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Abstract
We use neutron total scattering measurements with reverse Monte Carlo analysis
methods incorporating an atom-swapping algorithm to identify the short-range
Ca/Sr cation ordering within the CaxSr1−x TiO3 solid solution (compositions
x = 0.2, 0.5, 0.8). Our results show that nearest-neighbour pairs have a strong
tendency for unlike Ca/Sr first-neighbour coordination in the x = 0.2 and 0.5
cases. In the x = 0.5 case the Ca/Sr ordering results in a structure with space
group P21nm. In contrast, there is much less short-range cation ordering in the
x = 0.8 case.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The crystal structures of the various phases within the CaxSr1−x TiO3 perovskite solid solution
have been the objects of many investigations in recent years. Much of this work has been
summarized and reviewed by Carpenter et al [1]. The phase behaviour of the two end-member
phases is well understood. The x = 0 end member, SrTiO3, has the ideal cubic perovskite
structure at room temperature, with a transition at 105 K to the tetragonal space group I 4/mcm,
involving a small rotation of the TiO6 octahedra about a single axis. The x = 1 end member,
CaTiO3, has a more distorted structure at room temperature, with separate rotations of the TiO6

octahedra about each of the three crystallographic axes. The crystal structure of this phase is
orthorhombic, with space group Pnma. The phase transitions in CaTiO3 occur on heating. The
first transition is to the same tetragonal structure of SrTiO3 at a temperature of 1498 ± 24 K,
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and second to the cubic phase at 1634 ± 13 K [2, 3]. Carpenter et al [1] performed new
high-resolution neutron diffraction measurements to determine a detailed phase diagram over
the full range of compositions and temperatures from 4.2 K to in excess of 1600 K. At room
temperature, the structures are reported to have space groups Pnma for 1 > x < 0.41, Pbcm
for 0.41 > x > 0.37, I 4/mcm for 0.37 > x > 0.07 and Pm3m for 0.07 > x > 0. Previous
work had suggested the possibilities of phases of other symmetries with varying composition,
but the results of Carpenter et al [1] now appear to rule these out.

The crystallographic work to date appears to have not considered the possibility of ordering
of the Ca and Sr cations on the perovskite crystallographic A sites, i.e. the cation sites with
12-fold coordination with respect to the oxygen atoms. Our own Rietveld refinements (see
below) suggest that any cation ordering is extremely difficult to detect through standard powder
diffraction methods. In this paper we investigate cation ordering for three members of the
Cax Sr1−x TiO3 solid solution, x = 0.2, 0.5, 0.8, at ambient temperature using neutron total
scattering analysed using the reverse Monte Carlo (RMC) method. Neutron total scattering
provides information about the pair distribution function, which should in turn provide a new
source of data concerning cation ordering. We propose that this approach may be useful
for materials that exhibit atomic order and where information about the ordering is hard to
extract from the Bragg peaks in the powder diffraction data alone. Anticipating the results
reported here, we will find that there is significant cation ordering for two of the three
examples we have studied, and we are able to propose a long-range ordered structure for
the stoichiometric composition Ca0.5Sr0.5TiO3. In addition to providing new crystallographic
information about this material, this paper reports the first case study of the ‘atom-swapping’
algorithm implemented within the RMCProfile program for crystalline materials [4] (see
references [5–10] for previous related methods).

2. Experimental and analysis methods

The samples used in this work were synthesized by drying CaCO3 (Chempur, 99.9%) and
SrCO3 (Aldrich, 99.999%) at 500 ◦C and TiO2 (Aldrich, 99.9%) at 1000 ◦C for 3 h. Mixtures
of stoichiometric amounts were heated to 1300 ◦C at a rate of 20 ◦C h−1 and kept at that
temperature for 4 h. After grinding in an agate mortar and pressing into pellets, the samples
were fired in air at 1600 ◦C for 48 h with periodic regrinding and repressing. Analysis by
microprobe showed that all samples are close to the nominal compositions and homogeneous
at the 1% level.

Neutron diffraction measurements were performed on the GEM diffractometer at the ISIS
pulsed spallation neutron source [11]. The sample was contained in a cylindrical vanadium
can with internal diameter of 0.8 cm and height of 4 cm. Data were collected under ambient
conditions taking 6 h per sample. Time was also given for background correction and
calibration runs. Standard methods were used to correct the data for analysis as total scattering
data, using the approach described previously [12]. Data from the full set of detector banks
were merged (with a range of values of Q of 0.6–46 Å

−1
) and Fourier transformed to produce

the pair distribution function D(r); the case for x = 0.5 is shown in figure 1.
We make one comment in passing. For RMC studies from total scattering, the highest

maximum value of Q possible is recommended in order to obtained the best possible resolution
in real space. This is particularly important when studying thermal fluctuations, for example.
In the case of using the RMC method to study cation ordering, we envisage (although without
having quantified this) that in fact a high maximum value of Q is less important, because the
critical quantity for the determination of short-range correlations is the integrals of the near-
neighbour peaks in the pair distribution function rather than the shapes of the peaks. On the
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Figure 1. The pair distribution function D(r) for Ca0.5Sr0.5TiO3. The points represent the
function obtained by transformation from the experimental neutron total scattering function, and
the continuous curve represents the calculation from the RMC configuration.

other hand, the resolution obtainable with high Q will be useful for obtaining information about
distortions to local atomic coordination due to the effects of the strain arising from different
cation sizes.

Rietveld refinement was carried out using the GSAS software [13, 14]. Each refinement
includes four banks of GEM data which were collected from low angles to high angles. In each
refinement, the background coefficients, histogram scale factors, parameters for peak shapes,
lattice parameters, atomic coordinates, isotropic thermal parameters and Ca/Sr site occupancy
parameters were varied.

The general RMC analysis method for crystalline materials, as encapsulated within our
program RMCProfile, has been described in detail elsewhere [12, 4]. Our approach is to use
both the total scattering data in Q-space and the pair distribution function in r -space, and also
to make explicit use of the Bragg diffraction data [15]. The benefit of separately handling the
Bragg scattering is to directly include the information about long-range order contained in the
Bragg peaks as distinct from the information about shorter-range atomic correlations contained
within the total scattering data in the RMC analysis. We also used data-based restraints on the
Ti–O distance and on the O–Ti–O angles to prevent atoms moving away from their equilibrium
positions.

In each case, the dimensions of the RMC configurations were defined by the lattice
parameters obtained from a prior Rietveld analysis performed using random site occupancies
for the Ca and Sr atoms (results presented below). Our configurations consisted of 14 000
atoms corresponding to a 10×10×7 supercell of the orthorhombic structure with approximate
dimensions 55 × 55 × 54 Å

3
.

The atom-swapping method used in the RMCProfile code [4] involves alternating
between swapping individual pairs of atoms and a set of displacement moves. The idea is
that by modelling the pair distribution function, the RMC will generate configurations with the
correct short-range cation site ordering. Coupled with the information on long-range ordering
contained in the Bragg scattering data, the RMC method should provide a complete picture of
the cation ordering within the configurations.

The example of Ca/Sr ordering in CaxSr1−x TiO3 is particularly challenging as a case
study of the atom-swapping method. The most important features of the pair distribution
function are the peaks for neighbouring A sites. Unfortunately, the simplicity of the perovskite
structure means that these peaks overlap with Ti–Ti and O–O peaks. This point is quantified in
appendix A, where we show that the effect of ordering on the pair distribution function will be
of order ±1% on the integrated weights of the relevant peaks. The other effect of ordering on

3
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Figure 2. Snapshot of one of the RMC configurations of Ca0.5Sr0.5TiO3, showing only the Ca and
Sr cations. The rock salt ordering is apparent from this image.

D(r) will be changes to the widths of peaks associated with the different sizes of the ordering
cations.

Since this is the first case study performed using the atom-swapping algorithm in
RMCProfile [4], we took particular care to ensure that the final results were not biased by the
starting structure. Thus for the case of Ca0.5Sr0.5TiO3 we used initial configurations with very
different Ca/Sr site distributions. These included various different ordered states, completely
random states, and states in which we distributed all of the Ca cations in one half of the
configuration and all the Sr cations in the other half. All results converged to the same ordered
pattern, confirming that the final result was not biased by the starting configuration. We also
ran the simulations without the use of data to ensure that the basic Monte Carlo method was not
itself giving biased results; this gave very different results (essentially random distributions).

3. Results

3.1. RMC analysis of Ca/Sr ordering in Ca0.5Sr0.5TiO3

The comparison between the experimental and RMC-fitted pair distribution function D(r) for
Ca0.5Sr0.5TiO3 is shown in figure 1; it can be seen that the RMC simulation has achieved a very
good reproduction of the experimental data, which is essential if we are to see the effects of
Ca/Sr ordering. A view of one of the resultant configurations of Ca and Sr cations is shown in
figure 2. This shows the establishment of a rock salt ordering, with Ca cations being mostly
coordinated by Sr cations and vice versa. This is the type of ordering that one might expect,
with like cations avoiding being nearest neighbours. Presumably this ordering is driven by
short-range strain interactions associated with the different sizes of the two cations. We noted
above that we tested this result very thoroughly by making many repeated runs with different
starting configurations; as a result we believe that it is a robust result. We will see below that
this ordering pattern can be confirmed by Rietveld analysis.

The degree of short-range order is quantified by computing the function ni j(r), defined as
the average number of atoms of type j lying within a sphere of radius r surrounding a central
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Figure 3. The function n(r) for Ca and Sr atoms for Ca0.5Sr0.5TiO3.

Table 1. Neighbour correlations from the RMC nCa−Ca(r) data for Ca0.5Sr0.5TiO3. The vector
denotes the separation between sites with site coordination number; nCa−Ca is the number of Ca–
Ca neighbours for each case, with a comparison of the results from the RMC simulation with
the expected numbers for ordered and disordered configurations; α is the Warren–Cowley order
parameter defined in appendix B.

Neighbour Vector Coordination nRMC
Ca−Ca nOrd.

Ca−Ca nDisord.
Ca−Ca α

1 [100] 6 1.8 0 3 −0.41
2 [110] 12 10.6 12 6 0.77
3 [111] 8 2.4 0 4 −0.41

atom of type i . ni j(r) is shown for Ca and Sr pairs in figure 3. The coordination numbers
obtained from the n(r) data are give in table 1 and compared with the values for fully ordered
and randomly disordered models; the comparison shows that the average coordination numbers
are close to the values for complete ordering. We note that the pair distributions of two cations
are highly constrained, with the values of nCa−Ca(r), nCa−Sr(r) and nSr−Sr(r) being completely
dependent on each other; this is discussed in appendix B.

The analysis of the RMC configurations shows that the crystal structure has the structure
shown in figure 4, with space group P21nm.

3.2. RMC analysis of Ca/Sr ordering in CaxSr1−xTiO3, x = 0.2, 0.8

We have repeated our analysis for the two non-stoichiometric materials. The n(r) analyses are
shown in figure 5 and the key results are summarized in table 2. In table 2 we compare the
RMC results with two possible models, one in which we have complete disorder of two Ca
and Sr cations on the perovskite A sites, and the other based on a rock salt ordering as seen
in the x = 0.5 case. In the latter case, we can define two subsets of the A sites with the rock
salt arrangement: A1 which is preferentially occupied by Ca and A2 which is preferentially
occupied by Sr. For x = 0.2, we assume that the ordered state is described with A2 sites that
are 100% occupied by Sr, and A1 sites that have 40% occupancy by Ca and 60% occupancy
by Sr with random arrangement of the Ca and Sr cations over the A1 sites. For x = 0.8,
we assume that the A1 sites are 100% occupied by Ca, and the A2 sites have 40% occupancy
by Sr and 60% occupancy by Ca. We note that this ordering will probably not lead to long-
range order because the proportions of the two types of cation are too different from 50:50, but
this ordering might be expected to exist over the short distances encompassed by the first few
neighbours. The point is that these are models of ordered states, and any actual ordering may
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Figure 4. The proposed structure of Ca0.5Sr0.5TiO3.
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Figure 5. The n(r) functions for Cax Sr1−x TiO3, x = 0.2 (top) and x = 0.8 (bottom).

be different; the model given here provides a benchmark against which the RMC results can be
evaluated.
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Table 2. Neighbour correlations from the RMC n(r) data for Cax Sr1−x TiO3. The vector
denotes the separation between sites with site coordination number; nCa−Ca is the number of Ca–
Ca neighbours for each case, with a comparison of the results from the RMC simulation with
the expected numbers for ordered and disordered configurations; α is the Warren–Cowley order
parameter defined in appendix B. The ordered result is obtained by assuming a rock salt ordering
pattern as described in the text.

x Neighbour Vector Coordination nRMC
Ca−Ca nOrd.

Ca−Ca nDisord.
Ca−Ca α

0.2 1 [100] 6 0.0 0 1.2 0.5
2 [110] 12 7.8 4.8 2.4 0.83
3 [111] 8 0 0 1.6 0.50

0.8 1 [100] 6 5.0 3.6 4.8 −0.33
2 [110] 12 10.5 12 9.6 0
3 [111] 8 6.5 3.2 6.4 −0.50

A number of points emerge from the data presented in table 2. For the case x = 0.2
the RMC configurations have complete avoidance of Ca · · · Ca first and third neighbours, as in
the case of x = 0.5. However, the predictions of the ordered rock salt model with disorder
over the A sites does not correctly describe the value of nRMC

Ca−Ca for second neighbour. In fact,
nRMC

Ca−Ca for second neighbour is higher than predicted by both ordered and disordered models.
One straightforward interpretation is that a rock salt Ca/Sr ordering is occurring, but that there
are clusters that are richer in Ca content than predicted by the chemical composition, with
concomitant Ca-deficient clusters.

On the other hand, for the case x = 0.8 the cation ordering is more consistent with a
completely random arrangement of the Ca and Sr cations. In fact there is a slight increase of
the value of the first-neighbour nRMC

Ca−Ca over the random value (noting that in the hypothetical
ordering the value of nCa−Ca will be lower than the value for random disorder), but this is not
likely to be significant.

3.3. Rietveld refinements

With the predicted ordered structure of the x = 0.5 phase, we have performed new Rietveld
refinements of the structure, together with refinements of the other two compositions. In each
case we provided constraints on the isotropic temperature factors of the Ca and Sr cations. We
adjusted the site occupancies in all refinements; this was in order to check that the resultant
values are consistent with known compositions, so that we could then also trust the refined
values for the one case (the ordered structure of the x = 0.5 phase) where we do not have
an independent chemical check. Moreover, the check also provides us with independent
information on the stabilities of the refinements in view of the common correlations between
site occupancies and temperature factors.

The results of the Rietveld refinements are given in table 3. A representative fitted
diffraction pattern is shown in figure 6.

From table 3 it is clear that the effect of ordering on the Rietveld fit on the R-factors is
slight, and it would be hard to argue for the presence of ordering from the Bragg diffraction
data alone. Thus the key evidence for cation ordering actually comes from the pair distribution
functions obtained from the RMC analysis.

The refinement of the ordered P21nm structure of the x = 0.5 composition allowed the
site occupancies of the Ca/Sr sites to vary. The refined site occupancies for the ordered P21nm
structure of the x = 0.5 composition are consistent with a rock salt ordering pattern, with
the values of the site occupancies of 80:20 per site are similar to the value of 85:15 obtained

7
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Table 3. Results of Rietveld refinements for Cax Sr1−x TiO3. Standard deviations on the last
significant figures are given in brackets. We give results for two refinements for x = 0.5, one
(space group P21nm) for a cation-ordered state and the other (space group Pbnm) for a cation-
disordered state. Note that for space group P21nm we use a setting with the origin on the 21 axis
and in the plane of reflection of the n glide plane, with the mirror plane at height z = 1/4. (Note:
the standard R factors for the structural refinements are Ca0.5Sr0.5TiO3: P21nm: Rp = 4.1%,
Rwp = 4.3%; Ca0.5Sr0.5TiO3: Pbnm: Rp = 4.2%, Rwp = 4.3%; Ca0.2Sr0.8TiO3: Rp = 3.7%,
Rwp = 3.8%; Ca0.8Sr0.2TiO3: Rp = 4.6%, Rwp = 4.2%).

Atom Occupancy x y z Uiso (Å
2
)

Ca0.5Sr0.5TiO3: P21nm, a = 5.4727(2), b = 5.4731(1), c = 7.7326(2) Å

Ca1 0.79(2) −0.017(1) 0.268(1) 1/4 0.59(2)

Ca2 0.21(2) 0.483(1) 0.756(1) 1/4 0.59(2)

Sr1 0.21(2) −0.017(1) 0.268(1) 1/4 0.59(2)

Sr2 0.79(2) 0.483(1) 0.756(1) 1/4 0.59(2)

Ti 1 0 0.751(1) 0.0033(9) 0.59(3)

O1 1 −0.050(1) 0.747(1) 1/4 0.99(1)

O2 1 0.213(1) 0.0306(5) 0.0280(4) 0.99(1)

O3 1 0.046(1) 0.7588(8) 3/4 0.99(1)

O4 1 0.761(1) 0.4851(4) −0.0230(3) 0.99(1)

Ca0.5Sr0.5TiO3: Pbnm, a = 5.4722(2), b = 5.4736(2), c = 7.7327(2) Å

Ca 0.503(6) 0.0028(5) 0.5131(2) 1/4 0.73(1)
Sr 0.497(6) 0.0026(5) 0.5131(2) 1/4 0.73(1)
Ti 1 0 0 0 0.60(1)
O1 1 −0.0536(2) −0.0057(3) 1/4 0.94(2)
O2 1 0.2272(1) 0.2722(2) 0.0232(1) 0.93(1)

Ca0.8Sr0.2TiO3: Pbnm, a = 5.420 53(6), b = 5.449 42(6), c = 7.682 10(9) Å

Ca 0.826(6) 0.0048(2) 0.5255(1) 1/4 0.91(2)

Sr 0.174(6) 0.0048(2) 0.5255(1) 1/4 0.91(2)

Ti 1 0 0 0 0.62(1)

O1 1 −0.063(2) (1) −0.0120(1) 1/4 0.94(1)

O2 1 0.2157(1) 0.2847(1) 0.0324(1) 0.98(1)

Ca0.2Sr0.8TiO3: I4/mcm, a = b = 5.500 97(3), c = 7.805 9(8) Å

Ca 0.189(6) 0 1/2 1/4 0.77(1)

Sr 0.811(6) 0 1/2 1/4 0.77(1)

Ti 1 0 0 0 0.50(1)

O1 1 0 0 1/4 1.15(2)

O2 1 0.770 82(5) 0.270 82(5) 0 0.98(1)

directly from the RMC configurations. We note from table 3 that there is good consistency in
general between refined site occupancies with chemical composition, and that the temperature
factors are consistent between different compositions.

4. Conclusion and discussion

In this paper we have shown how RMC methods with an atom-swapping algorithm can be
used to obtain information about the long-range and short-range Ca/Sr cation ordering in
the perovskite CaxSr1−x TiO3. The interesting point is that only a small effect on the pair
distribution function can create order within the RMC configurations.

8
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Figure 6. The Rietveld-fitted diffraction pattern for Ca0.5Sr0.5TiO3 in space group P21nm.

What is happening within the RMC is that a degree of long-range order is generated to a
large part through the short-range order imposed by the information contained within the pair
distribution function; at least, that is what is suggested by the fact that the disordered structure
gives a fit to the diffraction pattern that is almost as good as the ordered structure. We need
to consider under which circumstances we might be able to use this approach to determine the
long-range ordered structure. To address this issue, we can use our work on cation ordering
using pair potentials. In the case of equal numbers of ordering cations, a high degree of short-
range order will necessarily force the configurations to have long-range order. Within a mean-
field approximation (MFA), there is a direct correlation between the site order and the numbers
of nearest neighbours. Specifically, for a site with z neighbours and containing y A cations and
1 − y B cations (where A and B are identified as Ca and Sr in the present case, and z = 6
for nearest neighbours in the perovskite structure), the MFA would predict that the number of
A · · · B neighbours is

nA···B = zy2. (1)

However, the MFA is not valid for cation-ordering phase transitions, and Monte Carlo
simulations of ordering processes using pair potentials show that configurations can
accommodate a high degree of short-range order before forcing the system to develop long-
range order. Thus the values of site occupancies will always be lower than implied by the
MFA, so we have the inequality

y < (nA···B/z)1/2. (2)

For the case of equal numbers of cations on a cubic lattice with NaCl ordering (as in the case of
Ca0.5Sr0.5TiO3) and nearest-neighbour interactions, Monte Carlo simulations suggest that long-
range ordering occurs when y ∼ 0.72, although this condition will be dependent on details of
the structure (number of neighbours etc). Comparing the Rietveld refinements with the values
of nRMC

Ca−Ca for x = 0.5, the site occupancy value of 0.8 lies between the bounds of 0.72 from the
Monte Carlo simulation and the value of (n/z)1/2.

In cases where there is an unequal number of ordering cations, the failure of the MFA is
even worse, and typically when the ratio of the two cations approaches 1:2 the short-range order
is never sufficient to drive long-range order. Thus in these cases the analysis will rely on the
information content within the Bragg diffraction pattern to predict the existence of long-range
order. That said, it is often the case that such cases do not actually order, in which case the issue

9
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of predicting long-range order does not occur. This is the case for our examples with x = 0.2
and 0.8.
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Appendix A. Quantifying the effect of cation ordering on the peaks in D(r)

The total distribution function D(r) function is expressed as

D(r) = 4πρr
n∑

j,k=1

c j ckb̄ j b̄k
(
g jk(r) − 1

)
(A.1)

where the partial functions, g jk(r) are normalized such that g jk(r → ∞) = 1, c j is the number
concentration of atomic species j , and b̄ j is the coherent neutron scattering length of atom j .
From the chemical formula, the atom concentrations are cCa = cSr = 0.1, cO = 0.6 and
cTi = 0.2. The neutron scattering length for each atom is b̄Ca = 4.70 fm, b̄Sr = 7.02 fm,
b̄Ti = −3.44 fm and b̄O = 5.80 fm. In the disordered cation configuration for Ca0.5Sr0.5TiO3,
the partial distribution functions gCaCa(r), gCaSr(r), gSrCa(r) and gSrSr(r) at the nearest bond
distance are the same, and we can define a mixed concentration cCa,Sr = 0.2 and scattering
length b̄Ca,Sr = 5.86 fm.

We note that, in the first and second shells of neighbours for the A site cations in the
perovskite structure, there is a complete overlap of pair distribution functions for A· · ·A, Ti· · ·
Ti and O· · · O. Thus changes in the A· · ·A pair distribution function will, to some extent, be
masked in the D(r) data by the contributions from the Ti· · · Ti and O· · · O pair distribution
functions. Here we quantify the size of the effect.

We note here that we can replace c j g j j(r) by the values 6 and 12 for the first and second
neighbours respectively, and we focus on the sums Sn = ∑

i j ci c j b̄i b̄ j gi j(rn) for the nth
neighbour shells. Thus we obtain the following:

SDisordered
1 = 176.51 fm

SOrdered
1 = 174.90 fm

SDisordered
2 = 353.02 fm

SOrdered
2 = 356.25 fm

from which it can be seen that at the first shell the ordering lowers the value of D(r) by around
1%, and at the second shell the ordering raises the value of D(r) by around 1%. These pairs
will be repeated throughout the various shells of D(r). This is the size of the effect within the
experimental data for D(r) that will drive ordering within the RMC configurations.

Appendix B. Constraints on bond probabilities and local coordination

In this appendix we identify, for reader reference, the constraints on local bond probabilities.
For a system containing Cax Sr1−x cations, where x defines the fraction of atoms that are Ca,
we write the probability of a particular bond type as p, and note the following constraints:

pCa−Ca + 2pCa−Sr + pSr−Sr = 1

pCa−Ca + pCa−Sr = x

pCa−Sr + pSr−Sr = 1 − x .

10
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(Note that pSr−Ca = pCa−Sr.) It follows that all probabilities are completely correlated, as per

pCa−Sr = x − pCa−Ca

pSr−Sr = 1 − 2x + pCa−Ca.

Now we consider the coordination numbers as seen by n(r). This function is centred on
specific types of atoms with no direct reference to the value of x . Assuming each atom has
overall coordination number z, we can write

nCa−Ca = zpCa−Ca/x

nCa−Sr = zpCa−Sr/x = z − nCa−Ca

nSr−Sr = zpSr−Sr/(1 − x) = z

1 − x
(1 − 2x + nCa−Ca)

nSr−Ca = zpSr−Ca/(1 − x) = z − nSr−Sr.

Finally, we define the Warren–Cowley order parameter for any set of neighbouring sites as

α = 1 − 2 × pCa−Sr/(1 − x) (B.1)

where −x/(1 − x) � α � 1 for x < 0.5 and −(1 − x)/x � α � 1 for x > 0.5. In the case
of x = 0.5, α = 0 for complete disorder, α = 1 for complete ordering with neighbouring sites
being occupied by the same atom types, and α = −1 for complete ordering with neighbouring
sites being occupied by different atom types.

These equations are used in tables 1 and 2.
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