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The Y-Si-O-N quaternary crystals are an important part of structural ceramics. Their crystal structures are
complex and not precisely determined. Little is known about their electronic structure and bonding which are
indispensable for a fundamental understanding of structural ceramics. Within the equilibrium phase diagram of
the SiO2-Y2O3-Si3N4 system, there are only four known crystalline phases: Y2Si3N4O3 (M-melilite),
Y4Si2O7N2 (J phase or N-YAM), YSiO2N (wallastonite), and Y10fSiO4g6N2 (N-apatite). With the possible
exception of YSiO2N, these crystals have O/N disorder in that the exact positions of the anions cannot be
uniquely determined. Using accurateab initio total energy relaxation, the atomic positions of the lowest energy
configurations in these crystals are determined. Based on the theoretically modeled structures, the electronic
structure and bonding are investigated using theab initio orthogonalized linear combination of atomic orbitals
method, and are related to a variety of local cation-anion bonding configurations. These results are presented
in the form of atom-resolved partial density of states, Mulliken effective charges and bond order values.
Although the strong Si-N and Si-O bonding dominates in these crystals, it is also shown that Y-O and Y-N
bonding are not negligible and should be a part of discussion of the overall bonding scheme in these crystals.
It is concluded that Y2Si3N4O3 has the strongest crystal bonding among the four crystals. In addition, the
optical properties of these crystals are calculated using theab initio wave functions. All four crystals are
insulators with optical band gaps of 3.40, 3.19, 4.40, and 3.70 eV, respectively. These results are further
discussed in the context of specific bonding configurations of the cations(Si and Y) with the anions(O and N)
and their implications on the metal-containing intergranular glassy films in polycrystalline Si3N4.
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I. INTRODUCTION

Nitrogen ceramics always play an important role in struc-
tural ceramics with applications in cutting tools, engine com-
ponents, and microelectronics.1 The outstanding properties
of Si3N4 in thermal stability, resistance to corrosion and ther-
mal shocks, chemical durability and higher dielectric con-
stant are well known. To extend their range of application,
quaternary systems such as Si-Al-ON have been actively
investigated2–4 since its discovery in the early 1970s.5,6 In
the Si-Al-ON system, a(Si,N) pair is replaced by a(Al,O)
pair to preserve charge neutrality and electronic structure cal-
culation shows very little modification in charge
redistribution.7 On the other hand, the quaternary system of
Y-Si-O-N is much less studied. Although both Y and Al are
considered to have formal valence of 3+, Y is a much larger
ion and its bonding to O and N anions is far more compli-
cated. They are only four confirmed crystalline phases of
Y-Si-O-N compounds8–10 at the interior of the SiO2-Y2O3-
Si3N4 phase equilibrium diagram shown in Fig. 1. They are
Y2Si3N4O3 (M-melilite), Y4Si2O7N2 (J phase or N-YAM),
YSiO2N (wallastonite), and Y10fSiO4g6N2 (N-apatite) (see
Fig. 2). They occur mostly as secondary phases in the hot-
pressed sintering of polycrystalline Si3N4 and SiAlON using
Y2O3 as the sintering aid for densification.1,10 Little is known
about the structures and properties of these complex crystals.
For the structures, only the space group and the approximate
lattice constants were reported by several groups and they
usually differ considerably.8,10–14Most of the past studies on
these quaternary crystals concentrate on the processing con-
ditions or their role as undesirable precipitated phases.15,16

The lack of single crystals and pure single-phase samples
contributed to the structural uncertainty of these compounds.
Furthermore, it is quite well known that O/N disorder exists
in these crystals and x-ray diffraction experiment can hardly
distinguish between O and N. Without the knowledge of the
exact atomic positions, no reliable electronic structure calcu-
lations can be performed. As a result, detailed information on
the electronic structure and bonding in these crystals is not
available. In contrast, the electronic structures of the Si-Al-
O-N system have been reported by several groups
recently.7,17–19

FIG. 1. The SiO2-Y2O3-Si3N4 phase diagram.
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Most research in N-ceramics concentrates on processing
condition and phase identification, with little attention to the
fundamental aspects of these materials and their physical
properties. In this paper, we present the results of a compre-
hensive investigation of the electronic structure and bonding
of the four quaternary Y-Si-O-N crystals. A plethora of
cation-anion bonding configurations in these crystals provide
the important insight on the structural aspects of the materi-
als with implications to Y-Si-O-N glasses.20 Detailed elec-
tronic structure calculation can also shed much light on pos-
sible local Si-O and Si-N bonding which has been subjected
to several experimental investigations using29+Si nuclear
magnetic resonance(NMR) with magic angle spinning
technique.21–25 The information obtained from these experi-
ments so far is only qualitative at most. Their interpretation
can be greatly facilitated by detailed theoretical calculations
where the specific arrangements of Si-O and Si-N bonding
are known. Y-Si-O-N crystals have also been suggested as
possible photoluminescence materials that can accommodate
rare earth ions such as Ce3+ for possible electro-optical
applications.26 The stoke shifts observed in different host
crystals with different N content is related to the increased
rigidity of the lattice. It has also been speculated that
N-apatite or Y10fSiO4g6N2 could be an ideal host material for
the encapsulation of nuclear waste.27

The main motivation for us to study the electronic struc-
ture and bonding in Y-Si-O-N quaternary crystals is to un-
derstand the structure and properties of intergranular glassy
films (IGFs) in polycrystalline Si3N4. The existence of thin
IGFs with a constant thickness of about a nanometer thick in
Si3N4 and other ceramic polycrystals sintered at high tem-
perature has been known for quite some time and is a very
active area of ceramic research.28–36 These IGFs control the
overall mechanical properties and creep behavior at high
temperature,37–39 and hence the functionality of the devices
made of them. The thickness and the microstructures of IGF
and the connected glassy phase at the triple junction can be

greatly affected by the presence of different metal solvents,
usually rare earth ions originated from the sintering aids in
the sintering process. Steric model for equilibrium thickness
of IGF based on the balance of attractive van der Waal forces
and repulsive steric forces had been proposed.40 The local
bonding structure and the role played by the metal ions in the
formation of and the subsequent chemical equilibrium of
IGFs is a subject of considerable interest and debate.41–44

There have been some attempts to model the IGF structures
using molecular dynamic simulations.44–47 Since the local
structure of IGF is totally unknown, such simulations and the
resulting models depend on the initially assumed structure
and the potential used in the simulation, which may or may
not be consistent with the real structure of IGF. Yoshiyaet al.
found a high density of dangling bonds at the interface of
such models.46 Furthermore, such IGF models usually con-
tain at least several thousands of atoms. No realistic elec-
tronic structure calculation usingab initio methods can be
attempted on such models. The onlyab initio calculation so
far on the properties of IGF employs a small cluster of atoms
with some plausible constraints.48 In this respect, detailed
calculation of electronic structure and bonding of the quater-
nary Y-Si-O-N crystals will be very worthwhile for the fol-
lowing reasons. First, Y represents a typical metallic ion in
IGF. Such study may provide information on the atomic
scale bonding of the Y ion at the near-prism plane of the
interface structure in Si3N4.

49 Second, if the atomic positions
and the local coordination of these crystals are determined,
electronic structure can be calculated and correlated with
their structural characteristics. Third, if all known crystalline
phases in the quaternary system are studied together, a vari-
ety of different bonding configurations can be identified. It is
conceivable that similar local bonding structures would be
present in the real IGF structures. Lastly, the information
thus obtained can provide useful input in the construction of
more realistic IGF models for large-scale simulations.

Over the last several years, we have studied the electronic
structure and optical properties of the binary and ternary
crystals of Fig. 1. They are SiO2 (a-quartz and amorphous
SiO2)50,51, b-Si3N4

52, and Y2O3 (Ref. 53) as well as the ter-
nary crystal Si2N2O.52 More recently, we have also studied
the other two more complex ternary compounds Y2Si2O7 and
Y2SiO5.

54 For quaternary crystals, we have just published the
results for YSiO2N using the structure determined byab ini-
tio modeling.55. For Y10fSiO4g6N2, we have reported a pre-
liminary study56 based on the ideal apatite structure in which
the N atoms are assumed to be at the F sites2ad in fluoroa-
patite Ca10fPO4g6F2. The electronic structure of that calcula-
tion shows some very peculiar features in the band structure
and density of states(DOS).56 It was pointed out by
Morgan57 that this structure is highly unlikely because it vio-
lates Pauling’s second crystal rule(PSCR).58,59 The PSCR
states that the valence of the anion is equal to the sum of the
valence of the cations arriving at the anion divided by the
coordination of that cation. The more likely structure should
be the one in which N is directly bonded to Si. It is therefore
quite obvious that in N-apatite, O/N disorder exists and the
real structure must deviate from the perfect apatite structure.
The crystal structures of the other two quaternary crystals,
Y2Si3N4O3 and Y4Si2O7N2, have been reported by several

FIG. 2. Sketch of the crystals structures of:(a) Y2Si3N4O3, (b)
Y4Si2O7N2, and(c) Y10fSiO4g6N2 without O/N disorder.
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groups.8,12,13 Because of the presence of the O/N disorder,
the reported O and N positions have partial occupations and
the precise atomic positions are not known. In order to study
the electronic structure of these two crystals, atomic posi-
tions must be determined first before any calculations can be
performed. Fanget al. reported such a calculation for
Y2Si3N4O3,

60 while no calculation has been done(to our best
knowledge) for Y4Si2O7N2 mainly because of its extremely
complex crystal structure.

In this paper, we use the reported crystal structure by
MacKenzieet al.12 and determine the exact atomic positions
using a total energy minimization scheme based onab initio
density functional theory together with a symmetry analysis
tool.61 We then use the time-tested orthogonalized linear
combination of atomic orbitals(OLCAO) method62 to calcu-
late and analyze the electronic structure and bonding in these
three crystals. Together with the results of YSiO2N,55 the
electronic structure and bonding in all four quaternary crys-
tals are presented and compared in a comprehensive way.

The paper is organized as follows. We first describe the
procedures and the results of crystal structure analysis in Sec.
II. In Sec. III, we present and discuss the results of the elec-
tronic structure and bonding in these crystals. The calculated
optical properties are presented and elaborated in Sec. IV.
The last section is devoted to additional discussions and
some conclusions, and outlines the possible directions of fu-
ture work in Y-Si-O-N and related systems.

II. CRYSTAL STRUCTURES AND THE O/N DISORDER

The crystal structures of all four quaternary Y-Si-O-N
crystals have never been precisely determined mainly be-
cause single crystals are impossible to obtain. Most of the
measurements were done by powder diffraction on polycrys-
tal samples that were believed to be of single phase. Lattice
constants and space groups for these crystals were estab-
lished from the diffraction data. It has been suggested that
Y2Si3N4O3 has a space group ofP-421m with two formula
units (f.u.) in the tetragonal unit cell and Y4Si2O7N2 (space
groupP21/c) has a monoclinic cell with 4 f.u. It is isostruc-
tural to the mineral cuspidine Ca4Si2O7F2 that was synthe-
sized by Saburiet al.63 Y4Si2O7N2 and the many other simi-

lar RE4Si2O7N2 sRE=rare earthd crystals are collectively
known as theJ phase. The crystal parameters of Y2Si3N4O3
and Y4Si2O7N2 based on the measurements of MacKenzieet
al.12 who were the only ones who did the Rietveld refine-
ments for these crystals are listed in Table I. Although the
atomic positions of these two crystals were listed in Ref. 12,
the O and N sites involve partial occupations because the
x-ray diffraction technique cannot distinguish O and N.
Mackenzieet al. proposed four possible models of O/N po-
sitions in Y4Si2O7N2 but were unable to identify the most
likely one because of the small differences in theR values in
these refinements.12 Of the four quaternary crystals, YSiO2N
has the most complicated structure with 90 atoms in the hex-
agonal unit cells18 f.u./celld. As has been discussed in con-
siderable detail in Ref. 55, the original suggested structure
for YSiO2N by Morganet al.11 is only an approximate one.
Subsequentab initio relaxation revealed a better description
for this phase. It has a lower symmetry space group ofP61
and the lattice parameters are listed in Table I. The structure
of Y10fSiO4g6N2 (N-apatite) is most controversial ever since
it was reported.64,65 Most of the published literature now as-
sumes it has an apatite structure which is a well-known ma-
jor crystalline phase of oxides. Among the apatite crystals,
fluoroapatites Ca10fPO4g6F2 and hydroxyapatites
CafSiO4g6sOHd2 are the most well known because of their
prominent roles in laser crystal applications66 and in biocer-
amics related to the constituents of bones and teeth.67,68 In
the ideal and stoichiometric N-apatite, N occupies the 2a site
on the c axis and is not bonded to any of the Si atoms.
However, it has been pointed out that N prefers to be bonded
to Si rather than Y.57 If this is the case then stoichiometric
Y10fSiO4g6N2 cannot have the exact apatite structure. It will
have a structure involving the interchange of N with O ions
with a much reduced symmetry.

It is now clear that with the exception of hexagonal
YSiO2N, which has some kind of stacking chiral
symmetry,55 the precise atomic positions in the other three
quaternary crystals are not available for detailedab initio
calculations of electronic structures. It is entirely possible
that in these crystals, there are no unique anion positions
after all. In order to study the electronic structure and bond-
ing in these crystals, some candidate structures that are close
to the real materials must be proposed, and based on these

TABLE I. Measured and relaxed crystal parameters of the four quaternary crystals. The relaxed parameters are in parentheses.

Crystals Y2Si3N4O3
* Y4Si2O7N2 YSiO2N Y10fSiO4g6N2

Space group P-421m sP21d P21/c sP21/cd P61 sP6122d P63/m sP21/md
Space group No. 113(4) 14 (14) 169 (178) 176s11d
Structure N-melilite J phase, N-YAM Wollastonite N-apatite, H phase

Lattice constants(Å)

a 7.6083(7.4238) 7.5601 7.021(6.9952) 9.6388(9.1246)

b (7.6027) 10.4411 ¯ (6.7302)

c 4.9113(4.8162) 10.7626 27.3(27.5179) 6.5609(9.0413)

b (89.938°) 110.042° 120°(120°) (119.008°)

No. atoms/cell 24Z=2 60 Z=4 90 Z=18 42Z=2

Cell vol. sÅ3d 271.813 798.106 1165.443 485.676
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structures calculations can be carried out. To this end, we
have used the density functional theory based Viennaab ini-
tio simulation package(VASP)69,70 to relax several model
structures for Y2Si3N4O3, Y4Si2O7N2, and Y10fSiO4g6N2.
The same approach was used to determine the structure of
YSiO2N.55 In each of the three crystals, six candidate struc-
tures were identified which we label as M1, M2, M3, M4,
M5, and M6. In Y4Si2O7N2, two additional structures M7
and M8 were later added. The specific sites of O/N ex-
change in these proposed models are listed in Table II. Al-
though these six or eight models do not exhaust all possible
O/N interchanges, we believe they form a reasonable subset
for all O/N disordered structures in these crystals.

We next apply the total energy relaxation technique to all
models in three crystals with O/N disorder together with the
original ideal structure labeled as M0. The relaxation was
carried out using the VASP code with local density approxi-
mation (LDA ) for exchange correlation. We used the ultra-
soft Vanderbilt-type pseudopotential71 as supplied by Kresse
and Hafner.72 For sufficient accuracy, a high-energy cutoff of
600 eV was used. 24, 12, and 24k points in the Monkhorst-
Pack scheme were used for Brillouin zone integration, re-
spectively, for the three crystals, which are found to be quite
sufficient due to the large unit cells of these crystals. The
structures were relaxed via a conjugate-gradient algorithm
and analytical expression for Hellmann-Feynman forces to
achieve a total energy and force convergence at the level of
0.01 meV and 0.01 eV/Å, respectively. No restrictions were
placed on the symmetry of each crystal. For relative com-
parisons of energies among different candidate models, this
level of accuracy is more than sufficient. We have also per-
formed several test calculations using the generalized gradi-
ent approximation(GGA) for the structural optimization.
The results were quite close to the LDA results except with
slightly larger lattice constants. Since the LDA and GGA
results differed only slightly and there is no reason to
strongly prefer one over the other, at least in the present
study for the Y-Si-O-N system, the LDA results were
adopted for further analysis.

In Y2Si3N4O3, we find M2, M3, M5, and M6 all have
higher energy than M0. M1 and M4 have the same total
energy and are lower than M0 by 0.36 eV per cell. M1 is
then chosen as the candidate structure for electronic structure

calculation. Our most preferred structure is apparently differ-
ent from the one reported by Fanget al.60 using a similar
approach, but with a lower level of accuracy in terms of
energy cut off and number ofk points used. Although the
conclusion on the presence of Si-O2N2 and Si-ON3 local
bonding units are the same, we do not have the long Y-O
bond of 3.1 Å reported in Ref. 60. Our longest Y-O bond in
Y2Si3N2O3 is 2.85 Å. This difference could also be partly
due to the difference in using either the GGA or LDA poten-
tials.

In Y4Si2O7N2, we find all eight proposed structures have
a slightly higher energy than M0. The lowest energy model is
M3, which is still higher in energy than M0 by 0.192 eV per
cell. So the original structure M0 as reported in Ref. 12 is
used for the electronic structure calculation. In the case of
Y10fSiO4g6N2, we find all six models have substantially
lower energy than M0, underscoring the assertion that N pre-
fers to be bonded to Si in N-apatite. Of the six models, M2
has the lowest energy and is lower than M0 by 2.37 eV per
cell, or 0.056 eV per atom. The M2 structure is then used for
the electronic structure calculation. Because of the inter-
change of O and N, the symmetry of M1 in Y2Si3N4O3 and
M2 in Y10fSiO4g6N2 are both reduced to the space group of
P21 (No. 4) and P21/m (No. 11), respectively. The lattice
parameters and of the relaxed models are listed in Table I.
The atomic positions used in the electronic structure calcu-
lations for the three crystals are listed in Tables III–V, re-
spectively.

With the atomic positions determined, it is instructive to
explore the different local cation-anion bonding configura-
tions occurring in these crystals. Table VI lists all possible
cation(Si and Y) and anion(O and N) local nearest neighbor
environments. It is quite surprising to see that the common
configurations such as the tetrahedral Si-N4, planar N-Si3,
and bridging Si-O-Si, which are the backbone structures in
binary crystals ofa-SiO2 andb-Si3N4, do not occur in these
quaternary crystals. Si is always fourfold bonded with all
combinations of Si-OxNy sx+y=4d possible (including
Si-N4 in b-Si3N4). On the other hand, there are many pos-
sible configurations of Y-OxNy with coordination numbers
ranging from 6 to 9. The maximum number of N nearest
neighbors to Y is 5 in Y2Si3N4O3. From the point of view of
an anion, O can be either three- or fourfold coordinated. The

TABLE II. Candidate models for the exchange of O/N sites from the ideal structure.

Y2Si3N4O3 Y4Si2O7N2 Y10fSiO4g6N2

Wyckoff sites:
Models

Ns8fd ,O1s2cd ,O2s4ed See Ref. 12 N(2a),O1(6h),O2(6h),O3(12i)

M1 N1, N2–O1 N1–O1 N1, N2–O1

M2 N1,N2–O2 N1–O2 N1, N2–O2

M3 N1–O1, N2–O2 N2–O1 N1, N2–O3

M4 N3, N4–O1 N2–O2 N1–O1, N2–O2

M5 N3, N4–O2 N1–O1, N2–O2 N1–O2, N2–O3

M6 N3–O1, N4–O2 N1–O2, N2–O1 N1–O3, N2–O1

M7 2 N1–2 O1

M8 N1–O1, N1–O2
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most common one is O-SiY3, which occurs in all four qua-
ternary crystals. It is also noted that no coordination of the
form O-Si3, O-Si4, O-Si3Y, N-Y3, and N-Si3Y are found in
these crystals. These local cation-anion coordination and
their implications on the electronic structure and bonding
will be further discussed in Sec. III.

III. ELECTRONIC STRUCTURE AND BONDING

The electronic structure and bonding of the quaternary
crystals are calculated using theab initio OLCAO method.62

In principle, the VASP code used for structural determination
described in the previous section can also be used to study
electronic structure. However, the time-tested OLCAO
method in which atomic orbitals are used for basis expansion
is a much more versatile and efficient method for analyzing

the electronic structure and bonding in complex crystals.
This is particularly true for the atom-resolved partial DOS
(PDOS), effective charge, and bond order calculations using
the Mulliken scheme.73 In the plane-wave based method,
PDOSs are usually obtained by projecting onto some arbi-
trarily defined atomic basis set or spheres and are somewhat
less reliable. The OLCAO method has been successfully ap-
plied to the study of YSiO2N,55 and other crystalline phases
in the SiO2-Y2O3-Si3N4 phase diagram,50–56as well as many
other complex ceramic oxides74–78 and nitrides.79–85 In the
present study, we used a full basis set expansion consisting
of atomic orbitals of Y([Kr] core plus 5s, 6s, 5p, 4d, 5d), Si
([Ne] core plus 3s, 4s, 3p, 4p, 3d, 4d), and O and N(1s, 2s,
3s, 2p, 3p). A large number ofk points (48, 18, and 48 for
Y2Si3N4O3, Y4Si2O7N2, and Y10fSiO4g6N2, respectively) in
the irreducible portion of the Brillouin zone(BZ) were used
for the DOS and optical properties calculations.

A. Density of states and partial density of states

The calculated total DOS of Y2Si3N4O3, Y4Si2O7N2, and
Y10fSiO4g6N2 are shown in Fig. 3. All three crystals are in-
sulators with band gaps of 3.40, 3.19, and 3.70 eV, respec-
tively. These band gaps are considered to be lower limits
since it is well known that LDA calculations generally un-
derestimate the band gap of insulators. The states near the
top of the valence band(VB) come mostly from the non-
bonding orbitals of N and show some very distinctive fea-
tures. The widths of the upper VB for the three crystals are
9.2, 8.1, and 7.4 eV, respectively. The atom-resolved PDOS
of these three crystals are shown in Figs. 4–6, respectively.
These spectra are very rich in structure and can be best ex-
plained by the local bonding environments of each type of
atoms elaborated in the previous section. For example, if a

TABLE III. Atomic positions of M1 for Y2Si3N4O3: a
=7.4238 Å,b=7.6027 Å,c=4.8162 Å, space group:P21.

Atom x y z

Y1 0.9130 0.8361 0.4985

Y2 0.5983 0.1678 0.5072

Si1 0.2446 0.0023 0.9853

Si2 0.1069 0.6441 0.9367

Si3 0.3915 0.3536 0.9532

O1 0.4082 0.9111 0.1905

O2 0.1145 0.6402 0.2795

O3 0.3951 0.3636 0.2914

N1 0.7436 0.0000 0.1842

N2 0.0913 0.0843 0.2083

N3 0.8299 0.3363 0.2151

N4 0.6507 0.6606 0.1993

TABLE IV. Atomic positions of Y4Si2O7N2 (from Ref. 12): a
=7.5601 Å,b=10.4411 Å,c=10.7623 Å; space group:P21/c.

Atom x y z

Y1 0.8328 0.1214 0.4290

Y2 0.3358 0.1227 0.4173

Y3 0.5281 0.4139 0.3107

Y4 0.0232 0.4024 0.2885

Si1 0.7352 0.1882 0.1321

Si2 0.1552 0.1851 0.1161

N1 0.9394 0.2402 0.1092

N2 0.7175 0.0354 0.1703

O1 0.2105 0.0314 0.1683

O2 0.7154 0.2753 0.2513

O3 0.2824 0.2653 0.2442

O4 0.5774 0.2333 −0.0132

O5 0.1644 0.2203 −0.0262

O6 0.4318 0.4943 0.1074

O7 0.9185 0.5192 0.0973

TABLE V. Atomic positions of M2 of Y10fSiO4g6N2: a
=9.1246 Å,b=9.0413 Å,c=6.7302 Å, space group:P21/m.

Atom x y z

Y1 0.3271 0.5032 0.6629

Y2 0.7605 0.7500 0.9918

Y3 0.2319 0.7500 0.2459

Y4 0.0103 0.7500 0.7634

Si1 0.9731 0.7500 0.3728

Si2 0.4017 0.7500 0.0347

Si3 0.6319 0.7500 0.6042

O1 0.0031 0.7500 0.0011

O2 0.3185 0.7500 0.8342

O3 0.5181 0.7500 0.6933

O4 0.8632 0.7500 0.4721

O5 0.6030 0.7500 0.1287

O6 0.5266 0.7500 0.4000

O7 0.8939 0.5575 0.2449

O8 0.3456 0.5574 0.1005

O9 0.7548 0.5616 0.6612

N 0.1747 0.7500 0.4870
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strong peak occurs at the same energy in the PDOS of a
particular Si atom and a particular O atom, it implies that
these two atoms are strongly bonded. In the DOS and PDOS
plots of the Y-Si-O-N crystals, we observe several general
features that are shared by all three crystals. In the VB re-
gion, the lowest peak centered around −21 eV is from the

semicore Y-4p levels. The structures in the energy range of
−17.5 to −20 eV come from the O-2s levels and their in-
teracting counterparts. Similarly, the structures within the
range from −13 to −16 eV come from the N-2s levels and
their interacting counterparts. Above the −10 eV, the states
comprise of a mixture of the O and N bonding and nonbond-
ing orbitals involving hybridizedsp3 orbitals. The bonding
states are predominately from the Si-O and Si-N pairs with
some minor participation from Y-5s and Y-5p orbitals. The
O bonding states are on the lower edge of the upper VB
while the N nonbonding states are usually at the top of the
VB. In the conduction band(CB) region, the states are much
more delocalized and consist of the antibonding states of the
corresponding bonding states in the VB. They are mostly
from cations with Y-4d states dominating near the bottom of
the CB. The Si antibonding states are generally at a higher
energy level around 10 eV. The structures in the CB PDOS
are more sensitive to the local environment of a particular
atom than the VB PDOS.

With the general features of Fig. 3 summarized above, we
can now discuss specific features in each crystal that are
finger prints of their local coordination. Figure 4 shows the
PDOS of Y2Si3N4O3 for all crystallographically nonequiva-
lent sites of model M1. The difference in the PDOS of Y1
and Y2 is due to the fact that Y1 bonds to 3 O and 5 N while
Y2 bonds to 5 O and 3 N. Nevertheless, their differences are
small. Si1 and Si2 both bond to 1 O and 3 N and their PDOS
are similar, but are slightly different from that of Si3, which
bonds to 2 O and 2 N. The PDOS for O1 is significantly
different from that of O2 and O3 especially in the O-2s peak
position and in the lower VB region. This is because O1
bonds to 2 Y and 2 Si while O2 and O3 bond to 3Y and one
Si. Since Si-O is a stronger bond than the Y-O bond, the

TABLE VI. Possible cation to anion bonding coordination in the four quaternary crystals.

Si bonding Crystals O bonding Crystals

Si-O4 Y10fSiO4g6N2 O-Si2 (bridging) None (only in SiO2 and Si2N2O)

Si-O3N Y4Si2O7N2, Y10fSiO4g6N2 O-SiY2 Y4Si2O7N2

Si-O2N2 Y2Si3N4O3, Y4Si2O7N2,
YSiO2N

O-SiY3 Y2Si3N4O3 Y4Si2O7N2 YSiO2N,
Y10fSiO4g6N2

Si-ON3 Y2Si3N4O3 O-Si2Y2 Y2Si3N4O3

Si-N4 None(only in Si3N4) O-Y3 Y10fSiO4g6N2

O-Y4 Y4Si2O7N2

Y bonding Crystals N bonding Crystals

Y-O6 Y10fSiO4g6N2 N-Si3 None(only in Si3N4 and
Si2N2O)

Y-O7 Y4Si2O7N2 N-Si2Y2 Y2Si3N4O3, Y4Si2O7N2,
YSiO2N,

Y-O3N5 Y2Si3N4O3 N-SiY3 Y4Si2O7N2, Y10fSiO4g6N2.

Y-O5N Y4Si2O7N2

Y-O5N2 Y4Si2O7N2

Y-O5N3 Y2Si3N4O3

Y-O6N2 YSiO2N

Y-O6-N Y10fSiO4g6N2

Y-O8N Y10fSiO4g6N2

FIG. 3. The calculated total DOS of(a) Y2Si3N4O3, (b)
Y4Si2O7N2, and(c) Y10fSiO4g6N2.
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spectral weight of PDOS in O1 shifts to the lower binding
energy than those of O2 and O3. The PDOS of the four N
atoms show no large variations since they all bond to 2 Y and
2 Si. Minor differences in their PDOS can be traced to the
slight differences in the interatomic bond lengths and the
second nearest neighbor(SNN) effects.

The PDOS for Y4Si2O7N2 are shown in Fig. 5. They are
very rich in structure and the main features can be summa-
rized as follows:(1) as can be seen from Table IV, there are
four different Y ions with specific bonding of Y1-N2O6, Y2-
O7, Y3-NO5, and Y4-N2O5. Their PDOS differ mostly in
the CB region. This illustrates the sensitivity of the CB
PDOS spectra to the local bonding configurations.(2) There
are two independent Si and N sites, Si1 bonds to two N(N1
and N2) and 2 O, while Si2 bonds to 1 N(N1) and 3 O. This
feature is clearly delineated by the two sharp peaks at −14
and −12.5 eV, respectively, in both PDOS of Si1 and Si2, as
well as the different positions of N-2s peak in the PDOS of
N1 and N2. These differences in the local bonding configu-
rations also resulted in significant different features at the top
of the VB of Si1 and Si2.(3) There are seven crystallo-
graphically nonequivalent O ions that can be classified into
two groups. The Os in the first group(O1, O2, O3, O4, O5)
bond to 1 Si and 3 Y. Their PDOS are very similar. Still,
slight differences in the O-2s peak position and some addi-
tional features near the top of the VB can be found and can
be attributed to the SNN effect. The O atoms in the second
group(O6 and O7) all bond to 4 Y and their PDOS are very
different from that of the first group. The O-2s peak in the
second group is at a higher binding energy of −15.7 eV and
the PDOS in the upper VB are sharper and cover a shorter
range of only about 5 eV. These features reflect the relatively

FIG. 4. The calculated PDOS of Y2Si3N4O3: (a) cations and(b)
anions.

FIG. 5. The calculated PDOS of Y4Si2O7N2: (a) cations and(b)
anions.

FIG. 6. The calculated PDOS of Y10fSiO4g6N2: (a) cations and
(b) anions.
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weak Si-O bonds.(4) The PDOS of N1 and N2 are also quite
different. The N-2s peaks are at −14 and −12.5 eV, respec-
tively, collaborating with the peaks in the PDOS of Si1 at the
same locations. Their PDOS in the VB region are also very
different. N1 has its spectral weight at a lower binding en-
ergy than N2.

The electronic structure of Y10fSiO4g6N2 deserves par-
ticular attention. As mentioned in Sec. I, a preliminary cal-
culation on the idealized N-apatite structure has been
reported.56 It shows two different Y sites, one Si site and
three different O sites(O1, O2, O3) with O3 somewhat dif-
ferent from O1 and O2. The N is at the 2a site, and bonds
only to three Y ions, resulting in a strong N-2s peak at
−11.5 eV and a set of N-2p bands residing in what supposed
to be the wide band gap of the SiO2 backbone.56 Figure 6
shows the PDOS of the newly relaxed structure(M2), which
has a lower energy and with N bonds to Si. The PDOS of all
the crystallographically nonequivalent sites are shown in Fig.
6 even though many of them have almost identical local
bonding structure as a result of the reduction in crystal sym-
metry from the ideal apatite structure. As can be seen, the
PDOS of 4 Y ions are not very different. Only Y1(bonded to
8 O and 1 N) is slightly different from other three(bonded
either to 7 O or 6 O and 1 N). The same can be said to the
PDOS of O. With the exception of O1, which now occupies
the 2a site along thec axis after interchanging with N and
bonds to 3 Y ions, all other Os bond to 1 Si and 3 Y and have
very similar PDOS. The weakly bonded O1 has its PDOS
totally different from other eight Os and this is manifested in
the strongly localized O-2s peak at −14.8 eV as well as a
much reduced width of the upper VB. It should also be
pointed out that the PDOS of O1 is very similar to the PDOS
of O6 and O7 of Y2Si3N4O3 in Fig. 4 with similar local
coordination. There are again three types of Si(Si1, Si2, and
Si3). Si1 bonds to 1 N and 3 O and is characterized by a
sharp Si-N-2s bonding peak at −12.5 eV. Si2 and Si3 both
bond to 4 O and have almost identical PDOS. For the N atom
that now bonds to 1 Si and 3 Y instead of 3 Y in the ideal
apatite structure, there is a sharp N-2p nonbonding peak at
the top of the VB in addition to the N-2s bonding peak at
−12.5 eV. As a result, the band gap in the present case is
greatly enlarged from 1.3 eV in the previous calculation56 to
the present value of 3.70 eV.

B. Effective charges and bond order

One of the most useful features of the OLCAO method is
the provision of quantitative information on the effective

chargesQa
* on each atom and the strength of the bond be-

tween any pair of atoms in the form of bond order(BO)
valuesra,b. Here, the effective chargesQa

* is the total num-
ber of calculated valence electrons on each atom and is al-
ways a positive number.Qa

* andra,b provide information on
charge transfer and the relative strengths of various inter-
atomic bonds within a crystal.Qa

* and ra,b are calculated
from the ab initio eigenvector coefficientsCia

n and overlap
integralsSia,jb in accordance with the Mulliken scheme73

Qa
* = o

i
o

n,occ
o
j ,b

Cia
*nCjb

n Sia,jb, s1d

rab = o
n,occ

o
i,j

Cia
*nCjb

n Sia,jb. s2d

For effective charge and BO calculations, a minimal basis
set is generally used since the Mulliken scheme works best
with a more localized basis set. The calculated results forQa

*

and ra,b for the four quaternary crystals including those of
YSiO2N (Ref. 55) are listed in Tables VII and VIII, respec-
tively. Also listed are the corresponding bond lengths(BLs).
In general, the BO values scale with BL but not always since
the calculation based on Eqs.(1) and (2) is a quantum me-
chanical one in which the wave functions extend over all
atoms in the crystal.

From Table VII for the calculated effective charges, it can
be seen that:(1) the charge transfer from Y to O and N is
about one electron except in the case of Y1 in Y2Si3N4O3
whereQ* for Y1 is 1.63. This difference can actually be seen
from the PDOS of Fig. 4 where the Y-4p peak is at a higher
energy than those of other Y ions in the four crystals indicat-
ing a more positive Y ion.(2) The effective charge of the Si
atom ranges from 2.70 in Si2 of Y10fSiO4g6N2 to 2.89 of Si1
in Y2Si3N4O3. These differences reflect the different types of
local Si-OxNy bonding discussed earlier. For example, the
Si2 in Y10fSiO4g6N2 is bonded to four O and Si1 in
Y4Si2O7N2 is bonded to 1 N and 3 O. Likewise, Si1 in
Y4Si2O7N2 is the Si ion which bonds to 2 N and 2 O. Since
N is less electronegative than O, there is less charge transfer
from Si if it bonds to more N atoms and will have a higher
covalency.(3) The deviations ofQ* of anions are somewhat
less prominent.Q* for O ranges from 6.60 to 6.70 in
Y4Si2O7N2. Q* for N ranges from 5.91 in Y2Si3N4O3 to 5.94
in YSiO2N. Thus the charge transfers in quaternary Y-Si-ON
crystals cover a relatively narrow range depending on actual

TABLE VII. Summary of calculated Mulliken effective chargesQ* (total number of valence
electrons).

Crystals Y2Si3N4O3 Y4Si2O7N2 YSiO2N Y10fSiO4g6N2

Y 1.629, 1.939 1.996, 2.002 1.881, 1.890 2.009, 1.962

1.980, 2.019 ¯ 1.968, 1.931

Si 2.807, 2.912, 2.826 2.866, 2.742 2.795, 2.792 2.850, 2.696, 2.709

O 6.691, 6.661, 6.672 6.685, 6.696 6.703, 6.691 6.600, 6.679, 6.676

¯ 6.690, 6.678 6.699 6.664, 6.685, 6.684

¯ 6.708, 6.605, 6.595 ¯ 6.665, 6.686, 6.681

N 5.910, 5.883, 5.882 5.904, 5.835 5.931, 5.936 5.655
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local configurations, and are consistent with the PDOS dia-
grams shown in Figs. 4–6.

Table VIII lists the calculated BO values for Y-O, Y-N,
Si-O, and Si-N bonds in the four crystals. The values for Y-O
in Y4Si2O7N2 and Y10fSiO4g6N2 are grouped because too
many different bonds occur(23 and 28 Y-O bonds, respec-
tively). It is not practical to list all of them individually.
Accordingly, the BO and BL values in Y4Si2O7N2 and
Y10fSiO4g6N2 are averaged over five groups according to
their BLs:(1) less than 2.25 Å,(2) between 2.25 and 2.30 Å,
(3) between 2.30 and 2.35 Å,(4) between 2.35 and 2.45 Å,
and (5) greater than 2.45 Å. All other Y-O bonds are listed
individually. Generally speaking, the BO values scale with
BL, which is the basis of less rigorous estimations such as in
the bond valence sum model.86 The present calculation of

BO is entirely quantum mechanical usingab initio wave
functions. The BO values are affected by the presence of
other nearby atoms or bond angles, not just the two atoms
that form a bond. It is obvious that Si-N is the strongest bond
in the Y-Si-O-N system. The large BO value of 0.47 for Si-N
is in Y10fSiO4g6N2. This is the main reason for the ideal
apatite structure to be invalid in this crystal. Largest BO of
0.43 for Si-N also occurs in Y4Si2O7N2. All other Si-N BO
values are greater than 0.33. The Si-O bonds are only slightly
weaker than the Si-N bonds. Their BO values range from
0.22 to 0.37. Both the upper and the lower limits occur in
Y2Si3N4O3, where each Si atom has two stronger Si-O bonds
and two weaker Si-O bonds. The Y-N bonds also have con-
siderable BO values of up to 0.24, and 0.25(in Y4Si2O7N2)
and 0.21(in Y10fSiO4g6N2). It is worth noting that the BL of

TABLE VIII. Summary of calculated bond order values in four quaternary crystals. The numbers in
parentheses are the bond lengths in Å. For Y4Si2O7N2 and Y10fSiO4g6N2, the BO for Y-O BO are the
averaged values over the five groups as explained in the text. The integer number in the square bracket is the
number of bonds in that group.

Crystals Y2Si3N4O3 Y4Si2O7N2 YSiO2N Y10fSiO4g6N2

Y-O 0.132(2.359) Averaged: 0.095(2.593) Averaged:

0.095(2.555) 0.172(2.211)[3] 0.088(2.595) 0.203(2.204)[5]

0.094(2.509) 0.159(2.280)[8] 0.175(2.257) 0.172(2.271)[5]

0.042(2.852) 0.150(2.317)[4] 0.087(2.637) 0.136(2.313)[4]

0.131(2.355) 0.139(2.394)[3] 0.176(2.257) 0.119(2.394)[9]

0.134(2.377) 0.066(2.694)[5] 0.088(2.582) 0.079(2.614)[5]

0.136(2.361) ¯ 0.179(2.292) ¯

0.105(2.509) ¯ 0.093(2.568) ¯

¯ ¯ 0.088(2.582) ¯

Y-N 0.139 (2.331) 0.161(2.330) 0.142(2.404) 0.211(2.253)

0.086(2.695) 0.070(2.767) 0.145(2.380) 0.130(2.476)

0.180(2.379) 0.240(2.315) 0.133(2.420) ¯

0.169(2.356) 0.135(2.481) ¯ ¯

0.062(2.768) 0.250(2.318) ¯ ¯

0.162(2.282) ¯ ¯ ¯

0.111(2.563) ¯ ¯ ¯

0.184(2.327) ¯ ¯ ¯

Si-O 0.223(1.713) 0.270(1.621) 0.301(1.655) 0.271(1.639)

0.355(1.653) 0.266(1.677) 0.303(1.644) 0.280(1.651)[2]

0.239(1.697) 0.261(1.704) 0.305(1.639) 0.314(1.590)

0.372(1.630) 0.294(1.618) 0.305(1.639) 0.302(1.607)

¯ 0.313(1.600) ¯ 0.316(1.610)[2]

¯ ¯ ¯ 0.317(1.593)

¯ ¯ ¯ 0.298(1.616)

¯ ¯ ¯ 0.318(1.603)[2]

Si-N 0.389(1.684) 0.343(1.732) 0.367(1.693) 0.474(1.615)

0.393(1.682) 0.427(1.664) 0.364(1.698) ¯

0.388(1.686) 0.378(1.707) 0.365(1.698) ¯

0.332(1.664) ¯ 0.365(1.698) ¯

0.374(1.692) ¯ ¯ ¯

0.363(1.700) ¯ ¯ ¯

Cell bond order: 12.304 26.203 14.088 18.185
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Y-N s2.253 Åd in Y10fSiO4g6N2 is actually shorter than those
in Y4Si2O7N2 (2.315 and 2.318 Å), yet the former has a
smaller BO value. The Y-O bonds are the weakest of all
cation-anion bonds in the Y-Si-O-N system mainly because
of the larger Y-O BLs. Their range from a low value of 0.042
in Y2Si3N4O3 to a respectable value of 0.203 in
Y10fSiO4g6N2, which is actually larger than the BO for the
Al-O bonds in the Y-Al-O system.74,75As pointed out earlier,
there are many more Y-O bonds than other cation-anion
bonds. Hence, the overall contribution of Y-O bonding to
crystalline cohesion should not be overlooked. This has not
been the case in much of the published literature, which usu-
ally assumes the Y-O bonding to be too weak to be of any
consequence.

For the crystal as a whole, a more meaningful quantity is
the total cell bond order which is the sum of all bond order
values in the crystal. Since the four quaternary crystals con-
tain different number of atoms and bonds, a much more use-
ful concept is the average cell bond order per unit volume.
These numbers are also listed in Table VIII. It turns out that
Y2Si3N4O3 has the highest value of 0.045 electron/sÅd3 for
the cell BO per unit volume. The other three crystals have
the values of 0.032, 0.036, and 0.037 electron/sÅd3. So we
may conclude that Y2Si3N4O3 crystal has the strongest crys-
tal bonding among the four crystals. This is most likely due
to its higher N content.

IV. OPTICAL PROPERTIES

The optical properties of the four Y-Si-O-N quaternary
crystals are also calculated based on the modeled structures.

We used the so-called extended basis set within the OLCAO
method by supplementing additional atomic orbitals to the
full basis set used in the electronic structure calculation. This
provides more accurate Bloch functions for states in the up-
per part of the CB. The optical properties can be best repre-
sented by the frequency-dependent complex dielectric func-
tions. In our approach, the imaginary part of the dielectric
function «2svd is calculated first according to

«2s"vd =
e2

pmv2E
BZ

dk3o
n,l

ukcnsk,r Y du

− i" = uclsk,r Y dlu2f lskdf1 − fnskdg

3dsEnskd − Elskd − "vd, s3d

where f1skd is the Fermi distribution function and"v is the
frequency of transition. The real part,«1svd, is obtained from
the imaginary part by Kramers-Kronig conversion. The tran-
sition frequency is limited to about 35 eV, since above that
energy, the accuracy of the wave functions can no longer be
guaranteed even with an extended basis set. The energy loss
function (ELF) was obtained from the imaginary part of the
inverse of the complex dielectric function, or ELF
=Imfs«1svd+i«2svdd−1g. The peaks in ELF are identified as
plasmon frequenciesvp for collective excitations of the elec-
trons in the solid.

The calculated complex dielectric functions and the elec-
tron ELF of the four quaternary crystals are shown in Figs.
7–9, respectively. As can be seen,«2svd curves have thresh-
olds of transition close to the band gap values of the respec-
tive crystals. They rise swiftly and peak around 8–9 eV. The
peak is quite broad in Y2Si3N4O3 but is fairly sharp in
YSiO2N (at 7.9 eV), a fact that could be related to the ab-
sence of O/N disorder in the later crystal. Beyond 10 eV, the
«2svd spectra gradually decrease until at about 24–25 eV,
they start to rise again with another broad peak between 25
and 29 eV. These peaks originate from transitions from the
semicore Y-4p bands at −21 eV to the empty CB states.

The real parts of the dielectric functions«1svd of the four
crystals are shown in Fig. 8. Their general shapes are very
similar since the«2svd spectra are quite similar. The refrac-
tive index of an insulating crystal can be related to the square
root of the electronic part of the dielectric constant at zero
frequency, or«0=«1s"v=0d. From Fig. 8, we can estimate
the refractive indices of the four crystals to be 2.09, 1.98,
1.94, and 2.02, respectively. Figure 9 shows the electron en-
ergy loss functions of the four crystals. In general, they are
two plasmon frequencies within the 0–35 eV region. These
plasmon peak values are listed in Table IX. Also listed in
Table IX are other parameters relevant to optical properties
of the four Si-Yi-O-N quaternary crystals.

There are two primary reasons for the calculation of op-
tical properties of these quaternary crystals. First, it has been
pointed out in Sec. I that Si3N4 ceramic has applications in
microelectronics. The main goal is to develop materials with
high dielectric constant since the current technology based
on the use of SiO2 will soon reach its theoretical limit, unless
other compatible materials with higher dielectric constants
can be found.87 SiOxNy with appropriate composition modi-

FIG. 7. Comparison of the calculated imaginary parts of the
dielectric functions for the four quaternary crystals.
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fications by adding other elements is one of the viable
candidates.88 The other material being considered is
Zr-silicates.89,90 The present calculation of«0 for the four
quaternary crystals gives some useful estimation on the
range of the possible dielectric constants(electronic contri-
butions) that can be obtained from these materials in relation
to different O/N ratios. The specific bonding considerations
discussed in Sec. III can also provide some insight into the
ionic contribution to the dielectric constants.

The second important aspect of the optical properties is
that it can be used as the starting point to estimate the Lon-
don dispersion force between ceramic grains which has its
origin in the electrodynamics of induced dipoles. This is the
most important part of the van der Waals(vdW) attractive
force, the balancing with other forces for the formation of
IGF discussed in Sec. I. The Haymaker constant, which
scales with the vdW force, can be calculated using the con-
tinuum theory of Dzayloshinskiet al.91–93The basic quantity
required is the London dispersion transformation of the
frequency-dependent dielectric function.93 In the simplest
approach, the refractive index of materials can be used for
such estimations.94 French95,96 has used the experimentally
determined optical spectra from vacuum ultraviolet spectros-
copy to obtain the Haymaker constants of many different
combinations of ceramic crystals with different intervening
media using the Lifshitz theory. Since no experimental opti-
cal spectra for the Y-Si-O-N quaternary crystals are avail-
able, at least at the present time, the theoretically derived
frequency-dependent dielectric functions can be used as a
substitute for such calculations.

V. DISCUSSION AND CONCLUSIONS

We have completed a comprehensive study of the elec-
tronic structure and bonding of the four known quaternary
crystals in the Y-Si-O-N system. This is a major step in the
fundamental understanding of this class of complex ceramics
beyond the past work, the field of which tends to concentrate
on the processing and characterization of microstructures in
these materials. They are all insulators with fairly large band
gaps. In the cases where O/N disorder exists, the atomic
positions used in the calculation were determined byab ini-
tio modeling. It is shown that the nominal crystal structures
of Y4Si2O7N2 and Y10fSiO4g6N2 no longer hold true. The
real structures would have a lower symmetry and may even
be amorphous in nature or contain defects. Indeed, it has
been suggested in the past that N-apatite could actually be
Y10fSiO3Ng6h2 in which the 2a site is empty and all N
atoms are bonded to Si or other combinations.10 Such defec-
tive structures can also be studied by theab initio modeling
technique used here. However, the N/O ration in
Y10fSiO3Ng6h2 is no longer the same as in Y10fSiO4g6N2,
and it requires other experimental probes to pin down the
most probable structure. In addition to the modeling of im-
purity and defect structures in the Y-Si-O-N system, it is also
desirable to extend the current study to other quaternary sys-
tems in the phase diagrams of say, SiO2-
Si3N4-MgO, SiO2-Si3N4-CaO, or Y containing Si-Al-O-N
systems(Y-Si-Al-O-N) to have an even broader picture of
the structural ceramics.

FIG. 8. Comparison of the calculated real parts of the dielectric
functions for the four quaternary crystals.

FIG. 9. Comparison of the calculated electron-energy-loss func-
tions for the four quaternary crystals.
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In this study, a variety of local cation/anion bonding con-
figurations are identified in the Y-Si-O-N system and dis-
cussed in the context of calculated PDOS, the charge transfer
inferred from effective Mulliken charges, and bond order
values. These local bonding structures are very likely to exist
in the interior or at the boundary of the metal-doped IGF in
polycrystalline Si3N4. So the information we obtained could
be used as a useful reference in the construction of realistic
structural models for IGF. It is shown that the Si-N bond has
the strongest bond strength, followed by the Si-O. However,
the bonding of the Y-O and Y-N pairs should not be ignored
in the analysis. Y-N and Y-O bonds have considerable
strength in spite of relatively large bond distances. Further-
more, Y has a higher coordination number and there are
many more Y-O and Y-N bonds that can contribute to the
overall crystal cohesion. The optical property calculation
shows that these crystals all have very similar optical spectra.
A slight variation can result in small difference in their re-
fractive indices. Such a difference is most likely related to
the different concentration ratios of cation/anion or O/N, and
not so much to the actual crystal structures.

A promising area for further study of the Y-Si-O-N system
is the characterization of these materials by means of x-ray
absorption near edges spectroscopy(XANES) or the energy
loss near edge spectroscopy(ELNES). The XANES/ELNES
spectra of the Si-K, Si-L2,3, Y-K, Y-M3,4, O-K, and N-K
edges in these materials are very sensitive to the rich local
environment of the cations and anions described in this pa-
per, and could be a better alternative to the NMR techniques
used so far in determining the local structures.21–25 The ex-
tensive overlap of the chemical shifts in the magic-angle
spinning NMR spectra makes unambiguous assignment of
local structural unit a rather difficult task.22 Using the super-
cell method,97 which accounts for the presence of the core-
hole, accurate XANES/ELNES spectra can be obtained and
compared. In conjunction with the experimentally measured
spectra on these systems, a much deeper understanding on
the local bonding structure in these crystals is expected. So

far, such calculations have only been applied to the binary
crystals98–101 of the phase diagrams of Fig. 1 and to
Si2N2O.101 Similar calculations on the ternary and quaternary
crystals are being contemplated as soon as the required com-
putational resources become available. Experimental ELNES
measurements on polycrystals containing IGF have been
attempted.35 However, the low-energy resolution of the spec-
tra and the lack of any structural information about IGF pre-
clude any definitive conclusions.

The current results provide a more complete set of quan-
titative data for realistic statistical analysis of the structure-
properties relationship in the Y-Si-O-N system. Hopefully,
this will shed some light on the nature of IGFs and other
microstructures in polycrystalline nitrogen ceramics that will
eventually lead to their wider applications in modern tech-
nology. We intend to use the present results to do more real-
istic modeling of IGF structures in polycrystalline Si3N4, or
at a larger scale, the joining of polycrystalline Si3N4 using
refractory oxynitrides.102 The understanding of the nanoscale
microstructural characteristics associated with IGF and the
precise mechanism that controls the mechanical properties of
sintered bulk ceramics is one of the most outstanding prob-
lems in ceramic science. A computational approach to this
complex problem is only at the beginning. Finally, in this
paper, we have demonstrated the effectiveness of combining
two different ab initio methods, thereby overcoming the
limitations of each individual method in attacking problems
of great complexity.
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