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’ INTRODUCTION

R-Sialon is a solid solution isostructural withR-Si3N4 in which
Si and N are partially replaced by Al and O, respectively. Such
structure is metastable and is considered to be stabilized by
incorporating metallic ions, such as lithium, magnesium, calcium,
yttrium, or any of the lanthanides, in the large interstices in its
structure. Thus, R-sialon, that is, R-Si-Al-O-N, is well established
with the general formula MxSi12-m-nAlm-nOnN16-n, wherem is
the number of Si-N bonds replaced by Al-N, n the number of
Si-N bonds replaced by Al-O, and x equals m divided by the
valence of the M cation.1-5 R-Sialon exhibits high hardness,
excellent high-temperature strength, and thermal shock resis-
tance, which make it widely used in high performance ceramic
materials.6-10 Moreover, recent studies have indicated that
lanthanide(Ln)-doped R-sialon materials have interesting lumi-
nescence properties, which suggest their potential application as
novel phosphors with excellent thermal and chemical stabilities.11-17

In addition, theR-sialon family shows the flexibility of varying the
chemical composition over a wide range while maintaining the
crystal structure, which favors the optimization and adjustment
of luminescence properties. Because of the combined high-
temperature and luminescence properties, R-sialon materials
could be applied as electroluminescence materials or longer-lived
phosphors under high-energy irradiation-like plasma display
panels.

The structural or functional properties of R-sialon largely
depend on the doped metals. For the doped Ln elements, the
first-principles molecular-orbital calculations suggest that the
Si(Al)-N(O) bonds are strengthened by the presence of a trivalent
positive charge at the interstitial site of the R-sialon crystal.

However, both Ln-N(O) and Ln-Si(Al) bonds are strongly
antibonding, which becomes more significant when the ionic
radius of Ln element increases.18 The theoretical calculation has
been well supported by the experimental results which show low
solubility of larger Ln3þ in the R-sialon crystal lattice. Large ions,
such as Ce3þ (r = 1.01 Å), have long been considered unable to
be accommodated into the interstices, which have an average
sphere radius of 1.46 Å. However, in the past decade several
reports have been available in which the preparation of Ce-doped
or even La-doped R-sialon (though the solubility was quite low),
succeeded.19-23 Meanwhile, the Ce-R-sialon has shown inter-
esting luminescence property emitting green or blue light.11-15 It
is well-known that the emission of Ce3þ originates from a fully
allowed transition from crystal-field component of the 5d1 state
to the ground 4f1 state (i.e., 5d-4f transition). The interaction
between the wave function of the electron in the 5d state, and the
crystal field results in a broadening of this state and the splitting
of the 5d energy level.11-15,24 Therefore, for Ce3þ luminescence,
the excitation usually has several peaks (e5), and the emission
consists of a broad band with two peaks in the long-wavelength
ultraviolet region. The luminescence of Ce3þ depends on the
host lattice. Compared to the oxides,24 nitrogen-rich phase tend
to show larger ligand-field splitting of the 5d band and center of
gravity of the 5d states at lower energies because of the higher
formal charge of N3- compared with O2- and the less electro-
negativity of nitrogen compared with oxygen (i.e., nephelauxetic
effect).11-15 These factors lead to the exceptional long-wavelength
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ABSTRACT: Doping structures of Ce3þ into the refractory R-
sialon crystal lattice have been examined via an atom-resolved
Cs-corrected scanning transmission electron microscope. The
location and coordination of the rare-earth ions are well-defined
through direct observation in conjunction with structural
modeling and image simulation. The stability and solubility of
Ce3þ ions could be remarkably enhanced via congregation into
the planar defects formed by a 1/3 Æ210æ-type lattice displace-
ment along with an inversion operation. The formation of
cylindrical chambers near the defects is believed to provide
effective structural relaxation upon doping of large rare-earth ions into the interstices in their neighborhoods. The as-revealed
structural information could be useful for understanding the luminescence properties of the promising rare-earth doped sialon
materials.
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emission of Ce-R-sialon. Therefore, the host crystal structure
and specifically the location and coordination of rare-earth
ions determine the luminescence properties of the Ln-doped
phosphors.

So far, the exact location of large Ce3þ ions in R-sialon crystal
has never been examined for two reasons. First, too few of doped
Ce3þ ions made it impossible for structural refinement using
X-ray diffractometry (XRD), and no effective facility was avail-
able at that moment to detect single atoms in the structure. The
other is that people seem to be willing to accept the incorporation
structure derived from light metal-doped R-sialon, for example,
Ca, Mg, and Y, with comparatively high dopant concentration.
XRD analysis then suggests that the metal ion locates at (1/3, 2/
3, 3/8) or (2/3, 1/3, 7/8) inside the structural interstice and is
coordinated with seven (N, O) anions.25 On the other hand,
previous work also observed some planar defects formed in the
Ce-R-sialon crystals, which were proved to be related to the
uneven distribution of Ce3þ ions.26-29 However, the role of
these structural defects still remain less clear. In the present
study, we have taken advantages of newly developed atom-resol-
ved Cs-corrected scanning transmission electron microscope
(STEM) to examine the doping structures of Ce-R-sialon material.
The precise location and coordination of Ce3þ ions could be
directly determined. Therefore, the distribution, solubility and
stability of Ln ions in the R-sialon crystal have been examined in
detail by combining the atom-resolved imaging, structural mod-
eling, and image simulation.

’EXPERIMENTAL SECTION

Cerium-dopedR-sialonmaterial was prepared from a starting powder
mixture of Si3N4 (SN-E10, Ube Industries Co., Tokyo, Japan), AlN
(type F, Tokuyama Co., Tokyo, Japan), and 10 wt % CeO2 (High Purity
grade, Kanto Chemical Co., Tokyo, Japan). The starting composition
was 13Si3N4-9AlN-2CeO2. One weight percent yttrium R-sialon seeds
(SY-SY5, Ube Industries, Tokyo, Japan), with an average particle size of
0.2 μm, were added to the powder. The composition of the Y-R-sialon
seeds is measured to have m = 0.95 and n = 1.34 in the general formula.
The powder compacts were sintered by spark plasma sintering (SPS) at
1750 �C for 10 min, under a pressure of 30 MPa. Details of the
preparation procedure were presented elsewhere.22

Atom-resolved structural observations were performed on a 300 kV
Cs-corrected STEM (FEI TitanTM 80-300) with a spatial resolution
better than 0.1 nm. High-angle annular dark-field (HAADF) technique
was applied to image individual Si(Al) and Ce atoms, which relies on the
Z-contrast where the image intensity is approximately proportional to
the square of atomic number.30,31 To obtain reliable and convincible
measurement of atomic positions, possible artifacts in imaging should be
evaluated and eliminated as much as possible. The artifacts include
image distortion resulting from, for instance, specimen drift or tempera-
ture fluctuations of the lens, and scanning noise resulting from, for
instance, floor or acoustic vibrations, electro-magnetic interferences,
various electronic instabilities from the acceleration voltage, emission,
len and deflector current, detectors, etc. However, the Titan was
designed to keep artifacts that commonly affect STEM imaging to a
level not significant for resolutions up to one angstrom, provided the
environment is suitable as for the instrument used in this work.32,33 The
sample for STEM observation was prepared via traditional processes
including cutting, mechanical grinding, and polishing, ion-milling using
Gatan PIPS, and finally coating with a thin carbon layer. Quantitative
analysis of image contrast was carried out using DigitalMicrograph
software. Models of doping structures were built using CrystalMaker

software, according to which the image simulation was performed using
MacTempas software.

’RESULTS AND DISCUSSION

R-Sialon has a trigonal P31/c crystal structure and contains
two large interstices in a (Si,Al)12(N,O)16 unit cell. The center of
the interstitial holes locate at (1/3, 2/3, 1/4) and (2/3, 1/3, 3/4),
respectively.1-5 The metallic ions could be accommodated into
these holes. For the smaller metals, like Li, Mg, Ca, Y, or a rare-
earth metal with larger atomic number, comparatively higher
amount of ions could be incorporated. Therefore structure refine-
ment is possible and reveals that the metallic ion is coordinated
with sevenN(O) atoms and locates at (1/3, 2/3, 3/8) or (2/3, 1/
3, 7/8).25 It can be seen that the small metallic ions do not locate
at the center of the interstices along c-dimension. However for
the large doped ions like Ce3þ, broader space is required and the
coordination situation must be different. Since structure refine-
ment is impossible for such low doping content of extremely
large ions, direct observation of individual atoms should be the
only possible way to define their locations. Thanks to the newly
developed Cs-corrected STEM, rare-earth atoms could be ex-
plicitly distinguished on a high-resolution (HR) HAADF image.
Figure 1a shows the Z-contrast image of an R-sialon grain along
the [001] zone axis. The bright dots, parts of which aremarked by
circles, refer to the Ce atom columns because the atomic number
of Ce (58) is much larger than that of Si (14) or Al (13). The
Si(Al) atoms appear as faint dots on the image. Figure 1b illust-
rates the [001]-projected structural model of R-sialon. The Ce3þ

ions are assigned to the (x, y) coordinates of (1/3, 2/3) and (2/3,
1/3) in the unit cell. The corresponding calculated projected
potential pattern is presented in Figure 1c (the right-handed
part). The simulated image of R-sialon without rare-earth dopants

Figure 1. Structural analysis of R-sialon:Ce projected along the [001]
direction. (a) HR-HAADF image of anR-sialon grain showing doping of
Ce3þ ions with bright contrast part of which are marked by circles. GB
represents the grain boundary. (b) The structural model of [001]-
projected R-sialon where each of the interstices accommodates a Ce3þ

ion at x = 1/3, y = 2/3 coordinates. (c) Calculated projected potential
patterns in which the left-handed part represents the undoped R-sialon
structure, while the right-handed part refers to the structure doped
with Ce.



2907 dx.doi.org/10.1021/ic102165g |Inorg. Chem. 2011, 50, 2905–2910

Inorganic Chemistry ARTICLE

is also shown for comparison (see left-handed part of Figure 1c).
The presence of Ce3þ ions apparently increases the intensity of
dot contrast. The consistence between the calculated and
experimental images indicates that Ce3þ ions locate at the center
of the interstices with respect to the x-y coordinate system.

To define the z-coordinate of Ce3þ ions, imaging along zone
axes other than that parallel to c-axis is required. Therefore, the
[101]-projected HR-HAADF image was acquired and is shown
in Figure 2a. Again, sporadically distributed bright dots (marked
by arrows) could be observed, which refer to the accommodation
of Ce3þ ions in the structure. The reported z-coordinate of small
doped metal ions is either 3/8 or 7/8 as seen in Figure 3f.25

However, it is reasonable to consider that the large incorporated
metal ions like Ce3þ require larger space and should locate much

closer to the center of the interstices. Figure 3e illustrates the
structural model where the Ce3þ ion locate at the center of the
interstice, i.e. (1/3, 2/3, 1/4). In the [101] projection, the
difference in z-coordinate of Ce3þ ions could be clearly revealed.
Figure 3a illustrates the structural model of Ce-R-sialon viewing
along [101] zone axis where the Ce3þ ions are assigned at the
center of the interstices. Its calculated HAADF image is shown in
Figure 3c. Similarly, the structural model and simulated image of
[101]-projected crystal structure where Ce3þ ions locate at z =
3/8 or 7/8 are presented in Figure 3b and 3d, respectively. The
calculated images show apparent discrepancy owing to the mod-
ification of Ce locations particularly when we notice the position of
Ce3þ ions (large bright dots) with respect to the Si(Al) atoms
(faint dots) labeled with P and Q.

On a HR-HAADF image, the image intensity depends on the
sum of atomic numbers along a certain atom column. Ce atoms
appear brighter because of their high atomic number, while the
difference in intensity for Si(Al) atom columns relies on the
density of atoms at each projection position. N(O) atoms are too
dim, and their contribution to the image intensity could be
negligible. The R-sialon lattice exhibits soybean-shaped dot pat-
terns on the [101]-projectedHAADF image (Figure 2) if we filter
out the faint contrast surrounding them. These dots refer to two
Si(Al) atoms per unit length along the [101] direction as
indicated by circles in the structural models in Figure 3a and b.
By comparing the observed image (Figure 2) and the calculated
images (Figure 3c and d) through measuring the positions of
Ce3þ ions relative to those of Si(Al) labeled by P and Q, we can
see that the z-coordinate of Ce3þ ions varies between 3/8 and 1/
4 though majority of Ce3þ ions locate much closer to the center
of the interstices. Twenty Ce3þ-ion locations have been mea-
sured and their z-values are illustrated in Supporting Information
Figure S1. In Figure 2, the triangular and rectangular arrows point
to the Ce3þ ions locating close to z = 1/4 and 3/8, respectively.
The variation of z-coordinate for Ce3þ ions could be explained
by the difference in local chemical environment dominated by
the atom substitution in this solid solution. For z = 1/4, the Ce3þ

ion is coordinated with eleven N(O) atoms in the interstice (see
Figure 3e). According to the measured lattice parameters of the
present Ce-R-sialon material, that is, a = 7.95 Å and c = 5.69 Å,22

the Ce-N(O) bond length is approximately 2.845 (�2), 3.008
(�6), and 2.650 Å (�3), respectively. The bond length is
somewhat larger than that in a seven-coordination configuration
(see Figure 3f), that is, 2.744 (top 3), 2.744 (middle 3), and 2.134
Å (bottom 1). Since the majority of Ce3þ ions locate close to the
center of the interstices, the increased coordination number,
which is higher than 7, that is, around 9-11, must play an
important role in the luminescence properties including crystal-
field splitting, the center of gravity and the Stokes shift.

Though large rare-earth elements, like Ce, seem to be
stabilized in the R-sialon crystal structure, the strong antibond-
ing, as indicated by the theoretical calculation,18 results in low
solubility of Ce in the lattice. This has been evidenced by the
present STEM observation which only detected sparsely dis-
tributed Ce3þ ions in the R-sialon crystallites. However, this
situation could be remarkably changed via structural modulation.
Our previous work has found that Ce3þ ions could be congre-
gated into the planar defects formed via a 1/3 Æ210æ-type
displacement.28,29 The faults on different planes eventually enclose
to form tetrahedron- or pyramid-shaped domains with the bound-
aries on some specific faces, that is, (001), {100}, and {101}.
Structural modeling revealed generation of larger chambers at the

Figure 2. HR-HAADF image obtained along the [101] zone axis. The
magnified image (inset) clearly shows the soybean-shaped pattern of
Si(Al) atoms along with randomly accommodated Ce3þ ions appearing
as bright dots (marked by arrows). The triangular arrows point to the
Ce3þ ions locating closer to z = 1/4 while the rectangular arrows refer to
those close to z = 3/8.

Figure 3. Determination of z-coordinate of Ce3þ in the structure.
Panels a and b are the structural models viewed along [101] in which the
location of Ce3þ is assigned to (1/3, 2/3, 1/4) and (1/3, 2/3, 3/8),
respectively. Panels c and d are the simulated HAADF images according
to the structural models in a and b, respectively. Panels e and f show the
coordination condition of Ce3þ in an individual interstice with respect to
a and b, respectively.
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faulted area, which made us take for granted that these enlarged
holes could accommodate more Ce3þ ions. However, the present
atom-resolved imaging indicates that such assumption is wrong.
Figure 4 shows the typical faults on (101) planes. By comparing the
density and intensity of Ce3þ ions in the matrix lattice and the
defect lattice, one can expect extremely high occupancy of Ce3þ

ions at the interstitial sites near the faults especially when noting the
periodic array of strong intensities. The present Z-contrast image is
consistent to our previous chemicalmicroanalysis via energy disper-
sive spectroscopy (EDS) in TEM, which also showed higher con-
centration of Ce at faulted area.29

Structural analysis using the diffraction contrast theory sug-
gested that the faults in Ce-R-sialon were formed via a 1/3 Æ210æ-
type displacement.28 However, the present HR-HAADF imaging
reveals an additional inversion operation involved. The magni-
fied image in Figure 5a clearly shows inversion relationship
between the soybean patterns on either side of the fault along
with a 1/3 Æ210æ lattice shift. According to the revealed defect
structure, the structural model is established and illustrated in
Figure 5b. Here, the Ce3þ ions are assigned at the center of inter-
stices in the structural model. In Figure 5a, the array of black dots
superimposed onto the bright spots refers to the array of Ce3þ

ions (big dark balls in Figure 5b) at the fault plane in the struc-
tural model. Therefore, the structural model agrees well with the
observed image. Apparently, the structural modification near the
faults makes the large rare-earth ions more stable into the
interstices. TheR-sialon structure has a trigonal symmetry which
is composed of two rows of interstices and one row of densely
bonded Si(Al)-N(O) network along c-axis (see Figure 6a). The
interstice consists of four atomic layers along c-axis, therefore the
R-sialon structure is generally described as ABCD packing
structure in comparison to the ABAB packing structure for
β-sialon.1-5 The 1/3 Æ210æ-type displacement, no matter an
additional inversion operation is involved or not, makes the rows
interchange at the fault plane. As a result, a cylindrical chamber
composed of five atomic layers is formed near the fault plane (see
arrowed region and the inset in Figure 6b). The sites marked by
the ellipses on the fault plane in Figure 5b represent the positions
of these elongated holes. Apparently, no Ce3þ ions have been
observed at these sites on Figure 5a. The creation of cylindrical
chambers does not aim to provide broader space for accommo-
dation of large rare-earth ions as the coordination condition may
not meet the stabilization of metal ions. In contrast, we believe
that such hollow bonding network has effectively relax the lattice

strains aroused from the normal interstices in its neighborhood
where large Ce3þ ions are accommodated.

The interstice in the R-sialon structure resembles a roughly
cylindrical shape rather than a spherical cage. The height (H)
along c-axis is slightly larger than the diameter (D) in the cylinder.
Incorporation of large metal ions should expand the interstice
hence increase the structural parameters. But the increment
scope differs for a and c parameters depending on the doped metal
ions. As can be seen in Table 1, doping of Ce makes the unit cell
expand more in both a- and c-dimension than that doped with
smaller ions, for example, Y. In addition, the c/a ratio decreases in
Ce-R-sialon suggesting broader expansion in a- than in c-dimen-
sion when larger metals are accommodated. As a result, the cylin-
drical interstice tends to be more like a sphere. Table 1 presents
the values of diameter and height of the interstice in R-Si3N4 and

Figure 4. Observation of planar defects in R-sialon:Ce on a [101]-
projected HR-HAADF image. Note the dense and periodic accommo-
dation of rare-earth ions at the faults while loose distribution in the
matrix lattice.

Figure 5. Structural analysis of the fault structure. (a) The magnified
image showing a fault formed by a 1/3 Æ210æ-type lattice displacement
along with an inversion operation. (b) The structural model of the fault.
The large circles refer to the centers of the interstices where Ce3þ ions
might reside and the squares outline the soybean-shaped Si(Al) sub-
lattice. The sites marked by the ellipses represent the positions of
cylindrical chambers formed on the fault plane.

Figure 6. Models of interstitial configuration in the matrix lattice (a)
and at the fault region (b). Note the generation of cylindrical chamber
(inset) at the arrowed position after the lattice transition.



2909 dx.doi.org/10.1021/ic102165g |Inorg. Chem. 2011, 50, 2905–2910

Inorganic Chemistry ARTICLE

its solid solutions doped with different metals. Though the
doping content is quite low, Ce-R-sialon already shows a
considerable expansion of interstices in a-dimension, that is,
2.52% increment with respect to that in the R-Si3N4 structure.
Since the XRD analysis usually gives a mean value of structural
parameters, the actual size of interstice should be even larger at
the site that a Ce3þ ion is accommodated. As a whole, because of
D/H < 1 for the interstice, the demand of expansion in a-
dimension is more critical than that in c-dimension. However, the
row of stiff Si(Al)-N(O) network in the close vicinity of the rows
of interstices (see arrowed region in Figure 6a) hinders the
expansion of interstices required for doping of large metal ions.
On the contrary, the created hollow chamber (see Figure 6b)
near the fault after a lattice displacement makes the “walls” of
interstices much softer, hence lowered strain energy involved in
the accommodation of Ce3þ ions through some easy operations
of chemical bonds within the chamber, for example, twist or
rotation.

Though the sole 1/3 Æ210æ lattice shift is enough to create
cylindrical chambers,28,29 an additional inversion operation is
found prerequisite for lowering the strain energy at the faulted
region. We compare the structural models with and without an
inversion operation and find that the inversion operation can
produce a more symmetrical structure where all the surrounding
interstices could be effectively bounded with the hollow cham-
ber, hencemaximal relaxation of structural stains (see Supporting
Information Figure S2).

Extensive atom-resolved STEM examinations of Ce-R-sialon
crystallites through different viewing directions never observed
simultaneous doping of Ce3þ ions in the neighboring interstices
within the matrix lattice. In contrast, the array of highest intensity
at the fault plane suggests both high occupancy and accommoda-
tion of metal ions in neighboring interstices. In the present study,
we tried to estimate the occupancy of Ce at the faults by using
multislice image simulation. However, since the fault we exam-
ined was a part of domain boundary, which should be a facet of
either a tetrahedron or a pyramid, the actual size and shape of the
fault can hardly be defined. Therefore, precise determination of
Ce occupancy is impossible. Anyway, the measurement of
intensity of dot contrast at Ce positions suggests that more than
three times higher occupancy is achieved at faults than in the
matrix lattice.

The present study indicates that the crystal structure could be
tailored via introduction of defects aiming to stabilize the doped
elements and increase the solubility of dopants. A quick synthetic
process, for example, the spark plasma sintering used in the
present preparation of Ce-R-sialon, seems to provide a dynamic
driving force for the generation of metastable defect structures.
In fact, the SPS technique has been widely used to synthesize
many new ceramic materials in a nonequilibrium condition.34-37

Therefore the doping structure and dopant concentration could
be controlled via adjusting the synthetic conditions including
powder composition, temperature, and sintering time, which
finally reaches the end to optimize the corresponding physical

properties of the doped materials. For applications in lumines-
cence, usually as high as possible Ln ion concentration up to a few
percent is desirable to obtain high luminescence intensity. How-
ever, some unwanted effects may arise including cross-relaxation,
concentration quenching, etc. In the case of high dopant con-
centration, the luminescence ions become so close that the
excitation energy starts to migrate among them and becomes
progressively lost at unspecified nonradiative traps (lattice
defects).24,38 The concentration quenching is determined pri-
marily by the dipole-dipole interaction between rare-earth ions,
which weakens as R-6 with an increase in the distance between
the ions. There exists a critical value Rc, below which the lumi-
nescence is completely quenched. Generally for concentration
quenching, the effective radius of the dipole-dipole interac-
tion between rare-earth ions is approximately equal to 0.3-
0.5 nm.39,40 In R-sialon crystal structure, the shortest Ce-Ce
distance, that is, the span of two neighboring interstices is around
0.53-0.57 nm,41 which is just beyond the critical value for
concentration quenching. The correlation between the high-
amount doping in faults and the luminescence property is being
investigated by combining TEM and SEM-CL (cathodolumi-
nescence) techniques and will be reported in the near future.
Anyway, a recent study has shown that the Eu2þ ions could be
accommodated at stacking faults in AlN, which is called a defect
phosphor showing high luminescence.42

’CONCLUSIONS

An atom-resolved Cs-corrected scanning transmission micro-
scope has been used to analyze the doping structures of the R-
sialon:Ce material which has excellent high-temperature me-
chanical and promising luminescence properties. The location of
doped Ce3þ ions has been well-defined and is found to be majorly
close to the center of large interstices in the R-sialon crystal
structure, hence the coordination number larger than seven, that
is, 9-11. However, the solubility of Ce is quite low in the matrix
lattice which is consistent to the previous theoretical considera-
tion indicating strong antibonding between N(O) and rare-earth
ions especially when the diameter of metal ions is very large. Such
condition could be remarkably changed as revealed by the present
structural analysis. A planar defect formed by a 1/3 Æ210æ-type
lattice displacement along with an inversion operation generates
a cylindrical chamber, which can effectively relax the lattice
strains aroused from the neighboring interstices where compara-
tively large amount of Ce3þ ions are accommodated. The present
study suggests that the doping structure could be tailored via
certain lattice operations, which may make it possible to control
the dopant concentration and hence the adjustment of physical
properties.

’ASSOCIATED CONTENT

bS Supporting Information. The z-coordinates of Ce3+ ions
measured from twenty cerium sites; Schematic explanation of

Table 1. Structural Parameters of r-Si3N4 and Its Solid Solutionsa

a (Å) c (Å) c/a D (Å) H (Å) D/H rD (%) rH (%)

R-Si3N4 7.748 5.617 0.725 5.353 5.617 0.953

Y-R-sialon29 (x = 0.38) 7.805 5.687 0.729 5.394 5.687 0.948 0.77 1.25

Ce-R-sialon 7.95 5.69 0.715 5.488 5.69 0.964 2.52 1.30
a D = diameter of interstice; H = height of interstice in c-direction; rD = (D - DR-Si3N4

)/DR-Si3N4
; rH = (H - HR-Si3N4

)/HR-Si3N4
.
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why an inversion operation is prerequisite in the formation of
faults. This material is available free of charge via the Internet at
http://pubs.acs.org.
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