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This paper describes a new technique for indexing powder diffraction data. The lattice parameters
(unit-cell dimensions) {a,b,c,«,B,y} define the parameter space of the problem, and the aim is to find
the optimal lattice parameters for a given experimental powder diffraction pattern. Conventional
methods for indexing consider the measured positions of a limited number of peak maxima, whereas
this new approach considers the whole powder diffraction profile. This new strategy offers several
advantages, which are discussed fully. In this approach, the quality of a given set of lattice parameters
is determined from the profile R-factor, R,,,, obtained following a Le Bail-type fit of the intensity
profile. To find the correct lattice parameters (i.e. the global minimum in R,,,), a genetic algorithm has
been used to explore the Ry,(a.b,c,a,8,y) hypersurface. (Other methods for global minimization,
such as Monte Carlo and simulated annealing, may also be effective.) Initially, a number of trial sets
of lattice parameters are generated at random, and this ‘population’ is then allowed to evolve subject
to well defined evolutionary procedures for mating, mutation and natural selection (the fitness of
each member of the population is determined from its value of R,,,). Examples are presented to
demonstrate the success and underline the potential of this new approach for indexing powder
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diffraction data.
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1. Introduction

In general, crystal structure determination from diffraction
data involves the following stages: (@) determination of the
unit cell (ie. indexing the diffraction pattern), (b) space
group assignment, (c¢) structure solution, and (d) structure
refinement. For powder diffraction data, the structure
solution stage is generally regarded as the most challenging,
and significant advances have been made recently in the
scope and power of methods for structure solution [for
reviews see Cheetham & Wilkinson (1992), Harris &
Tremayne (1996), Poojary & Clearfield (1997) and subse-
quent work described by Harris et al. (1994), Tremayne et
al. (1997), Andreev et al. (1997), Kariuki et al. (1997),
Harris et al. (1998), Shankland et al. (1997), David et al.
(1998)]. However, it is not possible to proceed at all with
structure solution unless the correct unit cell is found in
stage (a). Indeed, we have found that reliable indexing of
powder diffraction data using existing techniques is often
the limiting step in the structure determination process. In
contrast to the recent advances in techniques for structure
solution, there has been relatively little fundamental
development of indexing methods since the pioneering
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work over 20 years ago [see Langford & Louér (1996) for a
recent review]. For these reasons, and in the light of the
more demanding structural problems now being addressed
and the availability of faster computers, there is now a
pressing need to re-assess the strategies for indexing
powder diffraction patterns.

In this paper, we describe a new indexing technique,
based on whole-profile fitting and global optimization using
a genetic algorithm. Examples are given to illustrate the
successful application of our method. Although these
examples are for synchrotron X-ray powder diffraction
data, our method is general, and may also be applied to
conventional laboratory X-ray powder diffraction data or
neutron powder diffraction data.

2. Background to indexing powder diffraction
patterns

The unit-cell dimensions (lattice parameters) {a,b,c,o,8,y}
determine the positions of peaks in a powder diffraction
pattern. The aim of indexing is to determine the correct
lattice parameters by using information on the peak posi-
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tions in the experimental pattern. To our knowledge, all
indexing strategies reported to date are based on using
peak positions obtained directly from the experimental
powder diffraction pattern, although different strategies
are adopted for extracting this information [general
reviews are given by Shirley (1980), Louér (1992), Lang-
ford & Louér (1996)]. Currently, the most widely used
indexing programs are I7O (Visser, 1969), TREOR
(Werner et al., 1985) and DICVOL (Boultif & Louér, 1991).
All these programs require the measured positions of peak
maxima for a number of peaks. However, experimental
patterns typically have extensive peak overlap, and some-
times peak displacements, which can lead to several
problems, now discussed.

(i) Only a subset of the complete diffraction data (the
selected peaks) is actually used in the indexing procedure.
As overlap is more severe at high values of sin(6)/A, the
selected peaks tend to be confined to the low-angle region.
For materials with low symmetry and large unit cells, the
overlap of peaks is particularly severe, making extraction of
peak positions difficult even at low values of sin(6)/A, and
reducing the limiting value of sin(6)/A above which reliable
peak positions cannot be extracted. In many cases, certain
peaks which are important in the indexing process may be
obscured or completely unresolved due to peak overlap.

(ii) In many cases, the limitations described above are
exacerbated by factors that give rise to a reduction in the
crystallinity of the sample; for example, small particle size,
stacking faults and other defects that cause peak broad-
ening. These factors can lead directly or indirectly
(e.g. through peak overlap) to serious errors (e.g. greater
than 40.02° in 26) in measured peak positions. For large
unit cells, even a precision of £0.02° in measured 26 values
may be insufficient to distinguish one solution from
another.

(iii) Other difficulties (often more serious than those
described above) can arise from defects that displace the
peaks such that they do not actually fit any lattice exactly.
This problem, which is encountered particularly often in
powder diffraction data recorded at high pressure, seriously
limits the ability of the existing indexing programs to find
any solution.

(iv) The presence of impurity phases in samples studied
by powder diffraction is often unavoidable, and often
constitutes an intractable problem in carrying out indexing
by existing methods [unless the existence and identity of
the impurity phase(s) are known a priori]. Thus, if an
impurity peak is inadvertently selected for the indexing
procedure, it is generally impossible to find the correct unit
cell [although some cases of successful indexing under
these circumstances have been reported (Dinnebier et al.,
1997; Williams et al., 1992)].

For reliable indexing by the existing methods, it is
recommended that at least 20 measured peak positions
should be used, especially when the symmetry is expected
to be low. These indexing procedures are particularly
vulnerable to experimental errors in the measured peak

positions. Random errors must be small [preferably less
than §(20) ~ 0.02°], and systematic errors (such as a
significant zero offset or the inclusion of peaks due to
impurity phases) will often lead to failure.

There is clearly a pressing need for new indexing stra-
tegies that do not require extracted peak positions, but
instead use all the available d-spacing information in a
powder pattern (including strongly overlapped regions). In
this paper, we report a new approach of this kind. It
requires two new aspects: (i) a method to assess the quality
of fit of the whole powder diffraction profile for a given set
of trial lattice parameters {a,b,c,«,8,y}, and (ii) an efficient
method for searching parameter space to find the best set
of lattice parameters (i.e. the correct unit cell). In our
method, we assess the correctness of each set of trial lattice
parameters by using a profile-fitting procedure based on a
slightly modified version of the conventional weighted
profile R-factor (Ry,,), and we explore parameter space to
find the global minimum in Ry, using a genetic algorithm.

This approach is fundamentally different from any of the
indexing methods available hitherto, and is intrinsically
more robust for dealing with the problems discussed above.
Peak overlap is implicitly taken care of, and the powder
diffraction data are used directly as measured. Further-
more, other information that may affect peak positions in
the powder diffraction pattern [such as (hk[)-dependent
effects or zero point error] may be incorporated directly
into the calculation.

3. Method for whole-profile fitting

First, we describe our method for constructing a powder
diffraction profile for a set of trial lattice parameters
{a.b,ca,B,y}, thereby allowing R,(a,b,c,B,y) to be
determined. The given set of lattice parameters determines
the peak positions, and parameters describing the peak
shape and peak width are used in the Le Bail profile-fitting
procedure (Le Bail et al., 1988; Toraya, 1993) to partition
the observed intensities, producing a calculated pattern
from which R,,, is calculated. From our experience, we have
found that this method for obtaining a calculated pattern is
orders of magnitude faster than least-squares fitting of
individual intensities and does not suffer from the potential
stability problems of the least-squares method. It should be
noted that the Le Bail technique is not based on the
minimization of R,,,. However, R,,, will be smallest when
all the parameters of the model are correct. Tests carried
out on data recorded for materials of known structure
confirm that this method for calculating R,,, can success-
fully identify and discriminate the correct lattice para-
meters (see §5).

The correct partitioning of the observed data does
require a reasonable initial estimate of peak shapes and
widths. Such an estimate is obtained either from experience
with similar patterns or by fitting representative peaks
individually across the pattern. For this purpose, two or
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three sharp peaks that may be assigned confidently as non-
overlapped with any other peak should be chosen.

The presence and position of peaks at low sin(6)/A can be
crucial for the correct indexing of a pattern. However, these
peaks are often weak, and using the conventional R,,, to
assess the agreement between the experimental and
calculated data may fail to recognize the significance of
these peaks. The conventional R,,, assesses the agreement
between observed and calculated intensities, and in our
indexing method (as presently applied) it would be most
strongly affected by discrepancies in the positions of the
strongest peaks. Discrepancies in the positions of weak
peaks will have little effect on the conventional R,,,, even
though such peaks may be crucial for successful indexing.
To overcome this limitation, we use a modified version of
R,,,. The pattern is split into different regions (defined by
the user), and the weighted profile R-factor is then calcu-
lated separately for each region. These R-factors are
summed to obtain the overall R,,p,

1/2
pr = Z |:Z Wi(yi _yci)z/ Z Wiyzz:| ’ (1)

region| i

where i runs over the points in each region. With this
procedure, the residuals for a given region are scaled
according to the total intensity of the region (the lower the
total intensity, the higher the scaling factor). Thus, a region
containing only weak peaks can make as significant a
contribution to the modified Ry, as regions that contain
peaks of much greater absolute intensity. The importance
of this effect is well illustrated in §6. There is also scope for
overcoming the problems discussed above by using other
definitions of R,,, with weighting schemes (w;) based on
d-spacing rather than intensity.

By the nature of the whole-profile method, peak overlap
is handled directly and the complete experimental
d-spacing information is used. Fitting the whole profile also
gives a natural measure of the errors in the d-spacings
(e.g. broad peaks are associated with larger error than
narrow peaks). An important advantage of whole-profile
fitting is that the presence of a minority impurity phase
does not limit the success of the procedure. Peaks due to
impurity phases simply contribute a constant amount to the
R-factor, and the global minimum in R,,, will arise when the
majority phase is indexed correctly; an example of this is
given in §6.

Furthermore, the lattice parameters need not be the only
parameters optimized in our approach. The parameters
defining the peak shapes and peak widths could be
subjected to restrained refinement, and parameters
describing the zero offset and/or (hkl)-dependent sample
effects could also be included in the optimization. In
principle, such features could also be considered in the
existing indexing methods (some of which already allow the
zero offset to be varied). However, as these methods use
only a subset of the available d-spacing information, a
significant increase in the number of variable parameters is

not necessarily justified (and could invalidate these
methods completely, on the grounds that the number of
variable parameters is too large in comparison with the
number of observables).

4. Search methods

The aim of our indexing strategy is to search parameter
space {a,b,c,a,B,y} in order to find the parameter set in best
agreement (lowest R,,) with the experimental powder
diffraction pattern. In effect, we require to search the
hypersurface Ry,(a,b,c,a,8,y) to find the global minimum.
We note that some of these parameters may be fixed by the
metric symmetry of the lattice, and it is only in the triclinic
case that all six parameters are treated as variables.

In our search procedure, the cell volume is restricted to
sensible ranges consistent with our knowledge of the
system under study (recalling that any powder diffraction
pattern can be indexed by a unit cell of sufficiently large
volume). Even with a restricted volume range, however, a
systematic grid search through parameter space would
require an unfeasible length of time, and more efficient
search methods are required. A number of different
approaches for global optimization may be used, including
Monte Carlo methods, simulated annealing methods and
genetic algorithms. In the present work, we have used a
genetic algorithm, based on the recognition that certain
features of typical Ry,(a,b.ca,B,y) hypersurfaces make
them particularly suited for exploration using genetic
algorithms (see §5). In this context, we note that a method
for indexing powder diffraction data by using a genetic
algorithm within the framework of existing indexing stra-
tegies (i.e. requiring a set of extracted peak positions) has
also been proposed recently (Paszkowicz, 1996). Genetic
algorithms have also been used recently in fitting SAXS/
SANS data (Chacon et al., 1998).

5. Genetic algorithms

The genetic algorithm (GA) is an optimization technique
based on evolutionary principles, in which the fittest
members of a population survive and procreate, leading to
improved subsequent generations (Goldberg, 1989; Keane,
1996; Harris et al., 1998). In the present case, the population
comprises a number of sets of trial lattice parameters
{a,b,c,,B,y} (or a subset of these parameters, depending on
the crystal system), and the population is allowed to evolve
through several generations (see Fig. 1) using the evolu-
tionary operations of mating, mutation and natural selec-
tion. The quality (‘fitness’) of each set of trial lattice
parameters depends on its value of Ry, (low R, corre-
sponds to high fitness). In the examples reported in §6, the
fitness (F) of a given member of the population is defined as
F=1-(Ryp — Ruin)/(Riax — Rumin), Where Ry, and R,y
denote the lowest and highest values of R, in the current
population (R, and R, are updated for each new
generation of the population). Specific details of our
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strategy for carrying out the GA calculation will be given in
future publications, although we note that it is similar to the
strategy implemented in our GA technique for structure
solution (Harris ef al., 1998).

For GA methods to lead to efficient global optimization,
an important requirement is that the evolutionary proce-
dure is able to recognize certain combinations of para-
meters (known as schemata) that are associated with high
fitness. Thus, if a subset of the parameters defining a
member of the population is close to optimal but the other
parameters are not optimal, it is important that the GA
process can identify and propagate this optimal subset of
parameters. Importantly, we believe that such schemata are
expressed strongly in the case of indexing powder diffrac-
tion data. For example, in the R,,(a,c) surface shown in
Fig. 2, there are several strong local minima connected by
deep ‘valleys’ to the global minimum, which corresponds to
the correct (known) unit cell. These valleys provide an
expression of the schemata in this surface, and they help
the GA to locate the global minimum successfully despite
the presence of the local minima. Clearly the existence and
proper handling of such schemata will assist the GA
calculation to reach the global minimum rapidly. The

existence of strong schemata in indexing powder diffraction
data is readily understood by recognizing that certain parts
of the experimental data depend specifically on only one
parameter or a well defined group of parameters. For
example, the positions of {#00} peaks depend only on the
parameter a, the positions of {#k0} peaks depend only on
the subset of parameters {a,b,y}, and so on.

6. Examples of the application of our methodology

Our new indexing method has been applied successfully in
a number of cases, and is illustrated here for unit-cell
determination of orthorhombic GaAs-II (space group
Cmcm). Importantly, the experimental data contain an
impurity phase, thus representing a particularly challenging
problem for indexing (see §1). The unit cell was determined
previously from powder X-ray diffraction data as a =
4.9703 (1) A, b =4.7801 (3) A, ¢ = 52717 (4) A. The use of
known cells in this preliminary work allows a definitive test
of the validity of our method.

Fig. 3(a) shows the raw data with the impurity peaks
highlighted by arrows. The successful indexing of this
pattern relies on correctly fitting the position of the two

Population 7;

Population comprising Np
scts of lattice paramcters

Scleel Ny, pairs of parcats and
gencrale 2V, offspring using
the mating procedure

Malting

Y

Intermediate population comprising (Np + 2N,4) scts of
lattice parameters [population P; plus offspring]

“Natural
sclection”™

Mutation

Select the (Np-Ny) best
sets of lattice parameters from
the intermediate population

Generale Ny mutants from
the scts of lattice paramcters
in the intermediate population

\

/

Population comprising Np
sets of lattice parameters

Population £

Figure 1

Procedure for evolution of the population from one generation (P;) to the next generation (P;,;) in the GA calculation.



Kariuki, Belmonte, McMahon, Johnston, Harris and Nelmes 91

very weak peaks at low angle (marked by asterisks and
shown enlarged in the inset), but these two peaks would
have negligible effect on the conventional R,,,. However,
by considering two regions: (1) 6° < 26 < 9.5°
(2) 9.5° < 26 < 30°, and using our modified R,,, (defined in
§3), both regions influence the fit significantly. As illu-
strated in Fig. 3(b), this procedure effectively scales the
intensity in region (1) relative to region (2) during calcu-
lation of Ry, although it is important to note that the raw
data are not actually modified. There is no limit to the
number of such regions that can be defined, and experience
will lead to an understanding of the optimum strategies to
apply in this regard.

Fig. 3(b) also shows the fit to the observed data obtained
from the best (and correct) indexing of the unit cell given
by our GA calculation. The inclusion of just the strongest
impurity peak causes all of the commonly available
indexing programs to fail completely, but by using our
whole-profile fitting method it has been possible to index
the majority orthorhombic phase. [The presence of two
calculated peaks either side of the strongest impurity peak
in Fig. 3(b) is a consequence of the Le Bail method of fitting
whereby the intensity of the impurity peak is partitioned
almost equally into the calculated peak positions given by
the correct unit cell on either side of the impurity peak.]

The GA calculation involved the evolution of 500
generations of a population of 100 (Np) sets of trial lattice
parameters {a,b,c}. In each generation, 25 mating opera-
tions (N,) (leading to 50 offspring) and 20 mutations (Ny)
were considered. Each of the lattice parameters {a,b,c} was
constrained to be less than 8 A during the calculation, and
the cell volume was constrained to be less than 200 A,
Fig. 4 shows the evolution of the value of R, for the best

<
<
26 2.8 3.0 32 34
c(A)
Figure 2

Contour plot of an R-factor surface around the global minimum of
tetragonal Sr (a = 5.653 A, ¢ = 3.043 A). The ‘valleys’ leading to
the global minimum show directly the existence of schemata in
this particular R-factor space.

member of the population and the average value of R,,, for
the population as a function of generation number during
the GA calculation. Clearly, the quality of the population
improves during the GA calculation; the average Ry,
decreases quickly in the early stages of the evolution, with
the rate of improvement decreasing in the later stages. The
set of lattice parameters corresponding to the lowest Ry, at
the end of the GA calculation are a =4.968 A, b=4.773 A,
¢ =5285A, in good agreement with the values found
previously, a = 49703 A, b = 47801 A, ¢ = 52717 A.

Intensity (arbitrary units)

T T
10 15 20 25
269
(a)

Intensity (arbitrary units)

2609
)

Figure 3

(a) Raw data collected from orthorhombic phase-II of GaAs. The
arrows highlight the impurity peaks and the asterisks mark the
positions of very weak reflections, the existence of which is crucial
for correct indexing of the pattern (an enlargement of the region
around the weak peaks is shown in the inset). (b) The Le Bail fit of
the calculated data (solid line) to the observed data (crosses)
when the pattern in correctly indexed. Regions (1) and (2) are
discussed in the text.
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7. Conclusions

The results reported here demonstrate clearly the utility of
our new approach for indexing powder diffraction data. A
rigorous optimization of our strategy is currently in
progress, and further aspects of its implementation are
being developed. In addition to the opportunities for
further development discussed above [such as inclusion,
within the optimization, of parameters describing the zero
offset and (hkl)-dependent effects], other issues that we are
currently investigating include: careful exploration of the
definition of the profile R-factor used to assess the quality
of each set of trial lattice parameters [for example,
weighting schemes based on sin(6)/A rather than intensity
may be advantageous]; the exploration of other strategies
for carrying out the GA calculation (including different
definitions of fitness functions, different procedures for the
mating and mutation operations efc.); the use of other
search techniques, such as Monte Carlo and simulated
annealing methods; the inclusion, within our whole-profile
indexing strategy, of information on the positions of
selected low-angle peaks, which may be known accurately;
applications to the case of indexing multiphase powder-
diffraction patterns (requiring two independent sets of
lattice parameters to be determined); and the exploration
of potential opportunities to merge aspects of indexing and
structure solution, using our new indexing method based on
consideration of the whole profile and direct space struc-
ture solution strategies employing similar figures of merit.
[We note that another method for merging indexing and
structure solution, also based on using the whole profile,
has been discussed (Bartell et al., 1987; Bartell & Caillat,
1987)].

Given the advantages of carrying out indexing based on
whole-profile fitting of the powder diffraction pattern, and

254

T
400 500

T ]
200 300

Generation
Figure 4
Evolution of R, for the best unit cell (closed circles) and the
average R,,, for the population (open circles) as a function of
generation number in the GA calculation.

the opportunities for further development and optimiza-
tion of the new strategy reported here, we are confident
that the future application of this method will open up
important new opportunities in the analysis, understanding
and exploitation of powder diffraction data in many areas
of solid state sciences.
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