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Electronic structure and bonding in the Y-Si-O-N quaternary crystals
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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 SiG-Y,05-SisN, system, there are only four known crystalline phasesSiaN,0O5; (M-melilite),

Y 4Si;O;N, (J phase or N-YAM, YSIO,N (wallastonite, and Y;( SiO,]¢N, (N-apatite. With the possible
exception of YSIGQN, these crystals have O/N disorder in that the exact positions of the anions cannot be
uniquely determined. Using accuratb 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 usingahénitio 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 ¥SisN,O5; has the strongest crystal bonding among the four crystals. In addition, the
optical properties of these crystals are calculated usingathénitio 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 catrand Y) with the aniongO and N

and their implications on the metal-containing intergranular glassy films in polycrystallifg.Si
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[. INTRODUCTION The lack of single crystals and pure single-phase samples
contributed to the structural uncertainty of these compounds.
Nitrogen ceramics always play an important role in struc-Furthermore, it is quite well known that O/N disorder exists
tural ceramics with applications in cutting tools, engine com-in these crystals and x-ray diffraction experiment can hardly
ponents, and microelectronitsThe outstanding properties distinguish between O and N. Without the knowledge of the
of SigsN, in thermal stability, resistance to corrosion and ther-exact atomic positions, no reliable electronic structure calcu-
mal shocks, chemical durability and higher dielectric con-lations can be performed. As a result, detailed information on
stant are well known. To extend their range of applicationthe electronic structure and bonding in these crystals is not
quaternary systems such as Si-Al-ON have been activelgvailable. In contrast, the electronic structures of the Si-Al-
investigated™ since its discovery in the early 19798.In O-N system have been reported by several groups
the Si-Al-ON system, &Si,N) pair is replaced by 8Al,O)  recently’ 1719
pair to preserve charge neutrality and electronic structure cal-
culation shows very little modification in charge 3(Si0,)
redistribution/ 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 compounds0 at the interior of the SiQY ,05-
SisN,4 phase equilibrium diagram shown in Fig. 1. They are
Y 5,SisN,4O5 (M-melilite), Y ,Si,O;N, (J phase or N-YAM,
YSiO,N (wallastonitg, and Y;d SiO4]gN, (N-apatitg (see -
Fig. 2. They occur mostly as secondary phases in the hot- '
pressed sintering of polycrystallines8i, and SIAION using
Y ,0; as the sintering aid for densificatidf? 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

Y2Si;07  Y3SiOs 2(Y203)

[

60 80 4(YN)

usually differ considerabl§1°-1*Most of the past studies on Mol%
these quaternary crystals concentrate on the processing con-
ditions or their role as undesirable precipitated pha%és. FIG. 1. The SiQ-Y,05-SisN, phase diagram.
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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 propdSethe 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 detiafé.
There have been some attempts to model the IGF structures
using molecular dynamic simulatiofs:*” 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. Yosheyal.
found a high density of dangling bonds at the interface of
such modelé® Furthermore, such IGF models usually con-
tain at least several thousands of atoms. No realistic elec-
tronic structure calculation usingb initio methods can be
attempted on such models. The ol initio calculation so
far on the properties of IGF employs a small cluster of atoms
‘ _ with some plausible constraint®.In this respect, detailed
FIG. 2. Sketch of the crystals structures @l Y,SisN4O3, (B)  cajculation of electronic structure and bonding of the quater-
Y 4S,07N, and(c) Y1 SiO4]eN without O/N disorder. nary Y-Si-O-N crystals will be very worthwhile for the fol-

Most research in N-ceramics concentrates on processid§Wing reasons. First, Y represents a typical metallic ion in
condition and phase identification, with little attention to the {SF. Such study may provide information on the atomic
fundamental aspects of these materials and their physic&cale bonding of the Y ion at the near-prism plane of the
properties. In this paper, we present the results of a compréaterface structure in §N,.*° Second, if the atomic positions
hensive investigation of the electronic structure and bondingnd the local coordination of these crystals are determined,
of the four quaternary Y-Si-O-N crystals. A plethora of electronic structure can be calculated and correlated with
cation-anion bonding configurations in these crystals providéheir structural characteristics. Third, if all known crystalline
the important insight on the structural aspects of the materiphases in the quaternary system are studied together, a vari-
als with implications to Y-Si-O-N glassé8.Detailed elec- ety of different bonding configurations can be identified. It is
tronic structure calculation can also shed much light on posconceivable that similar local bonding structures would be
sible local Si-O and Si-N bonding which has been subjectegpresent in the real IGF structures. Lastly, the information
to several experimental investigations usiffjSi nuclear thus obtained can provide useful input in the construction of
magnetic resonancéNMR) with magic angle spinning more realistic IGF models for large-scale simulations.
techniqueé?-2 The information obtained from these experi-  Over the last several years, we have studied the electronic
ments so far is only qualitative at most. Their interpretationstructure and optical properties of the binary and ternary
can be greatly facilitated by detailed theoretical calculationgrystals of Fig. 1. They are SiQa-quartz and amorphous
where the specific arrangements of Si-O and Si-N bondingiO,)**%% 5-SizN,%2 and Y,03 (Ref. 53 as well as the ter-
are known. Y-Si-O-N crystals have also been suggested aary crystal SiN,O.52 More recently, we have also studied
possible photoluminescence materials that can accommodeaifee other two more complex ternary compoungS$i0O; and
rare earth ions such as Tefor possible electro-optical Y ,SiOs.>* For quaternary crystals, we have just published the
applications® The stoke shifts observed in different host results for YSIGQN using the structure determined b ini-
crystals with different N content is related to the increasedio modeling®®. For Y, SiO,]sN,, we have reported a pre-
rigidity of the lattice. It has also been speculated thatiminary study®based on the ideal apatite structure in which
N-apatite or Y,J SiO,]gN, could be an ideal host material for the N atoms are assumed to be at the F @& in fluoroa-
the encapsulation of nuclear waste. patite Cagd PO,]sF,. The electronic structure of that calcula-

The main motivation for us to study the electronic struc-tion shows some very peculiar features in the band structure
ture and bonding in Y-Si-O-N quaternary crystals is to un-and density of stategD0S).® It was pointed out by
derstand the structure and properties of intergranular glassylorgar?’ that this structure is highly unlikely because it vio-
films (IGFs) in polycrystalline SiN,. The existence of thin lates Pauling’s second crystal r(lESCR.585% The PSCR
IGFs with a constant thickness of about a nanometer thick irstates that the valence of the anion is equal to the sum of the
SizN, and other ceramic polycrystals sintered at high temvalence of the cations arriving at the anion divided by the
perature has been known for quite some time and is a vergoordination of that cation. The more likely structure should
active area of ceramic researéh® These IGFs control the be the one in which N is directly bonded to Si. It is therefore
overall mechanical properties and creep behavior at higlguite obvious that in N-apatite, O/N disorder exists and the
temperaturé/=3% and hence the functionality of the devices real structure must deviate from the perfect apatite structure.
made of them. The thickness and the microstructures of IGFhe crystal structures of the other two quaternary crystals,
and the connected glassy phase at the triple junction can bé,Si;sN,O5; and Y,Si,O;N,, have been reported by several

085105-2



ELECTRONIC STRUCTURE AND BONDING IN THE Y-. PHYSICAL REVIEW B 70, 085105(2004)

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

Crystals Y;SisN,O5 Y 4Si,O5N, YSIiO,N Y 19 SiO, 6N
Space group P-42;m (P2;) P2,/c (P2,/c) P6, (P6,22) P63/m (Py/m)
Space group No. 113 14 (14) 169 (178 176(11)
Structure N-melilite J phase, N-YAM Wollastonite N-apatite, H phase
Lattice constantgA)

a 7.6083(7.4239 7.5601 7.021(6.9952 9.6388(9.1246

b (7.6027% 10.4411 e (6.7302

c 4.9113(4.8162 10.7626 27.327.5179 6.5609(9.0413

B (89.9389 110.042° 12091209 (119.0085
No. atoms/cell 24=2 60Z=4 90z=18 4272=2
Cell vol. (A3 271.813 798.106 1165.443 485.676

groups®1213Because of the presence of the O/N disorder)ar RE,Si,O;N, (RE=rare earth crystals are collectively
the reported O and N positions have partial occupations ankinown as the) phase. The crystal parameters ofS%;N,O3
the precise atomic positions are not known. In order to studyand Y,Si,O;N, based on the measurements of MacKermtie
the electronic structure of these two crystals, atomic posial.l2 who were the only ones who did the Rietveld refine-
tions must be determined first before any calculations can b@ents for these crystals are listed in Table I. Although the
performed. Fanget al. reported such a calculation for atomic position; of t.hese two crystals werellisted in Ref. 12,
Y ,SisN 05,69 while no calculation has been dofte our best  the O and N sites involve partial occupations because the
knowledge for Y ,Si,O;N, mainly because of its extremely X-ray diffraction technique cannot distinguish O and N.
complex crystal structure. Mackenzieet al. proposed four possible models of O/N po-
In this paper, we use the reported crystal structure b itions in Y,Si,O;N, but were unable to identify the most

MacKenzieet al12 and determine the exact atomic positions Ky one becau%e of the small differences in Riealues in
using a total energy minimization scheme basedbrinitio these refinements.Of the four quaternary crystals, YSi8

- - : . has the most complicated structure with 90 atoms in the hex-
den?lty functional theory tqgether with a symmetry an"’?IyS'SagonaI unit cell(18 f.u./cel). As has been discussed in con-
tool®* We then use the time-tested orthogonalized linear

L . . siderable detail in Ref. 55, the original suggested structure
combination of atomic orbital®OLCAO) method? to calcu- : 1 -
late and analyze the electronic structure and bonding in the for YSIOpN by Morganet al is only an approximate one.

. : SSubsequenab initio relaxation revealed a better description
three crystals. Together with the results of YSO® the 1o this phase. It has a lower symmetry space group®f
electronic structure and bonding in all four quaternary Crysyq the |attice parameters are listed in Table I. The structure

tals are presented and compared in a comprehensive way. ;¢ v 15i0.1.N., (N-apatitd is most controversial ever since
The paper is organized as follows. We first describe thq 19 SIOJeN (N-apatitg

o t was reported*®> Most of the published literature now as-
procedures and the results of crystal structure analysis in Segumes it has an apatite structure which is a well-known ma-

{I' Iq Setc. ”tL we p(;esené_anq dlt?]CUSS thetrr-.;sullt_i of tr}e Tlic' r crystalline phase of oxides. Among the apatite crystals,
ronic structure and bonding in these crystals. The calculate Loroapatites CalPO,IF, and hydroxyapatites

optical properties are presented and elaborated in Sec. | . .
The last section is devoted to additional discussions an dSiO]5(OH); are the most well known because of their

. . . L LIprominent roles in laser crystal applicati6hand in biocer-
some conclusions, and outlines the possible directions of f = mics related to the constituents of bones and Fefhin
ture work in Y-Si-O-N and related systems.

the ideal and stoichiometric N-apatite, N occupies theside
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/ If this is the case then stoichiometric
The crystal structures of all four quaternary Y-Si-O-N Y4 SiO,]gN, cannot have the exact apatite structure. It will
crystals have never been precisely determined mainly behave a structure involving the interchange of N with O ions
cause single crystals are impossible to obtain. Most of thevith a much reduced symmetry.
measurements were done by powder diffraction on polycrys- It is now clear that with the exception of hexagonal
tal samples that were believed to be of single phase. Lattic¥SiO,N, which has some kind of stacking chiral
constants and space groups for these crystals were estatymmetry?® the precise atomic positions in the other three
lished from the diffraction data. It has been suggested thajuaternary crystals are not available for detaitgd initio
Y ,SisN4O5 has a space group &f-42;m with two formula  calculations of electronic structures. It is entirely possible
units (f.u.) in the tetragonal unit cell and ;6i,0;N, (space that in these crystals, there are no unique anion positions
groupP2,/c) has a monoclinic cell with 4 f.u. It is isostruc- after all. In order to study the electronic structure and bond-
tural to the mineral cuspidine ¢®i,O,F, that was synthe- ing in these crystals, some candidate structures that are close
sized by Saburét al®? Y ,Si,0;N, and the many other simi- to the real materials must be proposed, and based on these

Il. CRYSTAL STRUCTURES AND THE O/N DISORDER
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TABLE Il. Candidate models for the exchange of O/N sites from the ideal structure.

Y ,SigN,4O3 Y 4Sib,O/N, Y 1d SiO,J6N >

Wyckoff sites: N(8f),01(2c),02(4e) See Ref. 12 KRa),01(6h),02(6h),03(12)
Models

M1 N1, N2-O1 N1-O1 N1, N2-O1

M2 N1,N2-02 N1-0O2 N1, N2-O2

M3 N1-0O1, N2-02 N2-O1 N1, N2-O3

M4 N3, N4-0O1 N2-02 N1-O1, N2-02

M5 N3, N4-02 N1-01, N2-02 N1-02, N2-O3

M6 N3-01, N4-02 N1-02, N2-O1 N1-03, N2-O1

M7 2 N1-2 O1

M8 N1-0O1, N1-0O2

structures calculations can be carried out. To this end, wealculation. Our most preferred structure is apparently differ-
have used the density functional theory based Vieamini-  ent from the one reported by Farg al®° using a similar
tio simulation packag&VASP)%®70 to relax several model approach, but with a lower level of accuracy in terms of
structures for ¥SizN,Os, Y,SibO/N,, and Y;SiO,JsN,.  energy cut off and number df points used. Although the
The same approach was used to determine the structure &®nclusion on the presence of Si-O2N2 and Si-ON3 local
YSiO,N.5% In each of the three crystals, six candidate strucPonding units are the same, we do not have the long Y-O
tures were identified which we label as M1, M2, M3, M4, bond of 3.1 A reported in Ref. 60. Our longest Y-O bond in
M5, and M6. In Y,Si,O,N,, two additional structures M7 Y2SikN,Oz is 2.85 A. This difference could also be partly
and M8 were later added. The specific sites of O/N ex.due to the difference in using either the GGA or LDA poten-
change in these proposed models are listed in Table II. Altials.
though these six or eight models do not exhaust all possible In Y 4Si,0/N,, we find all eight proposed structures have
O/N interchanges, we believe they form a reasonable subsétslightly higher energy than MO. The lowest energy model is
for all O/N disordered structures in these crystals. M3, which is still higher in energy than MO by 0.192 eV per
We next apply the total energy relaxation technique to alcell. So the original structure MO as reported in Ref. 12 is
models in three crystals with O/N disorder together with theused for the electronic structure calculation. In the case of
original ideal structure labeled as MO. The relaxation wasY 1d SiO4]gN2, we find all six models have substantially
carried out using the VASP code with local density approxi-lower energy than MO, underscoring the assertion that N pre-
mation (LDA) for exchange correlation. We used the ultra-fers to be bonded to Si in N-apatite. Of the six models, M2
soft Vanderbilt-type pseudopotentiihs supplied by Kresse has the lowest energy and is lower than MO by 2.37 eV per
and Hafner2 For sufficient accuracy, a high-energy cutoff of cell, or 0.056 eV per atom. The M2 structure is then used for
600 eV was used. 24, 12, and R4$oints in the Monkhorst- the electronic structure calculation. Because of the inter-
Pack scheme were used for Brillouin zone integration, rechange of O and N, the symmetry of M1 in,Si;N,O3 and
spectively, for the three crystals, which are found to be quitéM2 in Y, SiO,]gN, are both reduced to the space group of
sufficient due to the large unit cells of these crystals. TheP2; (No. 4 and P2;/m (No. 11), respectively. The lattice
structures were relaxed via a conjugate-gradient algorithnparameters and of the relaxed models are listed in Table I.
and analytical expression for Hellmann-Feynman forces td’he atomic positions used in the electronic structure calcu-
achieve a total energy and force convergence at the level détions for the three crystals are listed in Tables IlI-V, re-
0.01 meV and 0.01 eV/A, respectively. No restrictions werespectively.
placed on the symmetry of each crystal. For relative com- With the atomic positions determined, it is instructive to
parisons of energies among different candidate models, thigxplore the different local cation-anion bonding configura-
level of accuracy is more than sufficient. We have also pertions occurring in these crystals. Table VI lists all possible
formed several test calculations using the generalized gradtation(Si and Y) and anion(O and N local nearest neighbor
ent approximation(GGA) for the structural optimization. environments. It is quite surprising to see that the common
The results were quite close to the LDA results except withconfigurations such as the tetrahedral Si-N4, planar N-Si3,
slightly larger lattice constants. Since the LDA and GGAand bridging Si-O-Si, which are the backbone structures in
results differed only slightly and there is no reason tobinary crystals ok-SiO, and 8-SisN4, do not occur in these
strongly prefer one over the other, at least in the preserguaternary crystals. Si is always fourfold bonded with all
study for the Y-Si-O-N system, the LDA results were combinations of Si-CNy (x+y=4) possible (including
adopted for further analysis. Si-N4 in B-SizN,). On the other hand, there are many pos-
In Y,SiiN,O3, we find M2, M3, M5, and M6 all have sible configurations of Y-(N, with coordination numbers
higher energy than MO. M1 and M4 have the same totalanging from 6 to 9. The maximum number of N nearest
energy and are lower than MO by 0.36 eV per cell. M1 isneighbors to Y is 5 in ¥SizN4O3. From the point of view of
then chosen as the candidate structure for electronic structuesm anion, O can be either three- or fourfold coordinated. The
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TABLE lIl. Atomic positions of M1 for Y,SizN,Os: a TABLE V. Atomic positions of M2 of YJSiOgN,: a
=7.4238 A b=7.6027 A,c=4.8162 A, space groufR2;. =9.1246 A,b=9.0413 A,c=6.7302 A, space grouf?2,/m.
Atom X y z Atom X y z
Y1l 0.9130 0.8361 0.4985 Y1l 0.3271 0.5032 0.6629
Y2 0.5983 0.1678 0.5072 Y2 0.7605 0.7500 0.9918
Sil 0.2446 0.0023 0.9853 Y3 0.2319 0.7500 0.2459
Si2 0.1069 0.6441 0.9367 Y4 0.0103 0.7500 0.7634
Si3 0.3915 0.3536 0.9532 Si1 0.9731 0.7500 0.3728
01 0.4082 0.9111 0.1905 Si2 0.4017 0.7500 0.0347
02 0.1145 0.6402 0.2795 Si3 0.6319 0.7500 0.6042
03 0.3951 0.3636 0.2914 o1 0.0031 0.7500 0.0011
N1 0.7436 0.0000 0.1842 02 0.3185 0.7500 0.8342
N2 0.0913 0.0843 0.2083 03 0.5181 0.7500 0.6933
N3 0.8299 0.3363 0.2151 04 0.8632 0.7500 0.4721
N4 0.6507 0.6606 0.1993 05 0.6030 0.7500 0.1287

06 0.5266 0.7500 0.4000

_ _ _ _ o7 0.8939 0.5575 0.2449

most common one is O-SiY3, which occurs |n.aII four qua- 0.3456 05574 0.1005

ternary crystals.'lt is also noted that no cqordlnatlon of .theog 0.7548 0.5616 0.6612
form O-Si3, O-Si4, O-Si3Y, N-Y3, and N-Si3Y are found in ' ' )

these crystals. These local cation-anion coordination anly 0.1747 0.7500 0.4870

their implications on the electronic structure and bonding

will be further discussed in Sec. Ill. _ .
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 electronic structure and bonding of the quaternargh€ Mulliken schemé? In the plane-wave based method,
crystals are calculated using thb initio OLCAO methocf? ~ PDOSs are usually obtained by projecting onto some arbi-
In principle, the VASP code used for structural determinatior{@rily defined atomic basis set or spheres and are somewhat
described in the previous section can also be used to stud§Ss reliable. The OLCAO ”}g‘th‘)d has been successfully ap-
electronic structure. However, the time-tested OLCAOPIi€d to the study of YSiEN, and oth(igscrystalllne phases
method in which atomic orbitals are used for basis expansioff! the SiQ-Y205-SiN, phase diagrar,-*°as well as many

. , - : i <78 itriday9-85
is a much more versatile and efficient method for analyzing®th€r complex ceramic oxidés and nitrides. *In the
present study, we used a full basis set expansion consisting

of atomic orbitals of Y([Kr] core plus 5, 6s, 5p, 4d, 5d), Si
([Ng] core plus 3, 4s, 3p, 4p, 3d, 4d), and O and N1s, 2s,
3s, 2p, 3p). A large number ok points (48, 18, and 48 for
Y ,SizN4O3, Y,4SibO;N,, and Y, SiO4JgN,, respectively in

IIl. ELECTRONIC STRUCTURE AND BONDING

TABLE IV. Atomic positions of Y,;Si,O;N, (from Ref. 13: a
=7.5601 A,b=10.4411 A,c=10.7623 A; space groupP2,/c.

Atom X y z the irreducible portion of the Brillouin zondZ) were used
Y1 0.8328 0.1214 0.4290 for the DOS and optical properties calculations.
Y2 0.3358 0.1227 0.4173
Y3 0.5281 0.4139 0.3107 A. Density of states and partial density of states
Y4 0.0232 0.4024 0.2885 The calculated total DOS of )8i3N,Os, Y ,Sib,O;N,, and
Si1 0.7352 0.1882 0.1321 Y 10 SiO,]gN, are shown in Fig. 3. All three crystals are in-
Si2 0.1552 0.1851 0.1161 sulators with band gaps of 3.40, 3.19, and 3.70 eV, respec-
N1 0.9394 0.2402 0.1092 tively. These band gaps are considered to be lower limits
N2 0.7175 0.0354 0.1703 since it is well known that LDA calculations generally un-
derestimate the band gap of insulators. The states near the
01 0.2105 0.0314 0.1683
top of the valence ban@/B) come mostly from the non-
02 0.7154 0.2753 0.2513 bonding orbitals of N and show some very distinctive fea-
o3 0.2824 0.2653 0.2442 tures. The widths of the upper VB for the three crystals are
o4 0.5774 0.2333 -0.0132 9.2, 8.1, and 7.4 eV, respectively. The atom-resolved PDOS
05 0.1644 0.2203 -0.0262 of these three crystals are shown in Figs. 4-6, respectively.
06 0.4318 0.4943 0.1074 These spectra are very rich in structure and can be best ex-
07 0.9185 0.5192 0.0973 plained by the local bonding environments of each type of

atoms elaborated in the previous section. For example, if a
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TABLE VI. Possible cation to anion bonding coordination in the four quaternary crystals.

Si bonding Crystals O bonding Crystals
Si-O4 Y1 SiO4]6N2 O-Si2 (bridging) None (only in SiO, and SjN,0)
Si-O3N Y,Sib,O;N,, Y1d SiO,J6N > O-SiY2 Y,Si,O;N,
Si-O2N2 Y,SigN403, Y ,SibO;N,, O-SiY3 Y,SisN,O3 Y 4SibO;N, YSIOLN,
YSIO,N Y 14 SiO, 6N
Si-ON3 Y,SigN,O5 0-Si2Y2 Y,SisN4O3
Si-N4 None(only in SkNy) 0-Y3 Y 10 SiO4]gN2
0-Y4 Y ,Sib,O;N,
Y bonding Crystals N bonding Crystals
Y-06 Y1d SiO46N, N-Si3 None(only in SN, and
Si,N,0)
Y-07 Y 4Sib,O/N, N-Si2Y2 Y,SisN4Os, Y 4Si,O/N,,
YSIiO,N,
Y-O3N5 Y,SisN4O3 N-SiY3 Y 4Sib,O/N,, Y1 SiOs]6N,.
Y-O5N Y 4Si,O.N,
Y-O5N2 Y,SibO;N,
Y-O5N3 Y,SisN4O3
Y-O6N2 YSION
Y-06-N Y1 d Si0,4]6N,
Y-O8N Y 1d SiO4]6N,

strong peak occurs at the same energy in the PDOS of semicore Y-4 levels. The structures in the energy range of
particular Si atom and a particular O atom, it implies that-17.5 to —20 eV come from the Os2evels and their in-
these two atoms are strongly bonded. In the DOS and PDO®racting counterparts. Similarly, the structures within the
plots of the Y-Si-O-N crystals, we observe several generafange from =13 to -16 eV come from the N-2vels and
features that are shared by all three crystals. In the VB retheir interacting counterparts. Above the —10 eV, the states
gion, the lowest peak centered around —21 eV is from th&omprise of a mixture of the O and N bonding and nonbond-

15

1@ Y,Si,N,0,
10
AL

[72] J .

S &]® Y,Si,0N,

] i
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= 40-

2 |
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FIG. 3. The calculated total DOS ofa) Y,SisN4O3 (b)

Energy (eV)

5

ing orbitals involving hybridizedsp® orbitals. The bonding
states are predominately from the Si-O and Si-N pairs with
some minor participation from Y<band Y-5 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 ban@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-4l 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 Y,SizN,O5 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 bonds3 O and 5 N while
Y2 bonds b 5 O and 3 N. Nevertheless, their differences are
small. Si1 and Si2 both bond tL O and 3 N and their PDOS
are similar, but are slightly different from that of Si3, which
bonds ® 2 O and 2 N. The PDOS for O1 is significantly
different from that of O2 and O3 especially in the G{&ak
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

Y 4SibO7N,, and(c) Y 1 SiO4JeNo.

Si. Since Si-O is a stronger bond than the Y-O bond, the

085105-6



ELECTRONIC STRUCTURE AND BONDING IN THE Y-. PHYSICAL REVIEW B 70, 085105(2004)

(a) (b) (a) (b)
100 3.2 16 75
25 ] Y1 2.4 ] o1 12 3 Y1 5.0 o1
s i1 | 1) 223
=] oer 4] 0
25 MV\,.M, 0.0 JMdia o 03 £l )‘\A (1).2- A’\ )\/‘M 02
00l f.g-j 02 2—_ Y2 269 . et
591 v2 83 ] 163 03
= 25 TENR ool = 2] ] Aol |
D 3.0 18 03 5 27 2 0.0 04W
Q 15 M 1.2 O sl (1)2-
> o0 Ll 0.6 > 4] £ MN\ N
< sy | oo e IO ) P %
= 121 15 N1 = 6] va 053 N\/M
@ 08+ 1.0 M @ 4. A 0.0 14 P
| 04 05 @ 2] 16 06
2 1 M W 00 4= st I ﬁ s | e M’\A 0.8 AA M
o 00 1.5 4 N2 »h 3 Si1 00 4= Lo
8 12] si2 1.0 AJ M 0 33 Jﬁ o7
0.5 o - 3 M
E 0.8 4 0.0 - A i a :)— AM 1 M a: A T
0.4 1.5 3 N3 o 153 Si2 4] 08
0.0 A 1.0 3 ~ ] 2-. A M
) - 0.5 - 1-0—_ 0ot ]
12 Si3 0.0 J— N 00 957 33 /.n Mog
0] 0.0 3
21 10 )ﬂﬁ N4 153 si3 601~ o]
0.4 05 1.0 6] N
I\M\M M \ o 053 /ﬁ N‘\f\ HJ(M 33
0.0 Ll il Bl | gkl | 0.0 vyt Lkl Liibd bbb LibA | hhbd L 0.0 M 0
25201510 5 0 5 10 15  -25-20-15-10 5 0 5 10 15 LAl A S B A A

-25-20-15-10 -5 0 5 10 15 -25-20-15-10 -5 0 5 10 15

Energy (eV) Energy (eV)
FIG. 4. The calculated PDOS of,%isN,O3: (a) cations andb) FIG. 6. The calculated PDOS ofif SiO4JgN>: (a) cations and
anions. (b) anions.
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
(a) (b) slight differences in the interatomic bond lengths and the
second nearest neighbNN) effects.
20 - 4 o The PDOS for YSi,O;N, are shown in Fig. 5. They are
}S: v 3:: m o1 very rich in structure and the main features can be summa-
8 J (1,': A faitasina rized as follows(1) as can be seen from Table IV, there are
pde | Pa ] 8 02 four different Y ions with specific bonding of Y1-N206, Y2-
16 2 N 07, Y3-NO5, and Y4-N205. Their PDOS differ mostly in
— 1§E A g-j m 03 the CB region. This illustrates the sensitivity of the CB
5 4 13 PDOS spectra to the local bonding configuratiq2s.There
8.’, s ks Y/:M_’ g WA OTMA are two independent Si and N sites, Sil bonds to twNI
> 153 2] ‘ and N2 and 2 O, while Si2 bonds to 1 N1) and 3 O. This
g 12: H 04— - feature is clearly delineated by the two sharp peaks at -14
@ o3t . g:J 05 and -12.5 eV, respectively, in both PDOS of Sil and Si2, as
" 23 4 0] 1 g well as the different positions of Nspeak in the PDOS of
n 6 8 06 N1 and N2. These differences in the local bonding configu-
8 g'. , P‘Mm_ g-ﬁ rations also resulted in significant different features at the top
Q 36 Sit 8] o7 of the VB of Sil and Si2(3) There are seven crystallo-
o f;- 4 graphically nonequivalent O ions that can be classified into
09 M)\m 0+ N two groups. The Os in the first groy@1, 02, 03, 04, Op
0.0 : 2] l bond to 1 Si and 3 Y. Their PDOS are very similar. Still,
f:: Si2 e ! slight differences in the O-2s peak position and some addi-
08 ] 8 I N2 tional features near the top of the VB can be found and can
0.0 JeDl kbl eedegrereyeeee 0 Jereereerrerie O —— be attributed to the SNN effect. The O atoms in the second
252015105 0 5 10 15 25 20 15 10-5 0 5 10 15 group (06 and O7F all bond to 4 Y and their PDOS are very
Energy (eV) different from that of the first group. The Gspeak in the

second group is at a higher binding energy of —=15.7 eV and
FIG. 5. The calculated PDOS of,8i,0;N,: (a) cations andb) the PDOS in the upper VB are sharper and cover a shorter
anions. range of only about 5 eV. These features reflect the relatively
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TABLE VII. Summary of calculated Mulliken effective charge®* (total number of valence

electrons.

Crystals Y,SisN4O3 Y 4SibO;N, YSiO,N Y 14 SiO4]6N>

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
e} 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

weak Si-O bondsi4) The PDOS of N1 and N2 are also quite chargesQ,, on each atom and the strength of the bond be-
different. The N-2 peaks are at —14 and —-12.5 eV, respec-tween any pair of atoms in the form of bond ord@&O)
tively, collaborating with the peaks in the PDOS of Sil at thevalueSpa,B. Here, the effective charg@; is the total num-
same locations. Their PDOS in the VB region are also veryper of calculated valence electrons on each atom and is al-
different. N1 has its Spectral Welght at a lower blndlng en'Ways a positi\/e numbeQ; andpa”B provide information on
ergy than N2. _ charge transfer and the relative strengths of various inter-
The electronic structure of SiO;JN, deserves par- aiomic bonds within a crystal)’. and p,, s are calculated
ticular attention. As mentioned in Sec. I, a preliminary cal-from the ab initio eigenvector cgeﬁicienfﬁ{‘a and overlap

culation _on the idealize(_j N—apatite_ structure. h?‘S beerfhtegralsS .5 in accordance with the Mulliken schefie
reporteck® It shows two different Y sites, one Si site and «lB

three different O sitegO1, 02, O3 with O3 somewhat dif- * _ NN @

ferent from O1 and O2. The N is at the 3ite, and bonds Qu 2 n%c% CiaCipSaip: @
only to three Y ions, resulting in a strong N+2eak at

-11.5 eV and a set of Ng2bands residing in what supposed .

to be the wide band ga{pﬁ of the gimacgbonéﬁ Figuﬁg 6 Pap= 2 2 CliClsSujs: ®)
shows the PDOS of the newly relaxed struct(v®), which moce 1)

has a lower energy and with N bonds to Si. The PDOS of all  For effective charge and BO calculations, a minimal basis
the crystallographically nonequivalent sites are shown in Figset is generally used since the Mulliken scheme works best
6 even though many of them have almost identical localyith a more localized basis set. The calculated resultfor
bonding structure as a result of the reduction in crystal symznq pas for the four quaternary crystals including those of
metry from the ideal apatite structure. As can be seen, th?SiOZN (Ref. 59 are listed in Tables VIl and VIII, respec-
PDOS of 4 Y ions are not very different. Only Yionded to 6y " Also listed are the corresponding bond lengtB&s).

8 O and 1 N is slightly different from other thre¢bonded | yeneral. the BO values scale with BL but not always since

either b 7 O or 6 O and 1 N The same can be said to the : :
. . . .~ the calculation based on Eq4) and(2) is a quantum me-
PDOS of O. With the exception of O1, which now OCCUPIES - anical one in which the wave functions extend over all

the 2a site along thec axis after interchanging with N and X

bonds to 3 Y ions, all other Os bond to 1 Siand 3Y and hav&toms in the crystal. . .

very similar PDOS. The weakly bonded O1 has its PDOS From Table VII for the calculated effective charges, it can
totally different from other eight Os and this is manifested inP€ S€en thatl) the charge transfer from Y to O and N is
the strongly localized O<2peak at -14.8 eV as well as a about one electron except in the case of Y1 isB¥N,O;
much reduced width of the upper VB. It should also beWhereQ* forY1is 1.63. This difference can actually be seen
pointed out that the PDOS of O1 is very similar to the PDOSrom the PDOS of Fig. 4 where the Ypdeak is at a higher
of 06 and O7 of %SisN,O5 in Fig. 4 with similar local —energy than those of other Y ions in the four crystals indicat-
coordination. There are again three types of$i, Si2, and ing a more positive Y ion(2) The effective charge of the Si
Si3). Si1 bonds® 1 N and 3 O and is characterized by aatom ranges from 2.70 in Si2 of;)f SiO4JgN> to 2.89 of Sil
sharp Si-N-2 bonding peak at —12.5 eV. Si2 and Si3 both in Y,SizsN,O;. These differences reflect the different types of
bond b 4 O and have almost identical PDOS. For the N atordocal Si-QN, bonding discussed earlier. For example, the
that now bonds to 1 Si and 3 Y instead of 3 Y in the idealSi2 in Y;dSiO4¢N, is bonded to four O and Sil in
apatite structure, there is a sharp N-2onbonding peak at Y ;Si,O;N, is bonded ® 1 N and 3 O. Likewise, Sil in
the top of the VB in addition to the N<2bonding peak at Y 4Si,O;N, is the Siion which bonds to 2 N and 2 O. Since
-12.5 eV. As a result, the band gap in the present case N is less electronegative than O, there is less charge transfer
greatly enlarged from 1.3 eV in the previous calculatfao  from Si if it bonds to more N atoms and will have a higher

the present value of 3.70 eV. covalency.(3) The deviations ofQ* of anions are somewhat
) less prominent.Q* for O ranges from 6.60 to 6.70 in
B. Effective charges and bond order Y 4Si,O,N,. Q* for N ranges from 5.91 in ¥SisN,O; to 5.94

One of the most useful features of the OLCAO method isin YSiIO,N. Thus the charge transfers in quaternary Y-Si-ON
the provision of quantitative information on the effective crystals cover a relatively narrow range depending on actual
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TABLE VIIl. Summary of calculated bond order values in four quaternary crystals. The numbers in
parentheses are the bond lengths in A. Fa8¥O;N, and Y;dSiO,JgN,, 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 Y,SisN4O3 Y 4Si,O;N, YSiO,N Y 10 SiO4]gN>

Y-O 0.132(2.359 Averaged: 0.09%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(2.273[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(2.36)) 0.179(2.292
0.105(2.509 0.093(2.568

0.088(2.582

Y-N 0.139(2.33) 0.16%2.330 0.142(2.404 0.211(2.253
0.086(2.695 0.07Q2.767) 0.145(2.380 0.130(2.479
0.180(2.379 0.240(2.315 0.133(2.420
0.169(2.356 0.135(2.48)
0.062(2.768 0.250(2.318
0.162(2.282
0.111(2.563
0.184(2.327)

Si-0 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(1.65)[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(1.619

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(1.70%) 0.365(1.699
0.332(1.669 0.365(1.698
0.374(1.692
0.363(1.700

Cell bond order: 12.304 26.203 14.088 18.185

local configurations, and are consistent with the PDOS diaBO is entirely quantum mechanical usirap initio wave
grams shown in Figs. 4-6. functions. The BO values are affected by the presence of
Table VI lists the calculated BO values for Y-O, Y-N, other nearby atoms or bond angles, not just the two atoms
Si-O, and Si-N bonds in the four crystals. The values for Y-Othat form a bond. It is obvious that Si-N is the strongest bond
in Y 4SibO;N, and Y, SiO4]gN, are grouped because too in the Y-Si-O-N system. The large BO value of 0.47 for Si-N
many different bonds occu23 and 28 Y-O bonds, respec- is in Y;SiO,]gN,. This is the main reason for the ideal
tively). It is not practical to list all of them individually. apatite structure to be invalid in this crystal. Largest BO of
Accordingly, the BO and BL values in ,6,0;N, and  0.43 for Si-N also occurs in )8i,O;N,. All other Si-N BO
Y 1JSiO4]¢N, are averaged over five groups according tovalues are greater than 0.33. The Si-O bonds are only slightly
their BLs: (1) less than 2.25 A(2) between 2.25 and 2.30 A, weaker than the Si-N bonds. Their BO values range from
(3) between 2.30 and 2.35 A4) between 2.35 and 2.45 A, 0.22 to 0.37. Both the upper and the lower limits occur in
and (5) greater than 2.45 A. All other Y-O bonds are listed Y,SisN,Os, where each Si atom has two stronger Si-O bonds
individually. Generally speaking, the BO values scale withand two weaker Si-O bonds. The Y-N bonds also have con-
BL, which is the basis of less rigorous estimations such as isiderable BO values of up to 0.24, and 0@5bY ,Si,O;N>)
the bond valence sum mod¥l.The present calculation of and 0.21(in Y 1 SiO,]sN,). It is worth noting that the BL of
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- We used the so-called extended basis set within the OLCAO
Y,Si;,ON, 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-
Y,Si,ON, tions. In our approach, the imaginary part of the dielectric
function e,(w) is calculated first according to

;

e
eo(fiw) = wmwzf i [(gn(k,r 7))
BZ n

YSION —if V |gi(k,r )AL - Fo(K)]
X 8(Eq(K) = Ei(K) - ho), 3)

wheref;(k) is the Fermi distribution function antlw is the
frequency of transition. The real past(w), is obtained from
Y, [SiO LN, 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
5 10 15 20 25 30 35 inverse of the complex dielectric function, or ELF
Energy (eV) =Im[(g1(w)+ig,(w))t]. The peaks in ELF are identified as

plasmon frequencies,, 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.
Y-N (2.253 A in Y1 SiO]6N, is actually shorter than those 7_g, respectively. As can be seen(w) curves have thresh-
in Y,SibO;N, (2.315 and 2.318 A yet the former has a |ds of transition close to the band gap values of the respec-
smaller BO value. The Y-O bonds are the weakest of alkjye crystals. They rise swiftly and peak around 8—9 eV. The
cation-anion bonds in the Y-Si-O-N system mainly becausepeak is quite broad in 3SisN,O5 but is fairly sharp in
pf the Iarger Y-O BLs. Their range from a low value of 0.042 YSIO,N (at 7.9 eV}, a fact that could be related to the ab-
in Y,SiN,O; to a respectable value of 0.203 in gence of O/N disorder in the later crystal. Beyond 10 eV, the
Y14 SiO;J6N2, which is actually larger than the BO for the . () spectra gradually decrease until at about 24—25 eV,
Al-O bonds in the Y-Al-O systenfi:">As pointed out earlier, they start to rise again with another broad peak between 25
there are many more Y-O bonds than other cation-anioRnq 29 ev. These peaks originate from transitions from the

bonds. Hence, the overall contribution of Y-O bonding togemijcore Y-4 bands at -21 eV to the empty CB states.
crystalline cohesion should not be overlooked. This has not The real parts of the dielectric functioag(w) of the four

been the case in much of the published literature, which USUsrystals are shown in Fig. 8. Their general shapes are very
ally assumes the Y-O bonding to be too weak to be of anyjmilar since thes,(w) spectra are quite similar. The refrac-

consequence. _tive index of an insulating crystal can be related to the square

For the crystal as a whole, a more meaningful quantity iS,ot of the electronic part of the dielectric constant at zero
the total cell bond order which is the sum of all bond order

?

f

A®)
O=NWHRUIONO=NWRUONO=NWRUIONO=NWARTIOND
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o

FIG. 7. Comparison of the calculated imaginary parts of the
dielectric functions for the four quaternary crystals.

tain different number of atoms and bonds, a much more US€[ 94 and 2.02

ful concept is the average cell bond order per unit volume_ :
; . ergy loss functions of the four crystals. In general, they are
These numbers are also listed in Table VIII. It turns out tha gy Y 9 y

) . ttwo plasmon frequencies within the 0—35 eV region. These
tT]ZeSEgi‘OB%herthuen:'?/2ﬁjsntq;’a[?ﬁeogt%g:‘?hi?gﬁ{; Ifs(,)rhav lasmon peak values are listed in Table IX. Also listed in
' able I1X are other parameters relevant to optical properties

the values of 0.032, 0.036, and 0.037 electt@n?. So we P prical prop

. of the four Si-Yi-O-N quaternary crystals.
may conclude that ¥SisN,O; crystal has the strongest crys- — Tpere are two primary reasons for the calculation of op-

tal bonding among the four crystals. This is most likely duec| properties of these quaternary crystals. First, it has been
to its higher N content. pointed out in Sec. | that §\, 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 Si@will soon reach its theoretical limit, unless
The optical properties of the four Y-Si-O-N quaternary other compatible materials with higher dielectric constants
crystals are also calculated based on the modeled structure=an be found’ SiON, with appropriate composition modi-

IV. OPTICAL PROPERTIES
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fications by adding other elements is one of the viable
candidate§® The other material being considered is
Zr-silicates®®*° The present calculation of, for the four
quaternary crystals gives some useful estimation on the
range of the possible dielectric constateggectronic contri-
butiong that can be obtained from these materials in relation
to different O/N ratios. The specific bonding considerations
discussed in Sec. Ill 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 WaalslW) 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 Dzayloshinslét al?’~°3The basic quantity
required is the London dispersion transformation of the
frequency-dependent dielectric functi&hin the simplest
approach, the refractive index of materials can be used for
such estimation& Frencl#®° 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

FIG. 8. Comparison of the calculated real parts of the dielectricmedia using the Lifshitz theory. Since no experimental opti-
functions for the four quaternary crystals.

4] YsSiON,
3]
2]
14
o]

Y Si,ON

34 27 2

YSiON

Y1o[5i04]sN2

o -t N
o1 1

T
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Energy (eV)

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 determinedabyini-
tio modeling. It is shown that the nominal crystal structures
of Y,SibO;N, and Y;{ SiO,]gN, 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
Y 1d SiOsNJg, in which the 2 site is empty and all N
atoms are bonded to Si or other combinati$hSuch defec-
tive structures can also be studied by #ieinitio modeling
technique used here. However, the N/O ration in
Y 10 SiOsN g, is no longer the same as inyYSiO,]gNo,
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, IO
SizN4,-MgO, SiO-SisN4,-CaO, or Y containing Si-Al-O-N

FIG. 9. Comparison of the calculated electron-energy-loss funcsystems(Y-Si-Al-O-N) to have an even broader picture of
tions for the four quaternary crystals.

the structural ceramics.
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TABLE IX. Summary of calculated optical properties of quaternary crystals.

Crystals Y,SisN,O3 Y 4Sib,O;N5 YSIiO,N Y 10 SiOy]gN2
Eq (eV) 3.40 3.19 4.40 3.70
£1(0) 4.38 3.91 3.75 4.07
Refractive indexn 2.09 1.98 1.94 2.02
Main peak ine,(w) (eV) 8.37 7,81 7.80 8.51

w, (8V) 21.0, 31.6 20.3,31.2 20.0, 22.8, 30.0 22.0, 30.9
VB width (eV) 9.2 8.1 8.9 7.4

In this study, a variety of local cation/anion bonding con-far, such calculations have only been applied to the binary
figurations are identified in the Y-Si-O-N system and dis-crystal§8-19 of the phase diagrams of Fig. 1 and to
cussed in the context of calculated PDOS, the charge transfgi,N,0.1%* Similar calculations on the ternary and quaternary
inferred from effective Mulliken charges, and bond ordercrystals are being contemplated as soon as the required com-
values. These local bonding structures are very likely to exisputational resources become available. Experimental ELNES
in the interior or at the boundary of the metal-doped IGF inmeasurements on polycrystals containing IGF have been
polycrystalline SjN,. So the information we obtained could attempted However, the low-energy resolution of the spec-
be used as a useful reference in the construction of realistigg and the lack of any structural information about IGF pre-
structural models for IGF. It is shown that the Si-N bond haSC|ude any definitive conclusions.
the Strongest bond Strength, fO”OWed by the Si-O. H.OWeVer, The current resu'ts provide a more Complete set of quan_
the bonding of the Y-O and Y-N pairs should not be ignorediitative data for realistic statistical analysis of the structure-
in the analysis. Y-N and Y-O bonds have considerableyroperties relationship in the Y-Si-O-N system. Hopefully,
strength in spite of relatively large bond distances. Furtherthis will shed some light on the nature of IGFs and other
more, Y has a higher coordination number and there argicrostructures in polycrystalline nitrogen ceramics that will
many more Y-O and Y-N bonds that can contribute to thegyentually lead to their wider applications in modern tech-
overall crystal cohesion. The optical property calculationnology. We intend to use the present results to do more real-
shows that these crystals all have very similar optical spectrastic modeling of IGF structures in polycrystalline;Si, or
A slight variation can result in small difference in their re- at a |arger scale, the joining of polycrystalline;!$j using
fractive indices. Such a difference is most likely related torefractory oxynitride$? The understanding of the nanoscale
the different concentration ratios of cation/anion or O/N, andmicrostructural characteristics associated with IGF and the
not so much to the actual crystal structures. precise mechanism that controls the mechanical properties of

A promising area for further study of the Y-Si-O-N system sintered bulk ceramics is one of the most outstanding prob-
is the characterization of these materials by means of x-rajams in ceramic science. A computational approach to this
absorption near edges spectroscOANES) or the energy  complex problem is only at the beginning. Finally, in this
loss near edge spectroscoi8LNES). The XANES/ELNES  paper, we have demonstrated the effectiveness of combining
spectra of the Sk, Si-Ly3 Y-K, Y-M3, OK, and NK o different ab initio methods, thereby overcoming the

edges in these materials are very sensitive to the rich locaimitations of each individual method in attacking problems
environment of the cations and anions described in this papf great complexity.

per, and could be a better alternative to the NMR techniques

useq so far in determining th(_a local _stru_ctu%é§.5 The_ ex- ACKNOWLEDGMENTS
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