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Abstract. The fractions of aluminium, [Al]/[AlþSi], and
oxygen, [O]/[OþN], in crystallographically distinct sites
of BaYb[Si4–xAlxOxN7–x] oxonitridoaluminosilicate (space
group P63mc, No. 186) were refined based on the results
of neutron powder diffraction for a synthetic sample with
the composition of x ¼ 2.2(2) and simulated as functions
of temperature for the compositions x ¼ 2 and x ¼ 2.3
using a combination of static lattice energy calculations
(SLEC) and Monte Carlo simulations. The SLEC calcu-
lations have been performed on a set of 800 structures
differing in the distribution of Al/Si and O/N within the
2 � 2 � 2 supercell containing 36 formula units of
BaYb[Si4–xAlxOxN7–x]. The SLEC were based on a trans-
ferable set of empirical interatomic potentials developed
within the present study. The static lattice energies of
these structures have been expanded in the basis set of
pair-wise ordering energies and on-site chemical poten-
tials. The ordering energies and the chemical potentials
have been used to calculate the configuration energies of
the oxonitridoaluminosilicates (so-called sialons) using a
Monte Carlo algorithm. The simulations suggest that Al
and O are distributed unevenly over two non-equivalent
T(Si/Al) and three L(N/O) sites, respectively, and the dis-
tribution shows strong dependence both on the tempera-
ture and the composition. Both simulated samples exhibit
order/disorder transitions in the temperature range 500–
1000 K to phases with partial long-range order below these

temperatures. Above the transition temperatures the Si/Al
and N/O distributions are affected by short-range ordering.
The predicted site occupancies are in a qualitative agree-
ment with the neutron diffraction results.

Introduction

Oxonitridoaluminosilicates (sialons) are related to silicon
nitrides via a SiþN ¼ AlþO exchange. The high me-
chanical and chemical stability of these compounds at-
tracts technological interest (Hampshire, 1994; Thompson
et al., 1996; Nordberg et al., 1998; Lauterbach et al., 2000).
For technological applications it is important to character-
ise the structure, elasticity and thermodynamic properties
of these compounds as a function of temperature, pressure
and composition. For this purpose an optimized high-
temperature synthesis approach utilizing high-frequency
furnaces has been established (Schnick et al., 1999) and
employed successfully to produce crystals suitable for
the determination of the crystal structures of several sialon
compounds, e.g. Sr[SiAl2O3N3] (Lauterbach, Schnick,
1998); Sr10Sm6[Si30Al6O7N54] (Lauterbach, Schnick,
2000); Nd3[Si5AlON10] (Lauterbach, Schnick, 2000);
Sr3Ln10[Si18Al12O18N36] with Ln ¼ Ce, Pr, Nd (Lauterbach,
et al., 2000); BaSm5[Si9Al3N20]O (Lieb, Schnick, 2006).

The main problem with the experimental characterisa-
tion of sialons by X-ray diffraction is the similarity of the
atomic form factors of O and N and of Al and Si. Thus
the occupancy fractions of Al and N of crystallographi-
cally distinct sites cannot be determined using standard
X-ray diffraction methods, and therefore a statistically ran-
dom distribution of Al/Si and N/O is assumed for the ma-
jority of published sialon structures. Rietveld refinement
based on neutron powder diffraction results, in principle,
allows one to distinguish the O/N and Si/Al site occupan-
cies in the sialons. However, both difficulties in the pre-
paration of chemically homogeneous samples and the un-
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certainty associated with the chemical analysis of large
samples can limit the ability to draw quantitative conclu-
sions in certain cases.

The aim of this paper is to show that computer simula-
tions can provide an important aid in the structural analy-
sis of sialons. We show that a statistically random distribu-
tion of Al/Si and O/N is not a realistic assumption and
that certain types of long-range and short-range order are
to be expected in these materials. Our Monte Carlo simu-
lations suggest that the site fractions reflect the effects of
order and vary as functions of the temperature. Even at
the synthesis temperature (1473–2423 K) there remains a
significant distinction between the occupancies of different
T(Al/Si) and L(O/N) sites. This prediction is consistent
with the neutron diffraction results.

Furthermore, we show that the probable order/disorder
scenario of sialons differs from the well understood Al/Si
ordering in framework and layer aluminosilicates. First of
all, the connectivity of the Al/Si sublattice of sialons dif-
fers from that of the Al/Si frameworks of feldspars, cor-
dierites and layer silicates, which typically contain 4-, 6-
and 8-membered rings of corner-sharing tetrahedra. The
Al/Si sublattice of BaYb[Si4–xAlxOxN7–x] contains three-
membered rings. These rings do not allow the avoidance
of contacts between the tetrahedra occupied with the same
cation and thus the regular alternation of corner-shared
Al- and Si-centred tetrahedra, which is typical for ordered
aluminosilicates, can not exist in sialons. On the other hand,
sialons show the ability to develop O/N anion ordering in
parallel to the Al/Si cation ordering. The identical charge
difference of O/N and Al/Si supports local charge balance
and brings about the possibility of building clusters of
sites, which despite their chemical difference have the
same total charge. Thus the sialons acquire the possibility
of developing a variety of ordering schemes that can be
interpreted as arrangements of clusters of identical charge.
These clusters interact with each other rather weakly and,
consequently, the order/disorder transitions occur at rela-
tively low temperatures.

In this study we investigate the probable order/disorder
scenarios for the two sialon compounds, BaYb[Si2Al2O2N5]
and BaYb[Si1.7Al2.3O2.3N4.7], with the help of Monte Car-
lo simulations based on a parameterized force-field model.
The empirical interatomic potentials, which are the basis
of these simulations, are tested by comparing the predicted
properties of the sialons with the results based on first-
principles calculations.

The crystal structure

BaYb[Si4–xAlxOxN7–x] (henceforth called BaYb-sialon), is
isotypic with the nitridosilicate BaYb[Si4N7], which crys-
tallises in the space group P63mc (hexagonal, No. 186) with
unit cell parameters a ¼ 6.0307(2) �A and c ¼ 9.8198(4) �A
(Huppertz and Schnick, 1997). In the BaYb[Si4N7] struc-
ture the nitrogen atoms form a slightly distorted hexagonal
dense packing (hcp), where 2=3 of the sites of the B layers
in the AB stacking sequence are occupied. It is also ob-
served that 3=8 and 1=8 of the tetrahedral voids in the alter-
nating layers are filled with Si atoms. The 3=8-filled layers

can be also described in terms of three- and six-membered
rings of corner-sharing [SiN4] tetrahedra which are ar-
ranged perpendicular to the c-axis (Fig. 1a). These layers
are connected along [001] via single [SiN4] tetrahedra situ-
ated in the 1=8-occupied layers. Because of this arrange-
ment, the cation sites for Si split into two crystallographi-
cally different types, the so-called “ring” and “single”
sites. Alternatively, the structure can be described by star-
shaped [N(NSi3)4] building blocks (Fig. 1b), where the
central N[4] atom (henceforth called “star” site) simulta-
neously links four Si atoms. These building blocks are
connected via the bridging N[2] atoms (Fig. 1b). These brid-
ging N[2] sites split crystallographically into the “layer”
and the “corner” types. The “layer” sites connect the star-
shaped units laterally within the layers, while the “corner”
sites bridge the star-shaped units along the c direction.
The Ba2þ and Yb3þ cations occupy channels in the struc-
ture formed by Si6N6-rings within the 3=8-filled layers
(Fig. 1a). The Ba2þ and Yb3þ ions are found in anticuboc-
tahedral and octahedral coordination, respectively. In the
BaYb[Si4–xAlxOxN7–x] structure, Si4þ and N3� atoms are
partially replaced by Al3þ and O2� atoms, respectively. The
existence of the two non-equivalent cation sites (“ring”
and “single”) and the three anion sites (“star”, “layer” and
“corner”) give rise to the possibility of Al/Si and O/N or-
dering.
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Fig. 1. The crystal structure of BaYb[Si4–xAlxOxN7–x]: (a) Layers of
the Si/Al “ring” (gray) and “single” (black) sites. (b) Rings of three
(Si/Al)(N/O)4 corner-sharing tetrahedra, star-shaped [N((Si/Al)(N/
O)3)4] units and their location in the structure. The crystallographi-
cally different Si/Al tetrahedra and N/O sites are shown with different
colours and sizes for a better visualisation.



Synthesis of BaYb[Si4–xAlxOxN7–x]

A suitable sample for the neutron powder diffraction ex-
periment was prepared according to the procedure of Lieb
et al. (2007) which has been successfully used for the
synthesis of MLn[Si4–xAlxOxN7–x] compounds, with M ¼
{Eu, Sr, Ba} and Ln ¼ {Ho––Yb}. The starting materials
(BaCO3, Yb, Si(NH)2, AlN and BaCl2 as a flux) were
heated up to 1473 K within 1 hour, then kept at that tem-
perature for 2 hours and finally heated up to 2423 K over
a period of 4 hours. After that the sample was cooled to
1473 K during 60 hours and quenched to room tempera-
ture within about 40 minutes. To obtain about 80 mg of
BaYb[Si4–xAlxOxN7–x] the reaction was performed 15 times
and suitable single crystals were separated from the by-pro-
ducts, i.e. the so-called J-phase Yb4[Si2–xAlxO5þxN2–x]O2

and some other amorphous sialon phases, which show dif-
ferent crystal habit and colour.

Neutron powder diffraction

The sample of BaYb[Si4–xAlxOxN7–x] was obtained by col-
lecting suitable single crystals using an optical micro-
scope. The crystals were ground and used to fill a silicate
glass capillary. Time-of-flight (TOF) powder neutron dif-
fraction measurements were conducted at ambient tem-
perature using the POLARIS diffractometer at ISIS/
Rutherford Appleton Laboratory, Chilton/UK. From the
resulting four detector banks (2q: 14.0�, 35.0�, 90.0�,
145.0�) the backscattering bank was used for the Rietveld
refinement (using the program GSAS (Von Dreele and
Larson, 2001)) owing to its relevant range of d-spacings
from d ¼ 0.16–3.18 �A (TOF 1.0–19.6 ms). All reflections,
except three very small ones from Yb4[Si2–xAlxO5þxN2–x]O2,
were indexed according to the hexagonal structure of
BaYb[Si4–xAlxOxN7–x], which is isostructural to the nitri-
dosilicate BaYb[Si4N7] (Huppertz and Schnick, 1996;
1997a, b). For the refinement a starting model based on the
X-ray single-crystal data of BaYb[Si4–xAlxOxN7–x] (Lieb
et al., 2007) was used. The positional and thermal displa-
cement parameters were refined unconstrained and were
found to be in good agreement with the single crystal
data.

To obtain the site occupancy factors, initially O/N and
Si/Al were distributed equally between their different crys-
tallographic positions and the occupancy factor of each of
these crystallographic sites were constrained to sum up to
1 to guarantee fully occupied sites. The refinement of all
O/N site occupancies lead to O/(NþO) ¼ 0.02(2) for the
‘‘star” site, which was therefore fixed to zero. Further
refinement resulted in the following occupancy ratios: [O]/
[NþO] ¼ 0.39(2) for the ‘‘layer” site and [O]/[NþO] ¼
0.43(2) for the ‘‘corner” site. For the Si/Al positions the
refinement lead to [Al]/[SiþAl] ¼ 0.1(1) for the ‘‘single”
site and [Al]/[SiþAl] ¼ 0.65(4) for the ‘‘ring” site. The
Rietveld refinement of the data was difficult, compared to
similar data of other sialons, due to a very slight peak
splitting of all peaks of the BaYb[Si4–xAlxOxN7–x] phase.
This could indicate the presence of two slightly different

compositions affecting the unit cell size. The peak split-
ting was included in the peak shape function; it could not
be described with a multi phase refinement. The unusual
behaviour is assumed to be a result of the sensitivity of
this structure type to ordering effects, which depend on
the chemical composition. As the sample was derived from
15 separate syntheses, a complete homogeneity could not
be guaranteed. Relevant crystallographic data as well as
details of the neutron diffraction data collection and the
Rietveld refinement are shown in Table 1. The results of
the refinement of the backscattering data are illustrated in
Fig. 22.
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Table 1. Crystallographic data and details of the neutron diffraction
data collection and the Rietveld refinement for
BaYb[Si2–xAl2þxO2þxN5–x].

Diffractometer POLARIS, ISIS

Temperature/K 293(2)

Space group P63mc

Lattice parameter, a /�A 6.08650(8)

c /�A 9.90974(21)

Cell volume, V/�A3 317.928(9)

Detector position 2q/� 145.0

Scan mode TOF

Observed reflections (backscattering bank) 14763

GooF 2.72

Rwp 0.034

RF2 0.135

Red. c2 7.398

Fig. 2. Plot of the Rietveld refinement of the backscattering bank of
the powder neutron data obtained for BaYb[Si4–xAlxOxN7–x]. The
main reflections of the impurity Yb4[Si2–xAlxO5þxN2–x]O2 are marked
with asterisks.

2 The positional and thermal displacement parameters and the oc-
cupancy factors for all atoms resulting from the refinement and
further details of the structure refinement may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopolds-
hafen, Germany, e-mail crysdata@FIZ-karlsruhe.de, by quoting the
depository number CSD-417737.



Elemental analysis

After the neutron diffraction experiment the same sample
was used for chemical analysis performed by Mikroanaly-
tisches Labor Pascher (Remagen, Germany). Each element
of the sample (about 50 mg) was analysed twice, except O
and N, for which only a single analysis was possible. The
precision of the used methods is claimed to be � 0.5% for
O, N, Si, Al and �1% for Ba, Yb, but in the case of a
single analysis it could be lower. The results are listed in
Table 2. The elemental analysis (Table 2) shows some dis-
agreements with the theoretical formula values, which are
assumed to be due to the very difficult digestion process
for the extremely stable sialon compounds, the presence of
small amounts of Yb4[Si2–xAlxO5þxN2–x]O2 as an impur-
ity, and the imprecise measurement of O and N. Generally
the analysis agrees with both possibilities for the formula
of BaYb[Si4–xAlxOxN7–x] with x ¼ 2 and x ¼ 2.3.

Simulation procedure

Recent progress in quantitative simulation of the effects of
ordering in silicates and oxides (Thayaparam et al., 1996;
Bosenick et al., 2001; Warren et al., 2001; Becker and
Pollock, 2002; Vinograd et al., 2006) has been supported
by the development of accurate parameterisation schemes
for interatomic interactions in ionic materials (Lewis and
Catlow, 1985; Bush et al., 1994; Patel et al., 1991; Wink-
ler et al., 1991) and of the software tools for lattice energy
minimisation calculations (Gale, 1997; Gale & Rohl, 2003).
It is also important that the predictive ability of the force-
field parameterisation can now be tested against the robust
results obtained for the same compounds with the density
functional theory (Hohenberg and Kohn, 1964; Kohn and
Sham, 1965; Parr and Yang, 1989; Jones and Gunnarsson,
1989; Kryachko and Ludena, 1990). All this offers the
possibility of accurately calculating static lattice energies
of a variety of configurations differing in the distribution
of the exchangeable atoms (ea) within a supercell of a
reasonably large size (�100–500 ea) and thus to investi-
gate the most important ordering interactions and ordering
schemes. The most difficult problem in the modelling of
disordered systems consists in the necessity of dealing

with an enormous number of possible configurations dif-
fering in the atomic arrangement and in the lattice energy.
The great break-through in this problem was achieved
with the development of the cluster expansion (Connolly
& Williams, 1983; Sanchez et al. 1984); a procedure that
allows the mapping of the energy of any configuration
within a supercell onto a set of local ordering (or cluster)
interactions. When the cluster expansion converges reason-
ably fast with the increase of the cluster size, it can be
used to calculate configuration energies in much larger
supercells (2000–5000 ea). The thermal averages of the
configurational energy calculated for systems of this size
approach those of an infinite lattice. These averages can
be obtained with the help of Monte Carlo simulations.
Other thermodynamically important functions, such as the
configurational entropy and free energy, can be calculated
from the average energies using the method of thermody-
namic integration (Myers et al., 1998; Myers, 1999; War-
ren et al., 2001). This study is aimed at applying these
tools to oxonitridoaluminosilicates. The simulation proce-
dure is organised according to the following plan:

– Development of a set of transferable empirical in-
teratomic potentials by fitting to structure and elasti-
city data of chemically similar minerals.

– Testing the potentials by comparing the predicted
properties of a limited set of ordered structures with
the results of quantum mechanical calculations.

– Static lattice energy calculations (SLEC) on a large
set of structures with randomly varied cation config-
urations.

– Finding a simple equation that describes the energies
of the simulated structures. This procedure is known
as the ‘cluster expansion’.

– Using the cluster expansion model to obtain tempera-
ture-dependent properties by Monte Carlo simulations.

– Calculation of the free energies and entropies of dis-
ordering by thermodynamic integration of the Monte
Carlo results.

Interatomic potential derivation

A set of empirical interatomic potentials for
Ba––Sr––Y––Yb––Si––Al––O––N system was developed in
this study using the relax-fitting procedure (Gale, 1996) as
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Table 2. Results of the chemical analyses of BaYb[Si4–xAlxOxN7–x]. For O and N only single analyses were performed.

Ba Yb Si Al O N Total

measured (weight %) 23.1/23.2 36.0/36.0 10.7/10.7 10.1/10.1 7.1 11.8

average (weight %) 23.15 36.0 10.7 10.1 7.1 11.8 98.85

average atom % 7 9 16 15 18 35 100

normalised 0.8 1 1.8 1.7 2 3.9

values calculated for x ¼ 2
BaYb[Si2Al2O2N5]

26.3 33.1 10.8 10.3 6.1 13.4

atom % 8 8 15 15 15 39 100

normalised 1 1 2 2 2 5

values calculated for x ¼ 2.3
BaYb[Si1.7Al2.3O2.3N4.7]

26.3 33.1 9.1 11.9 7.0 12.6

atom % 8 8 12 18 18 36 100

normalised 1 1 1.7 2.3 2.3 4.7



implemented in the GULP program (Gale, 1997; Gale and
Rohl, 2003). The procedure involves simultaneous static
lattice energy calculations (SLEC) on a number of chemi-
cally similar structures. Within the procedure, the para-
meters of the empirical potential functions are varied in
the search for the minimum in the discrepancy between
the calculated and observed structure, energy and/or elasti-
city constraints. The set of potentials involves two-body
Metal-Anion (M––A, A 2{O2�, N3}) Buckingham poten-
tials, three-body A––M––A bond-bending terms and the
shell model for the anion polarizability, as described by
Sanders et al. (1984), Patel et al. (1991) and Winkler et al.
(1991). Following Vinograd et al. (2004), we multiplied
formal cation and anion charges by the common factor
0.85, so that the charges of 2-, 3- and 4-valent ions have
been reduced to the values of 1.7, 2.55 and 3.4, respec-
tively. Such a reduction has already permitted the develop-
ment of a set of potentials for the Mg––Al––Si––O system
(Vinograd et al. 2006, 2007), which showed good transfer-
ability within a large number of silicate and aluminosili-
cate structures of different density. The reduction factor of
0.85 was obtained on a purely empirical basis. The poten-
tials set for the Si––Al––O subsystem has been developed
first by fitting to structure and elasticity data on a-quartz,
coesite, stishovite and corundum. The structure data and
the elastic stiffness constants have been taken from the
ICSD data base (National Institute of Standards, Release
2006/2) and from the review of Bass (1995). In the sec-
ond step, the potentials were refined by including in the fit
the structure and elasticity data on kyanite, sillimanite and
andalusite. It was observed that the potentials fitted to
SiO2 polymorphs and corundum reproduce the unit-cell
parameters and the elastic stiffness constants of Al2SiO5

polymorphs very well and require only a slight correction.
These potentials together with the Mg––O potential fitted
to the structure and elasticity data on MgO-periclase,
MgSiO3-ilmenite, Mg2SiO4-forsterite and Mg2SiO4-spinel
permit a nearly quantitative description of the structure,
elasticity and Al/Si order/disorder data on Mg3Al4Si5O18-
cordierite (Vinograd et al. 2007). We hope that this set
will permit one to accurately model Al––Si ordering in the
sialons, too. In order to use the already developed poten-
tials for aluminosilicates and preserve consistency, we
have assumed that the N––N and N––O and M––N interac-
tions can be described within the same shell model. The
N(shell)––N(shell), N(core)––N(shell), N(shell)––Si(core)
and the three-body N(shell)––Si(core)––N(shell) potentials
have been fitted to the structural and elasticity data of the
a and b polymorphs of Si3N4 (Toraya, 2000; Schneider
et al., 1994; Ching, et al., 2000 and references therein).
The parameters of the Buckingham N(shell)––O(shell) po-
tential were fitted to the structure and bulk-modulus data
on sinoite, Si2N2O (Srinivasa et al. 1977) and the structure
of Y2Si3O3N4 melilite (Wang et al. 1997). The Y––N and
Y––O Buckingham potentials needed for the description of
Y2Si3O3N4 melilite have been fitted to the structure data
of YN (Holleck & Smailos, 1980), Y-garnet, Y3Al5O12

(Chernaya et al. 1987) and structure and elasticity data on
Y2O3 (Fert, 1962; Palko et al. 2001). The Buckingham
Al––N and the three-body O––Al––N and O––Si––N poten-
tials were fitted to the structure data of Si3Al3O3N5 (van

Dijen et al., 1987), Si5AlON7 (Khvatinskaya et al., 1991)
and Si2Al4O4N4 (Gillott et al., 1981). The Sr––O and
Ba––O potentials were fitted to the structures of celsian
(Benna & Bruno 2001) and Ba- and Sr-garnets (Novak &
Gibbs, 1971). The Sr––N and Ba––N potentials were fitted
to the structures of Ba3Al2N4 (Ludwig et al., 1999) and
Sr3Al2N4 (Blase et al., 1994). The Yb––O potential was
fitted to the structure data of Yb2O3 (Heiba et al., 2003),
while the Yb––N potential was fitted to the structure data
of YbN (Doenni et al., 1984) and SrYb- and BaYb-nitri-
dosilicates (Huppertz, & Schnick 1997). The experimen-
tally determined bulk moduli of SrYb- and BaYb-sialons
(162(2) and 168(2) GPa, respectively; Juarez-Arellano et al.,
2006) were also used in the fit. The final set of potentials
is given in Table 3.
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Table 3. The empirical interatomic potential parameters used in the
present study.

Buckingham,
A exp (�r/B) � C/r6

A (eV) B (�A) C (eV�A6)

Ba[6–8]––O(shell) 6134.1232 0.276377 0.0

Ba[6–8]––N(shell) 90185.816 0.237234 0.0

Sr[6–8]––O(shell) 3037.5032 0.286360 0.0

Sr[6–8]––N(shell) 65861.945 0.229448 0.0

Al[4, 6]––O(shell) 1115.6866 0.291905 0.0

Al[4, 6]––N(shell) 940.13011 0.346478 0.0

Mg[6, 8]––O(shell) 1190.5254 0.284037 0.0

Si[4, 6]––O(shell) 995.92238 0.304057 0.0

Si[4]––N(shell) 938.37747 0.360014 0.0

Yb[6]––O(shell) 526.08515 0.387476 0.0

Yb[6]––N(shell) 605.76519 0.423286 0.0

Y[6]––O(shell) 1754.3763 0.314788 0.0

Y[6]––N(shell) 1799.4002 0.348502 0.0

O(shell)––O(shell) 593.05553 0.321826 29.61488

O(shell)––N(shell) 670.99609 0.331623 131.6915

N(shell)––N(shell) 111.43379 0.357888 233.7556

Spring, 1=2 Kr2 K (eV �A�2)

O(core)––O(shell) 56.663970

N(core)––N(shell) 62.793576

Three-body, 1=2 Q(q � q0)2 Q (eV degree�2) q0 (degrees)

O(shell)––Mg[6]––O(shell) 1.0514 90.0

O(shell)––Si[4]––O(shell) 2.5171 109.47

N(shell)––Si[4]––N(shell) 7.4425 109.47

N(shell)––Si[4]––O(shell) 6.2173 109.47

O(shell)––Si[6]––O(shell) 2.9253 90.0

O(shell)––Al[4]––O(shell) 1.0372 109.47

N(shell)––Al[4]––N(shell) 0.74377 109.47

N(shell)––Al[4]––O(shell) 1.4696 109.47

O(shell)––Al[6]––O(shell) 1.7947 90.0

Note: The charges on the oxygen core and shell are 0.751575 and
�2.451575, respectively. The charges on the nitrogen core and shell
are 0.843862 and �3.393862, respectively. r is interatomic distance
and Q is the angle between two cation-anion vectors. Cutoff distance
for the Buckingham potentials is 12 �A.



Quantum mechanical calculations as a test for
the accuracy of the potentials

To test the accuracy of the empirical potentials in reflecting
the structural properties of the sialons BaYb[Si2Al2O2N5]
and BaYb[Si1.7Al2.3O2.3N4.7] we compare the SLEC results
with parameter-free quantum mechanical calculations for
three compositional variants (1), (2) and (3) differing in
fractional occupancies of Al and O in cation and anion
sites. In all the three structures the star site was fully occu-
pied by N. The structure of (1) was constructed to have
statistically equal distribution of Al/Si and N/O both be-

tween the ring and single sites and between the corner and
layer sites. In the structure of (2) the single site was as-
sumed be fully occupied by Si, while the N/O ratio was
assumed to be equal for the corner and layer sites. This
equality was violated in the structure of (3), where the
concentration of O was increased in the “layer” sites. The
quantum mechanical calculations were based on density
functional theory (DFT) with the exchange and correlation
energies being treated based on the generalised gradient
approximation (GGA), in the form proposed by Perdew,
Burke and Ernzerhof (PBE) (1996). Here we used the
computational scheme in which the charge density and
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Table 4. Correlation between the experimental and calculated structural parameters of the sialons.

Cell parameters XRD ND SLEC (1) SLEC (2) SLEC (3) DFT (1) DFT (2) DFT (3)

a (�A) 6.0996 6.0865(1) 6.0740 6.0978 6.1357 6.0750 6.1128 6.1501

c (�A) 9.923 9.9097(2) 9.8961 9.8516 9.8056 9.9422 9.8539 9.8176

a/c 0.6147 0.6142 0.6138 0.6190 0.6279 0.6110 0.6201 0.6264

V (�A3) 319.74 317.928(7) 316.187 317.241 319.690 317.765 318.874 321.588

Atomic coordinates XRD ND SLEC (1) SLEC (2) SLEC (3) DFT (1) DFT (2) DFT (3)

Ba (2b) X 1=3
1=3

1=3
1=3

1=3
1=3

1=3
1=3

Y 2=3
2=3

2=3
2=3

2=3
2=3

2=3
2=3

Z 0.2546 0.2551(3) 0.2537 0.2605 0.2731 0.254 0.2563 0.2568

occ 1 1 1 1 1 1 1 1

Yb (2b) X 1=3
1=3

1=3
1=3

1=3
1=3

1=3
1=3

Y 2=3
2=3

2=3
2=3

2=3
2=3

2=3
2=3

Z 0.6273 0.6273(3) 0.6273 0.6273 0.6273 0.6273 0.6273 0.6273

occ 1 1 1 1 1 1 1

Si/Al (2a)
Single

X 0 0 0 0 0 0 0 0

Y 0 0 0 0 0 0 0 0

Z 0.6998 0.7001(4) 0.7079 0.7172 0.7346 0.7004 0.7033 0.7045

occ 0.5/0.5 0.89(10)/0.11(10) 0.5/0.5 1.0/0.0 1.0/0.0 0.5/0.5 1.0/0.0 1.0/0.0

Si/Al (6c)
Ring

X 0.8301 0.829 0.8273 0.8285 0.8295 0.8291 0.8300 0.8300

Y 0.6602 0.658 0.6545 0.657 0.6591 0.6582 0.6599 0.6600

Z 0.4407 0.4414 0.4402 0.4506 0.4658 0.4389 0.4434 0.4456

occ 0.5/0.5 0.35(4)/0.65(4) 0.5/0.5 1=3 / 2=3
1=3 / 2=3 0.5/0.5 1=3 / 2=3

1=3 / 2=3

N (2a)
Star

X 0 0 0 0 0 0 0 0

Y 0 0 0 0 0 0 0 0

Z 0.5121 0.5126 0.5154 0.5289 0.5453 0.5111 0.5195 0.5213

occ 1 1 1 1 1 1 1 1

N/O (6c)
Layer

X 0.5088 0.5108 0.5149 0.5043 0.5067 0.5112 0.5100 0.5094

Y 0.4912 0.4892 0.4851 0.4957 0.4932 0.4888 0.4900 0.4906

Z 0.4928 0.4926 0.4899 0.5028 0.5160 0.4914 0.4936 0.4951

occ 2=3 / 1=3 0.607(11)/0.393(11) 2=3 / 1=3
2=3 / 1=3 0.833/0.167 2=3 / 1=3

2=3 / 1=3 0.833/0.167

N/O (6c)
Corner

X 0.1541 0.1545 0.1511 0.1575 0.1578 0.1542 0.1493 0.1466

Y 0.3082 0.309 0.3021 0.3149 0.3155 0.3084 0.2986 0.2933

Z 0.7619 0.7622 0.7699 0.7672 0.7815 0.7637 0.7634 0.7657

occ 2=3 / 1=3 0.572(12)/0.429(12) 2=3 / 1=3
2=3 / 1=3 0.5/0.5 2=3 / 1=3

2=3 / 1=3 0.5/0.5

Note: XRD – X-ray diffraction data (Lieb et al., 2007); ND – neutron diffraction data (this study); SLEC-Static lattice energy calculations using
the force-field parameters developed in the study; DFT – first principles calculations based on DFT GGA and virtual crystal approximation. The
structures 1, 2 and 3 differ in the occupancies of the cation and anion sites.



electronic wavefunctions are expanded in a basis set of
plane waves. To avoid explicit description of tightly bound
core electrons, the approach employs ‘ultrasoft’ pseudopo-
tentials (Vanderbilt, 1990; Kresse and Hafner, 1994),
which mimic the screening of the Coulomb potential of
the nucleus by the core electrons. Both academic and
commercial versions of CASTEP (Clark et al., 2005) were
used in the present study. Calculations were performed
with the hexagonal, P63mc, symmetry using the primitive
cell. The k-point sampling was performed using a
4 � 4 � 4 Monkhorst-Pack grid in the 1st Brillouin zone.
The cut-off energy for the plane wave expansion was
380 eV. The fractional occupancies were treated within the
virtual crystal approximation (VCA) which is based on
weighting of the contributions of the pseudopotentials ac-
cording to the site fractions (Winkler et al., 2002; Wilson
et al., 2007). In these calculations, all symmetry indepen-
dent structural parameters were varied simultaneously in
the search for the ground state geometry. The parameters
of the ‘relaxed’ (optimized) structures are given in Table 4,
where they are compared to experimental values and to
the results of the calculations based on the empirical po-
tentials. Figure 3 shows the correlation between the experi-
mentally observed and predicted cation-oxygen distances.
Both the first principles and the SLEC predicted structural
parameters are in good agreement with the experimental
data of Lieb et al. (2006, 2007). This agreement validates
the use of the computationally less demanding force-field
approach in a more extensive examination of the relative
stability of disorder structures.

The supercell static lattice energy calculations
(SLEC)

Using the GULP program, we have calculated the static
energies of about 800 structures with different Al/Si and
O/N arrangements in the supercell of the P63mc sialon.
We used a 2 � 2 � 2 supercell containing 144 exchange-
able cation sites and 252 anion sites. Two different
compositions have been investigated. The two initial struc-
tures were chosen to have Ba36Yb36Si72Al72O72N180 and

Ba36Yb36Si61Al83O83N169 compositions. The two models
that correspond to these compositions will be subsequently
referred to as A and B sialons. The difference in the com-
positions of the sialons A and B covers approximately the
uncertainty range of the composition of the sample studied
with neutron diffraction. The “star” site in the initial
structures was fully occupied with nitrogen. Otherwise, the
Al/Si and N/O arrangements were chosen randomly. The
other structures have been generated by random swapping
of Al and Si, and O and N atoms. The swapping has been
repeated 300 times for each of the structures. Another two
sets of 100 structures each were generated using a differ-
ent method, which is described in a later section. For each
of the generated configurations we have calculated a set of
statistical characteristics that included the fractions of Al
and O in the five non-equivalent sites and the probabilities
of finding Al––Si, O––N, Al––O and Si––N pairs at differ-
ent interatomic distances.

Cluster expansion

The aim of the cluster expansion is to get a simple equa-
tion, which fits the energies of all simulated configurations
and, hopefully, predicts the energy of any other possible
configuration. One popular form for such an expansion is
known as the Js formalism (e.g. Becker et al., 2000; Bose-
nick et al., 2001; Vinograd et al., 2006a);

E � 1=2
P

l 6¼m

P

n
zðnÞPlmðnÞJlmðnÞ þ

P

k

P

i
PiðkÞmiðkÞ þ E0 ð1Þ

where zðnÞ, PlmðnÞ , PiðkÞ , JlmðnÞ and miðkÞ are the coordination
numbers, frequencies of lm-type pairs (Al––Si, O––N, Al––O
and Si––N), probabilities to find an atom of type i in
k-site, ordering constants for pairs of the order n and the
on-site chemical potentials of i-type atoms, respectively.
JlmðnÞ corresponds to the energy of the exchange reaction
ll þ mm ¼ lm þ ml between atoms l 2 {Al, Si, O, N} and
m 2 {Al, Si, O, N} located at the n-th distance. E0 de-
notes a part of the excess energy, which is assumed to be
independent of the arrangement of the exchangeable ca-
tions. In solid solutions with coupled substitutions the E0

is observed to vary with the composition (e.g. Vinograd
et al., 2006), while the Js appear to be approximately con-
stant. The assumption of the independence of the Js from
the composition plays an important role in the studies of
the solid solutions by reducing the number of the un-
known variables. In this study we did not made such an
assumption and calculated the Js, the chemical potentials,
and the E0 parameters for each of the two compositions
separately. (An attempt to develop a uniform expansion
for both A and B structures was made, but resulted in a
worse fit). Knowing the energies, pair probabilities and
site occupancies for n structures allowed us to write a sys-
tem of n equations analogous to Eq. (1) and to solve this
system for JlmðnÞ, miðkÞ and E0 using the least squares meth-
od. The values of the fitted parameters are given in Ta-
ble 5 and plotted in Figs. 4a and 4b. Note that only three
chemical potentials are needed to define the site prefer-
ences of Al and N. Since Al can be located either in the
“single” or “ring” site, one chemical potential defined for
the ring site is sufficient. For the similar reason two che-
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Fig. 3. Correlation between the experimental and calculated cation-
anion distances in the three sialon structures.



mical potentials are needed to describe the relative affinity
of N for the three different anion sites. The accuracy of
the fit is illustrated in Fig. 5. The value of E0 shows how
large the enthalpy of a sialon compound would be if the
dissimilar cation pairs had no advantage over the similar
ones. The values of the chemical potentials (Table 5) show
that there is a very strong intrinsic tendency for N to occupy
the four-fold ‘‘star” site, and a weaker tendency to avoid
the two-coordinated ‘‘layer” site. Al cations tend to avoid
the ‘‘single” site. Another equally valid interpretation is that
O strictly avoids the ‘‘star” and has a slight affinity for the
“corner” site, while Si prefers to be located in the “single”
site. The pair-wise interaction constants (Figs. 4a, 4b) mani-
fest the tendency towards Al/Si alternation, which is espe-
cially strong at the shortest distances. The same tendency is

observed for the anion-anion pairs. This tendency becomes
weaker with the increase in the nearest-neighbour distance.
The cross-site anion-cation interactions define the enthalpy
effect of the reaction Al––NþSi––O ¼ Al––OþSi––N. The
negative sign of these constants shows that Al––O and
Si––N pairs are preferred over Al––N and Si––O pairs at
all distances.

Ground state analysis

The cluster expansion results suggest that the configura-
tions having large numbers of Al––Si, O––N, Al––O and
Si––N pairs and large probabilities of finding N in the star
sites, with Si in the single sites, should be more favour-
able at low temperatures. It is also clear that these tenden-
cies cannot be satisfied for all pairs simultaneously due to
the geometrical constraints. For example, the tendency for
Al/Si alternation cannot be fulfilled for all bonds of a clus-
ter consisting of an uneven number of sites – the phenom-
enon often referred to as “frustration”. Therefore, the exact
nature of the lowest energy configuration is a compromise
between the strength of the ordering interactions, the coor-
dination numbers and numerous frustration constraints. It
is impossible to simply guess the ground state structure.
However, it is possible to find one of the best (in terms of
the energy) structures using an algorithm consisting of a
combination of the cluster expansion and Monte Carlo
sampling. We have used a Monte Carlo algorithm (Metro-
polis et al., 1953) in which pairs of randomly chosen Al
and Si and O and N, atoms are repeatedly swapped produ-
cing a sequence of configurations. Each new configuration
is accepted with the probability x, which is a function of
the temperature and the energy difference between two
successive configurations:

x ¼ 1; DE < 0

x ¼ exp ð�DE=ðkTÞÞ; DE � 0
ð2Þ

The energy difference is calculated based on Eq. (1).
Therefore, the cluster expansion stage always precedes the
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Table 5. The parameters of the cluster expansion.

Parameter Sialon A Sialon B

mAl(ring) 52.344015 48.598019

mN(star) �143.129171 �139.476404

mN(layer) 9.741140 25.544804

E0 134.296874 136.757812

Fig. 4. Pair-wise interaction energies in the sialons A (a) and B (b)
predicted with the cluster expansion method.

Fig. 5. Correlation between the original static lattice energies of ran-
domly modified configurations and the energies calculated with the
cluster expansion equation.

a�

b�



Monte Carlo stage. By setting the temperature high and
gradually decreasing it, it is possible to find a state with
the lowest energy through this process of simulated an-
nealing. Note that the predicted low-energy structure
would represent the true ground state only if the cluster
expansion equation reproduces the static energy with zero
error and if the annealing has sampled the lowest energy
configuration. In practice one has to work with an equa-
tion that is about 99% accurate. When one calculates the
static energy of the newly predicted structure directly with
GULP and compares it with the value calculated with the
cluster expansion, one usually finds that the two values
differ quite severely. This means that the cluster expan-
sion, if no special precautions are made, can predict a
wrong ground state. However, the use of a simple feed-
back algorithm greatly improves the prediction quality of
the expansion (Vinograd et al., 2006). At each step of this
algorithm the new simulated structure is added to the set
of previously considered configurations and the cluster ex-
pansion fit is repeated using the extended set. When this
procedure is repeated in a cycle, the difference between
static energy of the next configuration and its CE approx-
imation rapidly decreases and the cluster expansion is
forced to predict the correct ground state. This self-educa-
tion procedure, consisting of 100 cycles, has been applied
to sialons A and B. The values of JlmðnÞ , miðkÞ and E0 given
in Table 5 and plotted in Figs. 4a, and 4b are, in fact, the
results of this algorithm.

We should note that the presently adopted scheme for
the ground state search can be further improved by using
a cross validation score test (van de Walle and Ceder, 2002)
instead of the current simple least squares test. Further-
more, genetic algorithms can be used for searching for the
best cluster types within the cluster expansion (Hart et al.,
2005). These algorithms are not implemented here for the
following reasons. The self-education algorithm effectively
applies the cross validation score (“leave-one-out”) test to
each new predicted low-energy structure. Since the num-
ber of these structures gradually increases in the pool of
the tested structures, the accuracy of the cluster expansion
approaches that of the cross validation score algorithm.
Instead of using genetic algorithms in selecting the best
cluster types, we select all possible pair clusters within the
range of 1.6–7.5 �A. The upper limit was chosen based on
the criterion that the distance between any pair of neigh-
bours remained less than one half of the supercell length
along the vector connecting the neighbouring sites. This
ensures that the images of atoms within the periodic
boundary conditions setup do not affect the counting of
dissimilar pairs. The use of many-body cluster terms ap-
peared not to be necessary since good accuracy has been
achieved for the cluster expansion based on the pair clus-
ters only. This result might reflect the fact that the interac-
tions in the ionic material are dominated by central forces.

Large scale Monte Carlo simulations

The derived interaction constants and Eq. (1) have been
used to constrain the Monte Carlo simulation of the tem-
perature dependent properties (the enthalpy of disorder and
the crystallographic site occupancies) within a 4�4�4

supercell containing 3, 152 exchangeable sites. The simu-
lations were performed within the temperature range of
173–2273 K with a step of 50 K. The average properties
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Fig. 6. Enthalpy of disorder in sialons A and B according to the re-
sults of Monte Carlo simulations.

Fig. 7. Fractions of Al and O in crystallographically non-equivalent
sites of sialons A (a) and B (b) as functions of the temperature. The
rectangles show the neutron diffraction results.

a�

b�



were calculated using 108 Monte Carlo steps. The average
properties have been calculated by summing over the last
half on the succession of states. The results of these calcu-
lations are shown in Fig. 6 and Figs. 7a, 7b. The enthalpy
of disorder is found to gradually increase with the tem-
perature, though a more rapid change is observed at 500 K
(sialon A) and 1000 K (sialon B). The simulations show

that for either sample, at both low and high temperatures,
Al atoms tend to enrich the “ring” site. At low temperatures,
O shows affinity to corner sites, but at high temperatures
the distribution between the two-coordinated “corner” and
“layer” sites becomes approximately equal. The four-coor-
dinated “star” site remains completely filled with N up to
very high temperatures. The low energy configurations
(Figs. 8a, b and Figs. 9a, b) show high degrees of short-
range order (SRO) and a strong or partial long-range order
(LRO) depending on the composition.

Thermodynamic integration

Unlike the enthalpy of disorder, the configurational free
energy cannot be directly calculated from a single Monte
Carlo run. The calculation of the free energy requires an
accurate knowledge of the frequencies of all energy states,
including those that appear with very low probabilities.
However, it has been shown (Myers et al., 1998; Myers,
1999; Warren et al., 2001) that the configurational free en-
ergy can be indirectly calculated from Monte Carlo aver-
aged excess energies using the method of thermodynamic
integration:

F ¼ F0 þ
Ðl

0

hEil dl ð3Þ

In this equation, F0 corresponds to the free energy of mix-
ing of the system with zero ordering energy, which can be
calculated theoretically:

F0 ¼ 4RTðxAl ln xAl þ xSi ln xSiÞ
þ 7RTðxN ln xN þ xO ln xOÞ ð4Þ

The integral describes the contribution to the free energy
from the internal energy, hEil, when it changes from the
state of complete disorder (l ¼ 0) to the state of equili-
brium order (l ¼ 1). l should not be confused with the
equilibrium order parameter, which is a function of tem-
perature. l describes non-equilibrium disorder, which is
artificially introduced at any given temperature. To calcu-
late hEil for a state with an intermediate degree of order
defined by certain value of l, 0 < l < 1, one scales the Js
and the chemical potentials:

Jl
lmðnÞ ¼ lJlmðnÞ ; ml

iðkÞ ¼ lmiðkÞ ð5Þ
in order to simulate a Boltzmann distribution constrained
with Jl

lmðnÞ
and ml

iðkÞ
. Effectively, the scaling implies that the

probabilities of microstates become more random than in
the non-scaled case. hEil is then calculated using Eq. (1)
with nominal (not scaled) values of Jl

lmðnÞ
and ml

iðkÞ
by tak-

ing a simple average over a sufficient number of the equi-
librated configurations. The scaling thus makes the distri-
bution more random, but does not affect the strength of
the interactions. In our simulations, l was gradually in-
creased from 0 to 1 with a step size of 0.04. The integral
was calculated using Simpson’s method. The configura-
tional entropy was calculated with the equation;

S ¼ ðF � hEiÞ=T ð6Þ
where hEi is the average excess internal energy (or en-
thalpy) calculated with l ¼ 1. Figure 8 shows the config-
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Fig. 8. The configurational entropy of the sialons A and B calculated
with the method of thermodynamic integration.

a�

b�
Fig. 9. Low-temperature configurations of sialons A (a) and B (b).
The layer of the tetrahedral clusters centred on the “single” sites.



urational entropy in the interval of 323–2273 K. A rapid
increase in order occurs at 500 K for sialon A and at
1000 K for sialon-B. Even at 2000 K the configurational
entropy remains significantly below the ideal mixing limit
reflecting high degree of SRO.

Discussion and conclusions

The present simulations agree with the Rietveld refinement
results in three aspects. First of all, both the neutron dif-
fraction results and the simulations suggest that oxygen
does not enter the four-fold coordinated “star” site in a
measurable amount. This behaviour is consistent with the
2nd rule of Pauling (e.g. Morgan, 1986). The large va-
lence/bond sum of the four Al/Si cations is much better
satisfied with N3� rather than with O2�. Secondly, the
simulations support the unconstrained Rietveld refinement
result, which suggests significant affinity of Si for the
“single” site. Thirdly, the prediction of the slightly higher
concentration of oxygen in the two-fold “corner” site is
also consistent with the experiment. The last consistency
might not be significant, however, due to large experimen-
tal errors and limitations of the simulation methods. Ab
initio calculations on O-doped BaYbSi4N7 nitridosilicates
show an approximate equal affinity of the oxygen to
“corner” and “layer” sites (Wilson et al., 2007).

The simulations not only make it feasible to predict the
site occupancies, but also to explain why a certain site is
preferable for Al or O. The preference of Al for the “ring”
sites is consistent with the advantage of maximising the
number of [SiAl2ON2]2þ rings. This tendency is preserved
even at the synthesis temperature. The ordered arrangement
of cations and anions within these rings maximises the num-
ber of the nearest-neighbour Al––O and N––Si contacts and
minimises the valence/bond imbalance both for the anions
and cations. It is important that the ordered arrangement of
the rings allows complete avoidance of the Al––N––Al con-
tacts, in which N is strongly underbonded. The preference
for the local [SiAl2ON2]2þ configuration requires migra-
tion of the excess O from the “layer” to the “corner” sites.

Both sialons A and B show breaks in the enthalpy and
entropy curves, which could be attributed to SRO/LRO
transitions. However, the configurational entropy does not
vanish in the low temperature limit (Fig. 10). This indi-
cates that the Al/Si and O/N ratios of both sialon A and B
deviate from the composition at which full LRO is pos-
sible. Sialon B shows the strongest ordering. Figure 7b
shows that the molar fraction of Al in the “single” site in
sialon B is equal to 1=3. The type of LRO that favours this
distribution can be understood by inspecting Figs. 9b and
10b. Figures 9a and 10a, which correspond to sialon A,
show less regular cation and anion distributions suggesting
that the composition of the sialon A is less favourable for
the development of the LRO. The low temperature distri-
bution favours only two types of the tetrahedral clusters,
[SiN3O]7� and [AlN2O2]7�. In sialon B, the Al- and Si-
centred tetrahedra are distributed regularly over the sites
of a triangular lattice. The equal charge of these clusters
suggests that Al/Si and N/O distributions effectively coop-
erate in an attempt to preserve local charge balance on the

scale of the very small clusters. Figure 11a illustrates this
tendency for sialon B on a more quantitative level. The
transition at 1000 K corresponds to a rapid increase in the
frequencies of occurrence of [SiN3O]7� and [AlN2O2]7�

clusters centred on the single sites. Figure 11b quantifies
the frequencies of the tetrahedral clusters around the
“ring” sites and reveals a more complicated tendency. The
ordered state is built with clusters of four types; [SiN3O]7�,
[AlN2O2]7�, [AlN3O]8� and [SiN4]8�. The ordering is
apparently a two-stage process. During the first stage, be-
low 1000 K, about 2=3 of Si and 2=3 of Al sites prefer
[SiN3O]7� and [AlN3O]8� configurations and the other 1=3

of Si and Al sites choose [SiN4]8� and [AlN2O2]7� config-
urations. At the second step, at about 500 K, the propor-
tion further changes in favour of [SiN3O]7� and [AlN2O2]7�

configurations (Fig. 11a). The rapid increase in concentra-
tion of these clusters is apparently correlated with the
long-range ordering of [AlN2O2]7� units over the 1=3 of
the sites of the triangular lattice formed by the “single”
tetrahedral units. The low temperature of this transition
suggests that the interaction energy between [AlN2O2]7�

and [SiN3O]7� units is small. Particularly interesting is the
variation in the fractions of the 6-membered ring clusters
formed by the three corner-sharing “ring” tetrahedra
(Fig. 12). The transition at 1000 K in sialon B corresponds
to an abrupt increase in the fraction of [SiAl2ON2]2þ rings.
The tendency of sialons A and B to form [SiAl2ON2]2þ

rings suggests that 2=3 of Al in the “ring” sites should be
the most favourable for the development of LRO. On the
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a�

b�
Fig. 10. Low-temperature configurations of sialons A (a) and B (b).
The layer built of the “ring” tetrahedra.



other hand, the maximisation of [SiN3O]7� and [AlN3O]8�

clusters centred with “single” sites requires their ordered
arrangement, which in the case of the triangular lattice is
best satisfied with 1=3 of Al in the “single” site. Thus we
suggest that the most favourable composition for detecting
LRO experimentally should be x ¼ 1=3. Sialon B is closer
to this “ideal” composition and, consequently, the order/
disorder transition occurs at a higher temperature. Above
the order/disorder transition only SRO is present. This lo-
cal ordering is seen in the predominance of [SiAl2ON2]2þ

rings (Fig. 12) and [SiN3O]7�, [AlN2O2]7�, [AlN3O]8� and
[SiN4]8� tetrahedra both centred on “single” and “ring”
sites (Figs. 11a, b).

The simulation results thus suggest that Al/Si and O/N
are distributed very unevenly between the non-equivalent
sites. This non-equivalence is mainly a consequence of
short-range ordering (the preference in formation of the
[SiAl2ON2]2þ rings). It is also likely that the site occupan-
cies further split at low temperatures due to the develop-

ment of long-range ordering. The simulations suggest that
the LRO sets in first within the layers formed by the
“ring” sites and then, at a much lower temperature, within
the layers made of the “single” sites. The strong depen-
dence of the effects of ordering on the composition sug-
gests that slight compositional changes might cause rapid
changes in certain thermodynamic and physical properties
of the sialons. This suggestion should be tested in further
experimental and simulation studies.
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