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Abstract

A2 x 2 x 1supercell of a-Siz Ny is used to model Y-doped a-SiAION’s (silicoalumino oxonitrides). Ab initio total energy calculations are performed
at the DFT (GGA) level. A full relaxation of atomic positions is performed for stoichiometric a-Si3N4 and for a series of substituted structures
with concentrations of Y, Al and O increasing up to the composition Y 5Sig5Al,50;0Ni5,, similar to the observed solubility limits. The avoidance
of neighboring AlX, (X=N,0) tetrahedra in highly doped structures indicates that the distribution of Al atoms in the framework of a-SiAION’s
obeys the same Loewenstein rule as in aluminosilicate zeolite structures. An increase of the lattice parameters and cell volumes is observed with
increasing degree of the doping. Changes are more pronounced for the insertion of Y than for Si-N/A1-O substitution. An introduction of a Y3*
cation into the interstitial position in the cage, however, causes a local contraction of the structure. Via the contraction a more efficient Y-N bonding
is formed, leading to the stabilization of the Y-doped structure. The pronounced increase of the cell volume and the lattice parameters with Y-doping
is due to three framework Al/Si framework substitutions compensating the extraframework Y** cation. The calculated bulk modulus (By) ranges
from 223 GPa for pure a-SizNy to 197 GPa for Y 5SigsAl, 501 0Njs0. The slope of the decrease of By with the degree of doping depends on the

Y-content. For constant concentration of Y an increasing content of O causes a linear decrease of By.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The properties of mixed silicoalumino oxonitrides with the
structure of a-SizNy (known as a-SiAION’s), stabilized by dop-
ing with extraframework Y3* cations have been extensively
studied since their invention in the end of 1980s.!~> Needle-like
microstructures and increased fracture toughness, compared to
B-SiAION materials, caused an increasing interest focused on
the Y-stabilized a-phase.®’ Because single crystals are difficult
to synthesize available structural data on Y-a-SiAION'’s origi-
nate from powder structure refinements.®~19 The structures of
a-SiAlON’s are complex and not precisely determined, because
the random distribution of O and N leads to fluctuating bond
lengths. Recently Ching et al. used accurate ab initio total-
energy relaxations to determine the atomic positions of four
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known crystalline Y-Si-N-O phases!! and compared structures
and properties of 10 binary, ternary and quaternary crystals
within the equilibrium phase diagram of the SiO»-Y203-Si3Ny
system.!? Structure and bonding in spinel SiAION’s derived
from the cubic ¢-SizNy4 have been analyzed theoretically by
Ouyang and Ching!3 and Lowther et al.'* First principles cal-
culation of Ca-doped o- and -SiAION’s has been reported
by Fang and Metselaar.'> Molecular-orbital calculations of La-
a-SiAION’s and correlations to solubility and solution effects
were published by Nakayasu et al.'® The distribution of O
and N atoms observed experimentally in B-SiAION’s were
investigated by Fang and Metselaar!” using first principles cal-
culations.

In spite of the huge number of experimental investigations no
first principles study of the structures of Y-a-SiAlON’s has been
reported so far. In this work we extend our previous study of the
electronic structure and bulk properties of B-SiAION’s!8 to Y-
doped «-Si3N4 and a-SiAION’s. A series of representative Y-
and O-doped structures is constructed with increasing degree of
doping with Y and O up to the solubility limit. For each structure
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Fig. 1. Structure of B-SizNy (a) and a-SizNy (b). View along the ¢ vector. Large circles, Si on tetrahedral sites; small circles, N on tri-coordinated sites.

the changes in equilibrium cell volume, lattice parameters and
bulk modulus are evaluated and compared with stoichiometric
a-Si3Ny.

2. Structures

Fig. 1 compares the structures of 3- and «-Si3Ny. The struc-
ture of 3-SizNy has space group P63/m with two formula units
per unit cell. Of the 14 atoms, seven are in plane A (z=0.25),
the other seven in plane B (z=0.75), and the crystal consists
of an ABAB stacking of layers of silicon and nitrogen atoms.
The Si atoms are located on Wyckoff positions 6h in distorted
SiNy tetrahedra. Nitrogen atoms at the corners of the tetrahe-
dra (Wyckoff positions 2c and 6h) link three SiN4 tetrahedra,
forming continuous channels circumscribed by buckled rings
with four or six tetrahedral sites, extending parallel to the ¢ vec-
tor (Fig. 1a). The experimental cell parameters are a =7.595 A
and ¢=2.902 A.'° The structure of a-Si3Ny (space group P31c)
exhibits ABCD stacking of atomic layers. The AB layer is the
same in the o and 3 phases and the CD layer in the a phase
is related to the AB layer by a c-glide plane. The unit cell is
approximately twice as long in the ¢ direction compared to 3-
Si3Ny (a=7.765 A and ¢=5.627 A),'? it contains four formula
units. The continuous channels fall into pieces, forming cages
with a diameter equal to that of the channels (Fig. 1b).

In model structures of a-SiAION’s the Al/Si substitutions
are distributed over the SizN4 framework at large distances to
avoid neighboring AlX4 tetrahedra (X =N, O). The Y>* cations
are placed in an extraframework position in the center of the
cage, a single atom compensates the charge of three framework
Al/Si substitutions. Framework Y/Si substitutions are not con-
sidered. The highest Y- and Al-content observed by Hampshire?”
in Y-doped a-SiAlON’s is Y6519 2Al>801.1N149. The degree
of doping in the structures investigated in this work covers the
entire range of solubility of Y and Al in a-SiAION’s. One Y3*
cation per primitive cell of a-Si3Ny4 leads to the composition
YSig gAl30Nieo with a much higher Y-concentration than in
real samples.?” For the simulation of a-SiAION materials with
a realistic composition a2 x 2 x 1 supercell of a-Si3Ny is used.
Both the primitive cell and the 2 x 2 x 1 supercell are displayed
in Fig. 2.

The solubility limit of Y in o-SiAION materials cor-
responds to two (Y3* +3Al/3Si) substitutions per 2x2x1
supercell producing the composition Y 5Sij95Al1 5N16.0. The

Fig. 2. Primitive unit cell of a-Si3N4 (full lines) and 2 x 2 x 1 supercell (dashed
lines). View along the ¢ vector. Symbols see Fig. 1.

experimental composition of Y- and Al-richest a-SiAION
of Y06Sio2Alr 301 1Nis0?® indicates that besides the Y-
substitutions four additional Si-N/AI-O substitutions take place.
The compositions of a series of structures formedinthe2 x 2 x 1
supercell of a-Si3Ny4 with extraframework one and two Y atoms
(Y=1, 2) and up to four additional AI-O pairs (Al-O=1 to
4) are collected in Table 1. The composition of the Y- and
Al-richest experimental sample is given for comparison. An
interesting observation is that even in the Y- and Al-richest
structure with the composition Y 5Sig 5Al2 501 0Ny5.0 the dis-
tribution of Al over the tetrahedral sites still obeys the rule of
avoiding neighboring AlXs (X=N,O) tetrahedra while at the
same time all such sites are occupied. This suggests that the sol-
ubility of Al in a-SiAlON’s is limited by a rule analogous to the
Loewenstein rule?! prohibiting in aluminosilicate zeolite struc-

Table 1
Y-doped and Si-N/AI-O substituted structures formed in the 2 x 2 x 1 supercell
of a-Si3Ny4 compared with Y- and Al-richest sample

Y atoms Al-O pairs m,n Y3Si12—m—nAlysnOnNie—n
0 0 0,0 a-SizNy

1 0 0.75,0 Yo.25S111.25A10.75N16.0

1 1 0.75,0.25 Yo.25Si111.0A11.000.25N15.75
1 2 0.75,0.5 Yo0.255110.75A1125005N155

2 0 15,0 Yo.5Si10.5Al1.5N16.0

2 1 1.5,0.25 Yo.5Si110.25A11.750025N15.75
2 2 1.5,0.5 Yo.5Si10.0Al2.000.5N15.5

2 3 1.5,0.75 Yo.5Si9.75Al2.2500.75N15.25
Y- and Al-rich sample?’ 1.8, 1.1 Y0.65i92A12801.1N149
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Fig. 3. Dependence of the total energy on the cell volume of a-SizNy. (a) Primitive unit cell and (b) 2 x 2 x 1 supercell.

tures the occupation of two neighboring tetrahedral sites by Al
atoms.

3. Computational method

Structure optimizations were performed for stoichiometric
o-Si3Ny4 and for a series of SiAION structures using the ab
initio total-energy program VASP?223 based on density func-
tional theory (DFT). The electron-ion interaction is described
by Vanderbilt ultra-soft pseudo-potentials”*>> and the projec-
tor augmented wave method.?®?” The Kohn—Sham orbitals
are expanded in plane waves with a kinetic energy cutoff of
400eV. Electron exchange and correlation are treated in the
generalized gradient approximation (GGA) as parametrized
by Perdew and Wang (PW91).2® The Brillouin-zone (BZ) is
sampled on 12 points for stoichiometric a-SizN4. Supercell
calculations of Y-doped a-SiAlON’s use a sampling based on
two k-points only. A modest smearing of the eigenvalues close
to the Fermi level is used to improve the convergence of the
BZ integrations. Full relaxation of all the atomic positions is
performed via a conjugate-gradient algorithm. The stopping
criterion of the convergence procedure is a residual force act-
ing on atoms smaller than 0.03 eV A3. In the fixed cell-volume
relaxations of atomic positions no symmetry restrictions are
applied.

4. Results
4.1. a-SizNy

The total energy calculation allowing relaxation of all atomic
positions is performed at different cell volumes with fixed cell-
shape and a c/a ratio equal to the experimental value of 0.725.
The dependence of the total energy on the cell volume of both the
primitive cell and the 2 x 2 x 1 supercell of a-Si3Ny is displayed

in Fig. 3. The fit using the Birch-Murnagham equation of state.>’

E(V)=E Bov
V) = o+(36>

(Vo/ V)P0
By —1

BoVo
B —1

ey

provides the equilibrium cell volume Vj, the bulk modulus
By and its first pressure derivatives By, at zero pressure. The
equilibrium cell volume of the primitive cell of 298.6 A3 is

Table 2
Lattice parameters and atomic coordinates of a-SizNy
Property This work Experiment?
Lattice parameter a (A) 7.8099 7.765
Lattice parameter ¢ A 5.6545 5.622
Cell volume (A%) 298.69 293.57
Internal parameters
Si-1 (6¢)
x 0.5113 0.5130
y 0.4289 0.4305
z 0.6607 0.6580
Si-2 (6¢)
X 0.1676 0.1680
y 0.9143 0.9150
z 0.4525 0.4505
N-1 (6¢)
X 0.6112 0.6124
y 0.9552 0.9592
z 0.4334 0.4343
N-2 (6¢)
X 0.3193 0.3199
y 0.0037 0.0046
z 0.6988 0.7045
N-1 (2b)
z 0.4536 0.4520
N-2 (2b)
z 0.6059 0.6015




998 L. Benco et al. / Journal of the European Ceramic Society 28 (2008) 995-1002

290 T T T T T T T T T

[ O o282 ]
280 Srinivasa

i 1979 1
270 | ( ) O 271 -
» | Petzow |
S 260 ® (2002) .
BT r 260 1
E O 250 o) Ching b
x>~ L (1998) ]
@ 240 248 -
L Yeheskel ]
230 | (1985) o. 225 -
3 i28 """"""""""" @® Benco 1
220 |- ruger (2007) -
| (1997) ]

L 1 L | " 1 L 1 "

1970 1980 1990 2000 2010 2020
Year

Fig. 4. Experimental (open circles) and calculated (full dots) bulk moduli of «-
Si3Ny. Experimental data according to Srinivasa et al.,3! Yeheskel and Geten,2
Kruger et al.,>3 Petzow and Herrmann,* LDA calculation by Ching et al.?>.

nicely reproduced in the 2 x 2 x 1 supercell calculation lead-
ing to 298.7 A3. The predicted cell volume overestimates the
experimentally determined volume of 293.6 A3 by 1.7%. Atomic
coordinates of a-Si3Ny calculated for the optimized cell volume
are together with experimental coordinates collected in Table 2.
The lattice parameters of the optimized cell are overestimated by
0.54%. Deviations of atomic coordinates are typically smaller
than 0.5%. The largest deviation of 0.73% is observed for the z
coordinate of the N atom in the Wyckoff position 2b for which
the crystal symmetry fixes the x and y atomic coordinate.

The calculated bulk moduli for the primitive cell and for
the 2 x 2 x 1 supercell are 218 GPa and 225 GPa, respectively.
Slightly different values are due to different precisions. For the
smaller primitive cell a sampling in 12 k-points is used and k-
space of the 2 x 2 x 1 supercell is sampled in only two k-points.
In Fig. 4 the bulk modulus calculated using the 2 x 2 x 1 super-
cellis compared with available experimental and calculated data.
The bulk modulus derived from measurements of the Young’s
modulus decreases from 282 GPa (Srinivasa et al.3! ), t0 248 GPa
(Yeheskel and Getel32), and to 228 GPa (Kruger et al.33 ). Except
for the value of 271 GPa by Petzow and Herrmann* experimen-
tal moduli exhibit a systematic decrease of the measured value
with the year of the measurement. The time evolution of the
measured property indicates that mechanical properties of a-
SizNy are sensitive to the admixture of the 3-phase and with

Table 3
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Fig.5. Dependence of the cell volume of Y-doped a-SiAION’s with composition
Yn3Si12—m—nAlp+n Oy N16—n (cf. Table 1) on the degree of doping. Dashed lines
are guides to the eye.

improving quality of measured samples the value of the bulk
modulus exhibits a systematic decrease. Our calculated value of
225 GPa represents the lower limit to the bulk modulus of a-
Si3Ny. Another calculated value is 260 GPa. Ching et al.>> used
local density approximation leading systematically to shorter
interatomic distances, stronger bonding and higher bulk moduli
than the GGA.

4.2. Y- and O-doped a-SiAIONs

Because of the much larger covalent radius of the Al atom
(118 pm) compared to the Si atom (111 pm) doping leads to an
expansion of the unit cell. The variation of the cell volume in
a series of Y-doped a-SiAlION’s constructed in the 2 x 2 x 1
supercell of a-SizNy4 with increasing degree of doping is listed
in Table 3 and displayed in Fig. 5. Both types of substitutions,
Y3* +3A1/3Si and Al-O/Si-N, cause an expansion of the cell
volume. A much larger change, however, is observed on inser-
tion of a Y3* cation. For a constant concentration of Y>* the
increase in O content leads to a linear increase of the cell vol-
ume as indicated by dashed lines for two different concentrations
of the Y3* cation. Table 3 presents also lattice parameters corre-
sponding to the equilibrium cell volume at the particular degree

Calculated lattice parameters (A) and the cell volume (A) of Y- and O-doped structures and lattice parameters from the fit of experimental data®

Y,u3Si12—m—nAlpenOnNig_n m,n DFT calculation (this work) Equations by Sun et al.¢
Cell volume a c a c
a-SizNy 0,0 1194.7 7.8075 5.6578 7.7520 5.6200
Y0.25Si11.25Al0.75N16.0 0.75,0 1208.1 7.8366 5.6789 7.7858 5.6560
Y0.25Si11.0Al1.000.25N15.75 0.75,0.25 1211.5 7.8439 5.6842 7.7880 5.6583
Y0.25Si10.75A11.25005N15.5 0.75,0.5 1215.2 7.8519 5.6900 7.7903 5.6605
Y0.5Si10.5Al1 5N16.0 15,0 12222 7.8669 5.7009 7.8195 5.6920
Y0.5Si10.25A11.750025N15.75 1.5,0.25 1225.0 7.8729 5.7052 7.8218 5.6943
Y0.5Si10.0Al20005N 155 1.5,0.5 1228.5 7.8804 5.7106 7.8240 5.6965
Y(.5Si9.75Al22500.75N15.25 1.5,0.75 1231.2 7.8862 5.7148 7.8263 5.6988
Y0.5Si95A1501 0Nis5.0 1.5,1.0 1235.0 7.8943 5.7207 7.8285 5.7010
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Fig. 6. The lattice parameters of Y- and O-doped a-SiAION’s.

of doping. For comparison, we quote also lattice parameters cal-

culated according to empirical equations derived by Sun et al.>®
for Y-containing o-SiAION’s:

ag(A) = 7.752 + 0.045m + 0.009n, 2)
co(A) = 5.620 4 0.048m + 0.009n. 3)

The lattice parameters are visualized in Fig. 6. Both calcu-
lated lattice parameters are slightly larger than the experimental
values. This is a consequence of the use of the GGA approach

to the functional for the exchange and correlation of electrons.
While local density approximation (LDA) leads to too short
lattice parameters, the semilocal GGA leads to slightly longer
lattice vectors, usually closer to experimental values. Theory
predicts a linear increase of the cell volume and lattice parame-
ters with both the Y-concentration and the degree of Al-O/Si-N
substitution, with a steeper slope of the former. The empirical
relation of Sun et al.>> provides a stronger dependence on the
Y-content and only a very weak dependence on the degree of
Al-O/Si-N substitution (Fig. 5).

Substitutions in the a-Si3Ny structure leading to the forma-
tion of a-SiAION’s cause both a local expansion and a local
compression of the structure analogous to those observed in
B-SiAION’s.!® A local expansion occurs due to the Al/Si sub-
stitution in the tetrahedral site. The expansion of the tetrahedron
induces a compression of bonds adjacent to the tetrahedron.
Because of similar covalent radii the O/N substitution does not
lead to pronounced changes of bond distances.'® The variation
of bond length with the degree of doping is illustrated by selected
interatomic distances collected in Table 4. The extraframework
Y3+ cation exhibits a tendency to attract framework O and N
atoms. The bond lengths around atoms in a contact with the Y3*
cation are therefore considerably deformed. For Si-N and Al-N
bonds Table 4 reports two different bond lengths. The first one is
the length of a bond in the bulk and the second one is the length
of a bond where the N atom is in contact with the interstitial
Y3* cation. In pure a-SizNy the Si—N bond length of 1.747 A
is similar to that in B-Si3Ny (1.746 A).'® With increasing dop-
ing rate the Si—N bond length elongates to ~1.770 A. The Si-N
bonds with the N atom attracted towards the Y3* cation are by
approximately 6% longer. In the Y- and O-richest sample such
a Si-N bond is elongated to ~1.780 A. Due to the larger cova-
lent radius of the Al atom Al-N bonds are longer compared
to Si—N bonds. In the Y- and O-richest sample the Al-N bond
length extends to ~1.796 A and when the N atom is in con-
tact with the Y>* cation the Al-N bond length is stretched to
1.897 A (cf. Table 4). A variation between 1.753 and 1.779 A
is observed for the Si—O bond length and between 1.906 and
1.926 A for the AI-O bond length. The change of the bond
length with the doping rate should be smooth and exhibit an
incremental increase as observed in experiments. The irregu-
larities observed for bonds reported in Table 4 are caused by
the choice of a particular bond (Si-N, Al-N), whose length is
influenced by other substitutions in close vicinity of the bond.

Table 4

Variation of selected interatomic distances (A) with the degree of doping

Yu3St12—m—nAlpsnOnNi6—p m,n Si-N- - -Si Si-N---Y Al-N- - -Si Al-N-.Y Y-N (av) Y-N short Si-O Al-O
o-Si3Ny 0,0 1.747

Yo.25Si111.25Al0.75N16.0 0.75,0 1.754 1.765 1.785 1.883 2.568 2.269
Y0.25S111.0A11.00025N1575 0.75,0.25 1.754 1.765 1.805 1.889 2.572 2.271 1.753 1.920
Y0.255110.75A11.2500.5N55 0.75,0.5 1.755 1.766 1.813 1.887 2.569 2.274 1.758 1.906
Yo.5Si105A11.5N16.0 1.5,0 1.765 1.769 1.794 1.889 2.570 2.276
Yo0.5Si10.25A11.7500.25N15.75 1.5,0.25 1.765 1.773 1.794 1.891 2.566 2.280 1.779 1.917
Y0.5S110.0AL2,0005N155 1.5,0.5 1.769 1.778 1.790 1.887 2.568 2.282 1.776 1.897
Yo.5Si9.75A12.2500.75N15 25 1.5,0.75 1.770 1.780 1.782 1.889 2.562 2.279 1.746 1.926
Y0.55i9.5Al2501 0Ni50 1.5,1.0 1.768 1.780 1.796 1.897 2.567 2.284 1.763 1.925
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Fig. 7. Calculated total and partial DOS. (a) The total DOS of pure a-SizNg
(top), medium-doped Y25Si10.75Al1125005N155 (center) and high-doped
Y0.5Si95Al25010Nj50 (bottom). (b) The total DOS (top) and atom-projected
partial DOS of high—doped Y0‘5 Si945A12.501'0N15‘0.

The Si—O and AI-O bond lengths listed in Table 4 are aver-
aged. Because only small number of such bonds exist in the
model structures under study, the statistics is naturally mod-
est.

The calculated total and partial DOS are displayed in
Fig. 7. The total DOS is compared for pure o-SizNg,
medium-doped Yo_25Si10475A11.2500.5N15_5, and high—doped
Yo0.55i95Al, 501 0N150 (Fig. 7a). The total DOS of a-SizNy
consists of three bands composed of s-states, p-states and the
band of empty states above the Fermi level (conduction band).?”
With increasing doping two narrow core-like bands grow at
~—24 ¢V and ~—23 eV. The p band only slightly broadens from
~—10eV to ~—11 eV. Simultaneously with two core-like states
a new band appears at the bottom-side of the conduction band,
causing considerable narrowing of the band gap. In Fig. 7b the
total DOS and atom-projected partial DOS are displayed for Y-
and O-richest sample. The scale of low-concentration elements
Y, Al and O is zoomed-in for clarity. The partial DOS show that
core-like bands originate from Y 4p and O 2s states. The broad-
ening of the p band is due to the admixture of the O 2p states.
The new band in the band gap originates from Y 4d states. Dop-

Fig. 8. Schematic display of the bonding of the Y3* cation to framework atoms
of a-SiAION’s. Black dot, Y; gray dots, N, or O.

ing with yttrium thus leads to a considerable change of electrical
properties of the material.

The bonding of a Y3* cation to framework atoms is schemati-
cally displayed in Fig. 8. In the cylindrical cage of a-SiAION the
extraframework Y3* cation resides approximately on the central
axis and forms both lateral and axial connections to N/O atoms
of the framework. Six bonds are formed to atoms on the side
wall of the cage. At a low degree of doping with the composi-
tion Yo 255i11.25Alp.75N16,0 the six Y-N distances range from
~2.48 A to ~2.68 A, with an averaged value of 2.568 A. With
increasing rate of doping the average Y-N distance decreases
from 2.568 A (cf. Table 4) to 2.562 A in Y-rich samples. The
expansion of the cell volume (cf. Fig. 5) thus leads to a compres-
sion of the volume of the cage. The compression strengthens the
Y-N bonds, leading to a stabilization of the Y-doped a-SiAION
structure. The Y-N distance of two axial N atoms equals to the
c lattice vector of ~5.68 (cf. Table 2). This distance is too large
for the Y3* cation to reside in the center of the cage and to form
two equivalent axial Y-N bonds. The Y>* cation is therefore
off-centered and forms only one strong axial Y-N bond, consid-
erably shorter than the lateral Y-N bonds. Because the base of
the cage is slightly buckled the efficient Y-N bond is formed with
the N atom shifted towards the center of the cage (cf. Fig. 8).
With increased doping the axial Y-N distance increases from
2.269 to 2.284 A (Table 4). This is in contrast to the shortening
of the lateral Y-N distances. A compression of the volume of
the cage leads to a more efficient Y-N bonding forming a more
regular coordination sphere around the interstitial Y3* cation. A
more regular coordination sphere makes the Y3* cation move
from the off-centered position towards the center of the cage.
This shift to a more central position of the Y>* cation causes the
increase of the axial Y-N distance.

The calculated bulk moduli of the series of Y- and O-doped
a-SiAION’s are displayed in Fig. 9 and listed in Table 5. With
increasing degree of doping the bulk modulus continuously
decreases from 225 GPa for stoichiometric a-Si3Ny to 196 GPa
for the Y- and O-richest a-SiAION. The value of the bulk mod-
ulus of stoichiometric a-SizNy consistently fits the dependence.
This is another piece of evidence that the calculated value of the
bulk modulus of the stoichiometric a-Si3Ny is correct. The rea-
son for a large scatter of experimental values (cf. Fig. 4) could
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Fig. 9. Calculated bulk modulus of Y- and O-doped a-SiAION’s. Dashed lines
are guide to the eye.

Table 5

Calculated bulk moduli By of Y- and O-doped structures (GPa)

Ym/3 SilZ*}'nanlernOanan m,n BO
a-SizNyg 0,0 225
Yo.25Si11.25Al0.75N16.0 0.75,0 222
Y0.255i11.0A11.000.25N15.75 0.75,0.25 219
Y0.255i10.75Al11.2500.5N15.5 0.75,0.5 216
Yo.5Si10.5Al1.5N16.0 1.5,0 215
Yo0.5S11925A117500.25N1575 1.5,0.25 212
Yo0.55110.0Al2.0005N15.5 1.5,0.5 209
Yo.5Si9.75A12.2500.75N15.25 1.5,0.75 199
Y0.5Si9.5A12501.0N15.0 1.5, 1.0 196

be a different quality of samples and/or different conditions of
the measurement. Because of two different concentrations of Y
two dependences of the bulk modulus are observed. At higher
content of Y the bulk modulus decreases more steeply and at
constant concentration of Y an increased concentration of O
leads to a linear decrease of the bulk modulus.

5. Conclusions

A model for the simulation of the properties of Y- and O-
doped a-SiAION’s has been constructed. Using a 2 x 2 x 1
supercell of a-SizNy eight structures are chosen to cover the
entire range of stable compositions up to the limit of solubility
of both Y and O. The construction of the Y- and O-rich struc-
tures shows that the distribution of the Al atoms in the framework
obeys a rule analogous to Loewenstein’s rule of avoiding AlXy
tetrahedra (X =N, O).

Full relaxation of all atomic positions at different cell vol-
umes, performed using ab initio density functional theory, and a
Birch—-Murnagham fit of the equation of state, provide the equi-
librium cell volume, the lattice parameters, and bulk moduli of a
series of a-SiAION’s with a degree of doping up to the solubility
limits. The calculated lattice parameters are slightly larger than
the experimental values, in accordance with typical GGA results.
With the degree of doping an expansion of the cell volume is

observed. Increasing O content leads to a linear increase of the
cell volume and the lattice parameters. Much larger changes of
lattice parameters, compared with the Si-N/AI-O substitution,
are observed for the insertion of an extraframework Y3* cation.
The variation of bond lengths with the doping rate shows that the
Y3+ cation itself leads to a local contraction of the structure and
the increase of the cell volume and the lattice parameters is due
to three Al/Si substitutions compensating the extraframework
Y3+ cation.

The calculated bulk modulus of pure a-SizNs of 225 GPa
represents a lower limit to the experimental data. With increasing
degree of doping the bulk modulus decreases. For a constant
concentration of Y a linear decrease of the bulk modulus with
increasing O-content is observed. For a higher concentration of
Y the dependence of the bulk modulus on the O-content becomes
steeper. For the model structure close to Y- and O-richest -
SiAION the bulk modulus exhibits the lowest value of 196 GPa.
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