
like to use an extension that indicates the type of file, such as .gr for a G(r) PDF file, or . sq for
the neutron scattering S(Q) file.

4.12.1 Traditional RMC files

These files have a very simple format. The first line contains the number of points in the file, and
the second line is a title line. These are followed by one line per data point, each containing first the
x values and the second the y values of the data. For example, a scattering data file might have the
form:
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1975
KCN 250K with offset 0.01
0.52 -0.4730834
0.54 -0.4659694
0.56 -0.4678035
0.58 -0.4740225
0.60 -0.474752
0.62 -0.4666348
0.64 -0.4686959
0.66 -0.4683059
0.68 -0.4674031
0.70 -0.4667906
0.72 -0.4660346
39.96 2.608086e-05
39.98 -0.002873718
40.00 -0.004977553
etc...

4.12.2 Data files generated by GUDRUN

GUDRUN is the ISIS data correction and transformation toolkit for total scattering data. The files
generated by GUDRUN can now directly be read into RMCProfile rather than converted into the
traditional format. The subordinate keyword GUDRUN needs to be provided with the NEUTRON_REAL_SPACE_DA"
:: and NEUTRON_RECIPROCAL_SPACE DATA :: keyword blocks.

The file format looks something like the following for the scattering function:

# GEM12234.mdcs01

# KCN in CCR at 20K I 12Wx34H chop:19302,00£f£f,1939

# 1 2502

# 10

# MGT QH DAK MTID /ach

# 15-FEB-2003 02:14:23

# spec.bad

# groups_def.dat

# 6

# -1

# 0.1700000E+02

# 0.0000000E+00 0.1456720E+01 0.0000000E+00

# 0.0000000E+00 0.5096614E+02 0.0000000E+00

# 0.0000000E+00 0.9269717E+02 0.0000000E+00
0.3000000E-01 0.0000000E+00 0.0000000E+00
0.5000000E-01 0.0000000E+00 0.0000000E+00
0.8900000E+00 -0.4750513E+00 0.1049418E-02
0.9100000E+00 -0.4789928E+00 0.1090569E-02
0.9300000E+00 -0.4766961E+00 0.1046322E-02
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0.9500000E+00 -0.4731495E+00 0.1022877E-02
0.9700000E+00 -0.4702018E+00 0.9821923E-03
etc...

The lines beginning with the # are treated as comments, but the third comment line is important
because it contains the start and end point numbers that are read.

4.13 Bragg scattering

The ability of RMCProfile to handle separately the information from Bragg scattering enables
the RMC simulation to reproduce the spatial distribution of atom positions. The program uses a
Rietveld-like approach in that it fits the Bragg peaks in the diffraction profile using background and
lineshape functions obtained from the Gsas program and adjusts the configuration to match the
intensities of the Bragg peaks.

4.13.1 The essential data files

The information that is required to control the Bragg fitting was described in the section on the
Version 6 data file above. We remark here that the configuration is a supercell of the crystal unit
cell, of relative size Ny x Ny, xN,. The “> SUPERCELL ::”line within the “BRAGG : :” keyword block
contains the three integers Ny, Ny, N;. When we now consider the Miller indices h, k, ¢, these refer
to the fundamental unit cell rather that the configuration supercell, and it is the supercell integers
than enable RMCProfile to know how to set up the Bragg peaks.

4.13.1a The optional . hk1 file

RMCProfile will calculate the Bragg profile for all Bragg peaks for d-spacings down to a minimum
value and for h, k, ¢ values up to a maximum value. These limiting values are provided in a file with
extension .hk1, which will have the form:

0.8
-10 10
-8 8
-12 12

The first line gives the minimum value of the d-spacing, and the remaining three lines give the
limiting values of h, k and ¢ respectively.

This file is not necessary if either of the > DMIN :: or > QMIN :: subordinate keywords are
supplied within the keyword block under the BRAGG : : keyword.

RMCProfile willcompute the Bragg intensities for all reflections, including those that are supposed
to be systematically absent due to symmetry. Whilst in a crystal structure refinement program this
might be considered to be a waste of time, in RMCProfile this is useful because it acts to ensure
that the data drive the configuration into the appropriate long-range symmetry rather than any
symmetry being imposed from the outset.
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4.13.2 The .bragg, .back and . inst files
4.13.2a .bragg file

The Bragg scattering data is contained within a file with extension .bragg. It has the format appro-
priate for time-of-flight diffractometers, an example being:

1818 2 6.7798 274.9949
Sample data file

4.983635 4.38E-02
4.987625 4.33E-02
4.991615 4.27E-02
4.995605 4.23E-02
4.999600 4.26E-02
5.003600 4.30E-02
5.007606 4.35E-02
21.275999 2.34E-03
21.292999 1.12E-02
21.310051 2.57E-02
21.327099 2.65E-02

The first line contains four numbers. The first gives the number of data points. The second gives the
number of the detector bank, which is used to extract the correct instrument profile from the . inst
file described below. The third parameter is the scale factor as calculated by Gsas, and the fourth
paramete