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Abstract

SiAlON ceramics, solid solutions based on the Si3N4 structure, are important,

lightweight structural materials with intrinsically high strength, high hardness,

and high thermal and chemical stability. Described by the chemical formula β-

Si6−zAlzOzN8−z, from a compositional viewpoint, these materials can be regarded as

solid solutions between Si3N4 and Al3O3N. A key aspect of the structural evolution with

increasing Al and O (z in the formula) is to understand how these elements are dis-

tributed on the β-Si3N4 framework. The average and local structure evolution of highly

phase-pure samples of β-Si6−zAlzOzN8−z with z = 0.050, 0.075, and 0.125 are studied

here, using a combination of X-ray diffraction, nuclear magnetic resonance studies, and

density functional theory calculations. Synchrotron X-ray diffraction establish sample

purity and indicate subtle changes in average structure with increasing Al content in

these compounds. 27Al solid-state magic angle spinning nuclear magnetic resonance

(NMR) experiments, coupled with detailed ab initio calculations of NMR spectra of Al

in different AlOqN4−q tetrahedra (0 ≤ q ≤ 4), reveal a tendency of Al and O to cluster

in these materials. Independently, the calculations suggest an energetic preference for

Al–O bond formation, instead of a random distribution, in the β-SiAlON system.
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Introduction

SiAlON ceramics can be regarded as solid solutions between the compositions Si3N4 and

Al3O3N. These ceramics are useful for their excellent mechanical properties, such as high

hardness, high strength, wear resistance, and resistance to thermal shock.1 In these sys-

tems, Al is substituted for Si, and concomitantly, O for N. In SiAlONs, anion ordering

is driven by differences in bonding, size, and charge, and the resultant clustering can

have large effects on the behavior of optical SiAlONs.2 To understand anion ordering in

SiAlONs, local structure techniques must be utilized. X-ray diffraction is not sufficient,

as the scattering factors of both Si and Al, and O and N are too similar, preventing pre-

cise occupancy information from being obtained. Extended X-ray absorption fine structure

(EXAFS) suffers the same issues of contrast and is difficult to implement when substituent

concentrations are low. The neutron pair distribution function technique could cast light

on the problem, but once again, this technique would be limited in utility and scope at the

low concentrations of Al and O considered here. Solid-state magic angle spinning nuclear

magnetic resonance (MAS NMR) of 27Al offers a potential solution, providing insight into

the local coordination environment of the aluminum nucleus.

Early structural investigation of Si6−zAlzOzN8−z using MAS NMR observed that 27Al is

a sensitive nucleus to coordination and geometry, whereas 29Si is not, with spectra show-

ing Si tetrahedrally coordinated in SiAlON that does not change with increased Al and O

substitution.3,4 Investigations of SiAlONs using 27Al MAS NMR revealed that rather than

a random distribution of Si and Al on metal sites and O and N on non-metal sites or a

preference for Al-N and Si-O bonds, there is a preference for Al–O and Si–N bonds.4–6 This

preference has also been verified using Monte Carlo simulations and neutron diffraction

on other SiAlON systems.7 Most early NMR studies suggested the existence of mixed tetra-

hedra,8 which was supported by EXAFS showing a decrease of the average bond length for

the first coordination sphere of Si with increasing Al and O.4

Broadening is observed in 27Al MAS NMR spectra, and is associated with distorted tetra-
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hedra from a range of AlOqN4−q (0 ≤ q ≤ 4). It was proposed that the distribution changes

with decreasing Al as more of the mixed AlO3N and AlO2N2 are present, which are broader,

and the AlN4 peak intensity decreases with increasing Al due to AlO3N and AlO2N2 forma-

tion.6 As the composition of SiAlON approaches AlN, the proportion of AlN4 tetrahedra

increases relative to AlON3 tetrahedra.8,9 Conversely, in the formula Si3−zAlzOzN4−z for z

≈ 0.5 to 1, it was observed that substitutional O is strictly coupled to Al(O,N)4 tetrahedra

with a range of tetrahedral coordinations.5 These early NMR works observed changes in

lineshape as a function of Al–O content, but could not resolve them into distinct coordi-

nation environments due to the moderate fields used. More recently, work using X-ray

absorption near edge spectroscopy (XANES) and computation showed evidence for Al–O

bonds in SiAlON, with pairing of Al and O having an energy benefit of a few tenths of an

eV per Al–O pair.10

Here, samples of β-Si6−zAlzOzN8−z with systematically varying Al content (z= 0.050,

z= 0.075, and z= 0.125) are studied. Synchrotron X-ray diffraction was utilized to in-

vestigate average structure changes in this system as a function of systematic variation in

Al content. Synchrotron X-ray diffraction and prior neutron scattering work on the same

samples (to establish composition) confirm phase purity, as well as demonstrate that the

actual composition is the nominal composition.11 Ab initio periodic density-functional the-

ory (DFT) based calculations of NMR parameters and structural energetics, along with

high-field 27Al MAS NMR measurements were employed to elucidate local structure de-

tails of the Al site in the SiAlON structure. Improvements in NMR hardware, coupled with

quantum calculations, have enabled the identification and quantification of the aluminum

coordination environments. Simulations of quadrupolar NMR lineshapes highlight the in-

herent inability of previous moderate field studies to resolve any but the highly symmetric

AlO4/AlN4 sites. Clustering of Al and O in the SiAlON structure is observed experimen-

tally and is supported independently by DFT enthalpies and comparison of calculated Al

environments to experimental spectra collected in the current work. The current work is
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therefore the first high field NMR study of completely phase pure β-Si6−zAlzOzN8−z, and is

also the first time DFT calculations have been employed to to assign spectra and determine

energetics in these systems.

Besides helping to understand the distribution of Al and O in β-SiAlON phases, the

present work points to the general utility of employing high-resolution, high-field NMR

techniques, in appropriate combination with DFT calculations to unravel the intricate de-

tails of local compositional variation in functional materials. Studies such as these could

profit a variety of functional material classes where small amounts of dopants are known

to have important effects. These include zeolites,12 phosphors,11,13 diluted magnetic semi-

conductors,14 and thermoelectric materials.15

Methods

To obtain accurate control over the concentration of Al3+ and O2−, a high-pressure and

high-temperature synthesis route was used. Powders of α-Si3N4 and Al2O3 were ground

with nominal stoichiometry Si6−zAlzOzN8−z in an alumina pestle. The powders were

heated in a boron nitride crucible at 1950 ◦C for 12 h under N2 (>99.9995%) at a pressure

of 0.92 MPa and annealed in argon for 8 h before being ground into a fine powder and

washed using a mixture of HNO3 and HF.

Synchrotron X-ray powder diffraction was performed at room temperature at the 11 -

BM beamline at the Advanced Photon Source, Argonne National Laboratory. The calibrated

wavelength was λ = 0.459001 Å for z= 0.075 and λ = 0.413194 Å for z = 0.050 and

z= 0.125. Rietveld refinements were performed using the General Structure Analysis Sys-

tem (GSAS) with EXPGUI.16,17 Peak shapes were handled using the pseudo-Voigt profile

function, which combines Gaussian and Lorentzian components. The background was han-

dled using a Chebyshev polynomial. The occupancies were left as nominal due to the lack

of contrast of scattering between Al and Si and between O and N. The refined structures
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were visualized using the open-source crystallographic software VESTA.18

Solid-state 27Al NMR was conducted at room temperature using a Bruker AVANCE III

Ultrashield Plus 800 MHz (18.8 T) narrow bore (54 mm) spectrometer with a 3.2 mm Tri-

Gamma HXY triple resonance MAS probe with a transmitter frequency of 208.52 MHz

for the 100% naturally abundant 27Al nuclei. Samples were packed into a 3.2 mm zir-

conia rotor (Bruker) and spun at 20 kHz for 24 h of data collection due to low Al con-

tent. The radio frequency (RF) pulse length (3.6µs) and power (117.5 W) were chosen

to achieve a 15 degree pulse (π/12) rotation of the net 27Al magnetization for quantita-

tive measurements. Shifts were referenced to 1 M Al(NO3)3(aq.) at 0 ppm. The resonance

frequency for nuclei with non-zero nuclear quadrupolar coupling constants (NQCC, CQ)

is influenced by electronic shielding as well as a quadrupolar term, thus it is correct to

refer to shifts, rather than chemical shifts, for quadrupolar nuclei such as 27Al. Data treat-

ment was performed using the SOLA interface in Topspin 3.2. Simulations were performed

on the central (+1/2↔ – 1/2) and satellite transitions (±1/2 ↔ 3/2 and ±3/2 ↔ 5/2)

with second-order perturbation theory treatment of the quadrupolar interaction. Ab initio

DFT calculations of enthalpy and NMR parameters were performed in the CASTEP plane-

wave code.19–22 The Perdew–Burke–Ernzerhof (PBE)23 exchange-correlation functional,

a generalized gradient approximation (GGA) functional, was employed. Core electrons

were approximated with Vanderbilt “ultrasoft” pseudopotentials generated “on-the-fly” in

CASTEP 8.0. The SiAlON system required a basis set of plane waves with energies up to

600 eV and a Monkhorst–Pack24 grid corresponding to a Brillouin zone sampling finer than

2π× 0.05 Å−1. Convergence with respect to the basis set energy and Brillouin zone sam-

pling was confirmed. Under these conditions, enthalpy, σiso, and CQ were converged to

within 0.1 eV, 0.1 ppm, and 0.1 MHz, respectively. The reference equation used to convert

shielding to shift was determined via linear regression from a series of Al-compounds and

is detailed in the Supporting Information. Numerical simulations of the quadrupolar NMR

lineshapes were performed from the ab initio 27Al NMR tensors in the SIMPSON25 program
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at 18.8 T and 20 kHz MAS to compare with the spectra collected in this study. The effect

of unit cell size in the calculations was evaluated by comparing calculations with the lat-

tice parameters fixed at the values determined from synchrotron diffraction for z= 0.050,

z= 0.075, and z= 0.125 as well as when the cell was allowed to relax from the initial

values for z= 0.075.

Results and discussion

Figure 1: Synchrotron X-ray diffraction data (blue circles), refinement (fit, orange), differ-
ence between data and fit (gray line), and refined structure as inset, for β-Si6−zAlzOzN8−z

with z= 0.075.

β-Si6−zAlzOzN8−z consists of densely packed, corner sharing (Si,Al)(O,N)4 tetrahedra

with ABAB stacking5 and crystallizes in the hexagonal space group P63 (no. 173) with

a channel along the c-axis.11,26,27 Rietveld refinements of synchrotron X-ray data indicate

phase purity in the β-SiAlON samples. Figure 1 shows the room temperature fit and re-

fined structure for z= 0.075, with detailed structural refinements of atomic positions and
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Table 1: Structural data obtained from Rietveld refinements of X-ray synchrotron diffrac-
tion data for β-Si6−zAlzOzN8−z with z= 0.075. Numbers in parentheses show standard
deviation on the last number. O1 and N1 are located on the 6c Wyckoff site and O2 and
N2 are located on the 2b Wyckoff site in the unit cell.

Al content (z) 0.050 0.075 0.125
Cell a (Å) 7.60584(1) 7.60692(2) 7.60853(2)
Cell c (Å) 2.908444(7) 2.909039(7) 2.910116(7)
Cell V (Å3) 145.7090(4) 145.7800(5) 145.8960(5)
Si/Al x 0.7685(5) 0.7685(4) 0.7685(2)
Si/Al y 0.1747(5) 0.1747(4) 0.1744(2)
Si/Al z 0.291(5) 0.250(3) 0.290(5)
O1/N1 x 0.0298(4) 0.0296(3) 0.0296(4)
O1/N1 y 0.3292(4) 0.3298(3) 0.3296(5)
O1/N1 z 0.303(4) 0.2670(3) 0.6975(4)
O2/N2 z 0.281(7) 0.238(6) 0.28(5)
Si/Al Uiso (Å2) 0.0030(2) 0.0022(5) 0.0035(2)
O1/N1 Uiso (Å2) 0.0031(4) 0.0023(4) 0.0039(6)
O2/N2 Uiso (Å2) 0.0026(9) 0.0006(8) 0.0022(5)

refined atomic displacement parameters (Uiso) for all samples shown in Table 1.

Small atomic displacement parameters are linked to high structural rigidity.11,28 In the

present work, the thermal displacement parameters are small, and therefore the rigidity

does not change much with small substitution levels. It can be seen that the Uiso values for

z= 0.075 are lowest, but X-ray scattering factors of O and N are too similar, there are not

significant differences in any of the Uiso values that dictate a clear trend, and differences

are in some cases within standard deviation of the refinement. In general, all samples have

small atomic displacement parameters, which indicate that the rigidity of the structure is

not reduced at small Al substitution levels. Also observed with increasing Al content is the

increase in unit cell parameters both in the a and c direction, which leads to an overall

increase in the unit cell volume.5 An ionic radii argument can explain this expansion, as

Al3+ has a larger radius than Si4+ (0.39 Å and 0.26 Å for coordination number CN = 4,

respectively).29 This also involves incorporating O2− to charge balance, which is smaller

than N, and therefore would compete with the expansion.

Lattice parameters shown in Table 1 highlight the increase in unit cell volume with
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Figure 2: (a) Unit cell edges and (b) volume as a function of z determined through syn-
chrotron X-ray diffraction show an increase in all parameters with z. Error bars are con-
tained within the data points.

increasing Al content (visualized in Figure 2a). While an increase in the unit cell volume

does not guarantee an increase in these bond distances, the average bond length around

this site increases from 2.6698 Å in z= 0.050 to 2.6877 Å in z= 0.125.

Si3N4 crystallizes in a unit cell with six silicon atoms and eight nitrogen atoms (Z = 2).

For ab initio calculations, in order to study representative Al and O substitution lev-

els, 2×2×2 (48 Si/64 N, example defect structures shown in Figure 3) and 2×2×4

(96 Si/128 N) supercells were created with Al–O pairs swapped into the new cells, rep-

resenting z = 0.0625 for one Al–O pair in the former supercell, to z = 1 for eight Al–O

pairs in the later supercell in Si6−zAlzOzN8−z. For calculations of the defect energetics,

unit cell parameters were fixed to the experimental values found in this study for the in-

termediate Al content (z= 0.075) and atomic coordinates relaxed to local minima with

DFT forces. Bond lengths obtained from diffraction and DFT show that for Si3N4, the Si–N

bond lengths range from 1.70 Å to 1.77 Å. In low-Al SiAlONs, the Si–N bond lengths show

very slight contraction, with bond lengths ranging from 1.68 Å to 1.76 Å. Si–O (1.74 Å to

1.77 Å), Al–N (1.77 Å to 1.83 Å), and Al–O (1.82 Å to 1.88 Å) bond ranges obtained from

DFT confirm that Al forms longer bonds than Si, and O forms longer bonds than N; all
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Figure 3: Defect structures for 2×2×2 supercells with composition Si48−xAlxN64−xOx,
where x=1 for (a)–(c) and x=2 for (d)–(i), are shown. Si–N tetrahedra are red, Al tetra-
hedra are blue, and oxygen atoms are orange and exaggerated in size for visibility. The
defects follow the order of Table 3 and correspond to (a) AlN4, (b) AlON3 on the N2 site,
(c) AlON3 on the N1 site, (d) AlO2N2 (N1, N2) and AlO2N2 (N1, N2), (e) AlO2N2 (N1, N2)
and AlN4, (f) AlON3 (N1) and AlON3 (N1), (g) AlN4 and AlN4, (h) AlON3 (N1) and AlON3

(N1), and (i) AlON3 (N2) and AlON3 (N1). The anions O1 and N1 are located on the 6c
Wyckoff site and O2 and N2 are located on the 2b Wyckoff site in the supercell.
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Figure 4: Calculated ranges for 27Al CQ (MHz) and δ (ppm) for various tetrahedral envi-
ronments.

of which supports the observation of unit cell expansion with increasing z obtained from

Rietveld refinements of the diffraction data.

Table 2: NMR parameters for fits from Figure 5 as informed by DFT calculations. Numbers
in parentheses show uncertainties.

Site AlN4 AlON3 AlON3 AlO2N2/AlO3N
δ27Al shift (ppm) 108(1) 113(5) 116(5) 96(5)
CQ (MHz) 3.4(0.5) 11.0(0.5) 12.8(0.5) 13.2(0.5)
ηQ 0.50(0.10) 0.80(0.10) 0.90(0.10) 0.40(0.10)

NMR calculations for magnetic shielding, shielding anisotropy, and the electric field

gradient (EFG) tensor were performed. 27Al CQ ranges (MHz) versus δ (27Al) (ppm)

ranges computed in this study are shown in Figure 4. The fits of the experimental NMR

data are shown in Figure 5 with parameters shown in Table 2. Lineshapes were fit to the

data as informed by the range of values for each parameter from the calculations. Only

the central line of the experimental spectra was fit. The relatively low intensity of the

spinning sidebands as well as baseline distortions, both common issues for small quanti-
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Figure 5: 27Al NMR spectra at 18.8 T and 20 kHz MAS for (a) z= 0.050, (b) z= 0.075,
and (c) z= 0.125 demonstrate the increase in the contribution from AlON3 as a function
of increasing Al. The experimental data (gray circles) are overlaid by the summed fit
(red dashed line), which is comprised of an AlN4 defect (blue line), two different AlON3

environments (maroon and light green line), and AlO2N2/AlO3N (orange line). Fit contri-
butions are separated from data for clarity in (a).
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ties of quadrupolar nuclei, would complicate inclusion of the spinning sideband manifold.

Pseudo-Voigt broadening was applied. As the calculations indicate, the NMR parame-

ters are dominated by nearest neighbors but are still significantly affected by next-nearest

neighbors and beyond. While to the first coordination shell (one bond, 2.25 Å) there are

only five possible local environments for Al (i.e., AlOqN4−q where 0 ≤ q ≤ 4), the number

of distinct environments increases rapidly with cluster size. For simplicity, the smallest

number of possible sites was used to achieve a satisfactory fit, but it is likely that there are

many similar Al sites. CQ values of 0 were not observed computationally or experimentally

for AlO4 or AlN4 sites, which is due to the fact that the tetrahedra are distorted, even in the

Si3N4 structure with no site disorder (via DFT, the EFG tensor is non-zero at the Si nucleus

in Si3N4, but Si is an I=1/2 nucleus, meaning that cannot be observed experimentally).

While the other environments could be axially symmetric with an η value close to 1, this is

also not observed. The symmetry is further broken by the presence of long-range defects

away from the AlO4 or AlN4 sites. In addition, simulations of quadrupolar NMR lineshapes

for different fields and spinning rates (Supporting Information) highlight the requirement

for ultrahigh field and high spinning speeds to resolve Al sites in SiAlONs. These data

should prove useful for planning and executing future NMR studies of this large family of

materials.

Further evidence for the experimentally observed preference for AlON3 formation and

its subsequent effects on the population of other tetrahedral environments is observed

by comparing the experiment to a statistical model, and is shown in Figure 6. From the

DFT-informed fits of the experimental NMR data, the ratio of AlN4:AlON3:AlO2N2/AlO3N

is 16:54:30 for z= 0.050, 8:64:28 for z= 0.075, and 7:69:24 for z= 0.125, with an ap-

proximate error estimate of 5% due to site overlap. The relative intensities were fit by

least squares refinement with the DFT-calculated values used as initial values. A stochas-

tic model (i.e., random, statistical distribution) predicts 97.5%, 96.3%, and 93.9% AlN4

for samples z= 0.050, z= 0.075, and z= 0.125, respectively, providing further evidence
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Figure 6: Populations obtained from fitting the experimental NMR data (closed shapes)
show a definite preference for AlON3 formation and a decrease in AlN4 and AlO2N2/AlO3N
populations. This is in stark contrast to the stochastic model (open shapes), which predicts
high population of AlN4 environments, low population of AlON3 tetrahedra, and virtually
no AlO2N2/AlO3N.
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for preferential Al–O bond formation instead of a random distribution of Al and O within

the Si3N4 structure. For AlON3, the stochastic model predicts 2.5%, 3.6%, and 6.0% for

z= 0.050, z= 0.075, and z= 0.125, respectively, and virtually zero (0.0%, 0.1%, and

0.1%) for AlO2N2. Thus, there is a definite preference for AlON3 formation experimentally.

Table 3: Table of energy values for defects show energetic preference for AlON3 bonding
in two doping levels closest to that investigated experimentally. A defect is defined as the
introduction of one Al–O pair.

Composition Defect geometry (O on N1 or N2) eV/defect
1Al-1O AlN4 0.00
1Al-1O AlON3 (N1) −1.2
1Al-1O AlON3 (N2) −1.4
2Al-2O AlN4 0.00

AlN4

2Al-2O AlO2N2 (N1, N2) −1.1
AlN4

2Al-2O AlON3 (N1) −1.2
AlON3 (N1)

2Al-2O AlON3 (N2) −1.4
AlON3 (N1)

2Al-2O AlO2N2 (N1, N2) −1.6
AlON3 (N2)

DFT calculations of the energies for various tetrahedral environments (Figure 3) per-

formed on a 2×2×2 supercell with relaxed atomic coordinates and z= 0.075 lattice pa-

rameters are provided in Table 3 referenced to the least favorable configuration. Variation

of the lattice parameters in the range determined from synchrotron diffraction yielded de-

fect enthalpies within ±0.04 eV of the intermediate lattice parameters used for enthalpy

calculations. Thus, the increase in unit cell size that accompanies increased defect con-

centration does not significantly affect these calculations. In all defect configurations, the

energy decreased as the number of Al–O bonds increased. For each composition, the base-

line energy was calculated as the relaxed energy with Al only in AlN4 tetrahedra and the

corresponding number of O as OSi3 (Figure 3a). For a single defect pair (1Al–1O) in the

2×2×2 supercell (corresponding to z= 0.125), the localization of Al–O forms a bond
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greater than 1 eV more stable than when the defect atoms are separated. In addition, it

was discovered that oxygen atoms prefer to sit on the N2 site (0.2 eV–0.3 eV preference in

all mixed anion tetrahedral configurations) isolated from the large hexagonal tunnel along

the c-axis. Unfortunately, the two AlON3 sites cannot be differentiated based on their NMR

parameters, meaning the NMR data cannot be directly related to the energetics of the

distinct AlON3 environments. For 2 Al and 2 O, corresponding to z= 0.25, two adjacent

AlO2N2 and AlON3 tetrahedra with corner sharing Al atoms and oxygen corner sharing

between three tetrahedra are most energetically favorable. Defects for more than 2 Al and

2 O correspond to Al contents much higher than that studied experimentally in the present

work (shown in Supporting Information), where the most energetically favorable tetrahe-

dral configurations are marked by the presence of clustered defects and an increase in the

number of corner connected oxygen atoms that are joined to two Al atoms.

Simple electrostatic bond valence arguments can be made to justify the stability of Al–O

pairs the β-Si3N4 framework. An isolated O defect on an N site would receive three charges

from neighboring Si atoms, leading it to possess a net negative charge. An isolated Al

defect on an Si site would have four N neighbors, each seeking a positive charge, requiring

the Al to possess a net positive charge. These charge defects would annihilate and stabilize

when they are nearest neighbors.

Conclusions

We have shown that Al and O have a surprising affinity for one-another in the β-SiAlON

structure, despite the high dilution of both Al and O in the framework. High-field 27Al solid-

state NMR spectral features have been assigned to different AlOqN4−q (0 ≤ q ≤ 4) species,

employing DFT calculations to help in the assignment. These results suggest unambigu-

ously that AlON3 with q = 1 and AlO2N2 with q = 2 are found in far greater excess than

would be suggested by a stochastic distribution of Al and O on the β-Si3N4 framework.
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DFT calculations of defect energetics on large supercells also suggest extra stabilization

associated with Al–O clustering in the unit cell, which can be anticipated by electrostatic

bond valence arguments. This work also shows the exquisite details of local compositional

fluctuations in crystal structure that can be unravelled by the judicious combination of

high-field, high-resolution NMR experiments coupled with DFT calculations.
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High-field 27Al solid-state nuclear magnetic resonance (NMR) studies, coupled with density

functional theory calculations of NMR parameters and energetics, suggest that even in

samples of the β-SiAlON β-Si6−zAlzOzN8−z with small values of z, that Al and O tend to

cluster, with a high propensity for AlON3 tetrahedral motifs to be distributed on the SiAlON

framework.
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Figure S1: Plot of calculated 27Al shielding versus chemical shift for reference 
compounds Al2O3 (corundum), Ca12Al14O33, Na5Al3F14, and Al2SiO5 (andalusite). 
Linear regression yielded the expression δexp(27Al) = –1.20σcalc(27Al) + 661 with an R2 
value of 0.9932, indicating a small degree of scatter in the points. NMR shifts are 
conventionally referenced to an arbitrary compound. In the case of 27Al, 1 M 
Al(NO3)3 (aq.) is defined as 0.0 ppm.  Quantum calculations provide a value for 
chemical shielding, which can be converted to shift through the use of (a) 
reference compound(s). Note that any error in the conversion from shielding to 
shift will affect all compounds in the study uniformly such that relative shift 
relationships are more reliable than absolute shifts. 
 
 

 
Figure S2: Raw 27Al NMR data for z=0.125 (green), z=0.075 (red), and z=0.050 (blue) 
in β-Si6−zAlzOzN8−z. 
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The mathematical explanation behind the stochastic model is described below. The 
number of configurations (n.o.c.) of a given coordination type α e.g., AlON3 is as follows 
(Eqn. 1): 

𝑛. 𝑜. 𝑐.% = 	
𝑎 + 𝑏 !
𝑎! 𝑏!  (1) 

 
where a is the number of species A in the coordination shell e.g., 1 O, and b is the number 
of species B in the coordination shell e.g., 3 N. Using n.o.c.α, the probability of that given 
coordination type (pα) can be calculated as follows (Eqn. 2): 
 

𝑝% = 𝑛. 𝑜. 𝑐.% 𝐴 . ´ 𝐵 0  
 

(2) 

where [A] is the concentration of species A e.g., 0.05/8 = 0.00625 and [B] is the 
concentration of species B e.g., 7.95/8 = 0.99375. The total probability of all sites (Eqn. 3) 
and the sum of all concentrations (Eqn. 4) must each equal unity. 
 

𝑝121.3 = 	𝑝% +	𝑝4 + 𝑝… = 1 
 

(3) 

𝐴 + 𝐵 + [… ] = 1 (4) 
 
The results of the stochastic model for the current work, a tetrahedral ion with two 
coordination species, are detailed below in Table S1, with p0.050, p0.075, and p0.125 

corresponding to the experimentally observed doping concentrations, z = 0.050, z = 0.075, 
and z = 0.125, respectively. 
 
Table S1. Stochastic coordination model for a tetrahedral ion with two 
coordinating species. The statistical probability for each AlOyN4–y site is calculated 
for various dopant concentrations in Si6–zAlzOzN8–z. At the defect concentrations in 
this study, z = 0.05, z = 0.075, and z = 0.125, a random distribution of atoms would 
yield AlN4 tetrahedra with a minor presence of AlON3. 
 
Config. O N n.o.c. p0.050 

(%) 
p0.075 

(%) 
p0.125 

(%) 
p0.50 

(%) 
p1.00 

(%) 
p2.00 

(%) 
p4.00 

(%) 
AlN4  0 4 1 97.5 96.3 93.9 77.2 58.6 31.6 6.3 
AlON3  1 3 4 2.5 3.6 6.0 20.6 33.5 42.2 25.0 
AlO2N2  2 2 6 0.0 0.1 0.1 2.1 7.2 21.1 37.5 
AlO3N  3 1 4 0.0 0.0 0.0 0.1 0.7 4.7 25.0 
AlO4 4 0 1 0.0 0.0 0.0 0.0 0.0 0.4 6.3 
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Table S2: Defect energies corresponding to Al contents greater than those 
investigated experimentally. Energy preference is normalized by the least 
favorable configuration, i.e. isolated AlN4 and OSi3. In addition to statistical 
probabilities, energetics for specific dopant amounts were also explored. Table S2 
provides energy values for defects greater than that measured experimentally, 
which continue to show energetic preference for defect Al–O clustering. 
 

Composition 
Site 

(O on N1 or N2) Energy/enthalpy (eV) 
Energy preference 
(eV/formula unit) 

3Al-3O AlN4   -26313.26 0 
  AlN4       
  AlN4      
3Al-3O AlON3   (N1) -26315.87 -2.61 
(adjacent AlON3   (N2) 

   tetrahedra) AlON3   (N1) 
 

  
3Al-3O  AlON3   (N1) -26316.06 -2.80 
 (isolated AlON3  (N2)     
 tetrahedra) AlON3  (N1)     
3Al-3O AlO3N  (N1, N1, N2) -26315.98 -2.72 

 
AlN4  

 
  

  AlON3  (N2) 
 

  
3Al-3O AlO3N  (N1, N1, N2) -26315.08 -1.82 
(adjacent AlN4      
 tetrahedra) AlN4      
3Al-3O AlO3N  (N1, N1, N1) -26314.76 -1.50 
 (isolated AlN4  

 
  

 tetrahedra) AlN4      
4Al-4O AlN4  -26415.56 0 
  AlN4      
  AlN4      
  AlN4      
4Al-4O AlO2N2   (N1, N1) -26420.38 -4.81 
  AlON3  (N2) 

 
  

  AlO2N2   (N1, N1) 
 

  
  AlON3  (N1) 

 
  

4Al-4O AlON3  (N2) -26418.88 -3.31 
  AlN4      
  AlO2N2  (N1, N1)     
  AlON3  (N1)     
4Al-4O AlN4  -26419.11 -3.55 
  AlO4 (N1, N1, N1, N2) 

 
  

  AlON3  (N1) 
 

  
  AlN4  
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4Al-4O AlON3  (N1) -26419.9 -4.34 
  AlN4      
  AlO3N  (N1, N1, N2)     
  AlON3  (N1)     
4Al-4O AlON3  (N1) -26420.23 -4.66 
  AlN4  

 
  

  AlO3N  (N1, N1, N1) 
 

  
  AlO2N2  (N1, N1)     
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Figure S3: Calculated 27Al MAS NMR spectra for the possible coordination 
environments of aluminum in SiAlON at different magnetic fields and MAS rates 
showing that the strongly quadrupolar 27Al environments of mixed anion Al(O,N)4 
tetrahedra can only be resolved—or even observed—in ultrahigh magnetic fields.  
N1 and N2 designates where the oxygen atom(s) is(are) located between the 
crystallographically distinct anion sites.  Each cation coordinates to three N1 sites 
and one N2 site; thus, the undesignated sites in AlO3N and AlO4 can be inferred. 
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