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A detaijled transmission electron microscope and powder X-ray
diffraction study has been made of Ca;Y (S,;, which is one limiting
composition of the widely substoichiometric, NaCl-related, solid
solution (1 — x)CaS + (x) Y,S;, 0 = x =< 2/7, in the CaS-Y,5;
system. Long-range vacancy ordering and associated structural
relaxation characterized by the modulation wave vector q =
#(111)* is shown to lower the space group symmetry from cubic
to rhombohedral. Twinning between rhombohedral domains and
antiphase boundaries within a particular thombohedral domain
are observed as well as a spectacular diffuse intensity distribution
which shows many similarities but also significant differences to
that previously reported in substoichiometric transition metal car-
bides and nitrides. © 1994 Academic Press, Inc.

1. INTRODUCTION

Widely sub-stoichiometric solid solutions based upon
the NaCl structure type represent a well-known and much
studied class of materials, Exampies include sub-stoichio-
metric early transition metal sulfides and sclenides {1-5),
analogous solid solutions formed from Ca$S or CaSe via
the addition of R,.X; chalcogenides of the heavy lanthan-
ides (6~-8) along with sub-stoichiometric transition metal
carbides and nitrides (9, 10). A characteristic of such solid
solution fields is that the nominally vacant sites always
occur on only one of the two sub-lattice arrays of the NaCl
(BI) structure type, the other sub-lattice array remaining
almost completely intact,

Vacancy ordering and associated structural relaxation
sometimes leads to sub-solidus superstructure phases (3,
i1, 12) within a broader nonstoichiometric composition
range as indicated by the existence of extra satellite re-
flections, at G = q, in addition to the strong Bragg reflec-
tions, G, of the underlying Fm3m, NaCl-type average
structure. Billingham et al. (9), for example, report the
existence of two sub-solidus ordered phases in the VC, _,
system, while a nonsloichiometric Yb,_;S phase with
doubled cubic lattice parameter has been reported for
Ybyg 5758 (13). The modulation wave-vectors, q, character-
istic of such superlattice phases almost invariably include

wave-vectors of the form {111}* ((hkI)* throughout this
paper refers to the reciprocal lattice vector ha* + kb* +
Ice*). Thus the space group symmetry proposed for the
doubled unit cell of Yb, 4555, i.e., F43m, allows reflections
of the form G = #{111}* but not reflections of the form
G = §{110}* etc. If only one of the four possible modula-
tion wave-vectors of the form 3{111}* locally exists, as
has been reported to be the case for Sc; S below 700°C
(17}, a rhombohedral superstructure (with a’ = 1(2a +
b+c)h,b=3%a+2b+¢),¢ =4%a+ b+ 2¢)results.
Sometimes, in addition, modulation wave-vectors of the
form ~%{110}* also condense out (3, 11, 12, 17), leading
to more complicated superstructure phases.

The detection and characterization of the local symme-
try of such ordered superstructure phases is difficult, how-
ever, due to the fact that the underlying average structure
cell parameters always remain metrically very close to
cubic. Thus Tomas ef al. (13), for example, in their single
crystal X-ray study of Yb 755, suggest thal the local sym-
metry of this material may well be rhombohedral even
though they could index all reflections on the doubled
cubic unit cell with space group F43m. Slight rhombohe-
dral and monoclinic distortion of the underlying average
cell parameters has been detected, however, in several
cases (14-16).

In the case of the sub-stoichiometric transition metal
carbides and nitrides {9, 10}, reciprocal space exhibits a
spectacular diffuse intensity distribution (%) due to short-
range order and associated structural relaxation when
there is no long-range ordering into a superstructure
phase. No such diffuse intensity distributions have been
reported for the sub-stoichiometric transition metal sul-
fides or selenides although, in the case of S¢,_.S (17),
a (112) zone axis electron diffraction pattern has been
published showing both sharp satellite reflections charac-
teristic of superstructure ordering and diffuse intensity
characteristic of short-range order.

The purpose of this contribution is to present the resuits
of a powder XRD and TEM study of such an NaCl-related
phase (one whose reciprocal space exhibits both a spec-
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tacular diffuse intensity distribution as well as additional
satellite reflections) in the system (1 — x)CaS + (x)Y,S,.
The Ca-Y-S ternary system has been studied by Flahaut
and co-workers (6, 7) by X-ray powder diffraction in
the temperature range 800-1400°C. These authors report
the existence of a widely nonstoichiometric solid solu-
tion region with NaCl (BI) structure type of the form
(Ca, Y),_,sS, x = 0to ~0.397 at 1350°C. The unit cell
parameter of the average NaCl-type structure was found
to vary from 5.64 to 5.69 A. However, according to Ref.
(6) the variation of this unit cell parameter was not linear
with composition.

2. EXPERIMENTAL METHODS
2.1. Sample Preparation

The sample was prepared by induction heating of a
carbon crucible containing equimolar amounts of CaCO,
{4N, Roc-Ric) and Y,0; (4N, Hudsonr Lab) in a stream
of 5% H,S + 95% argon at 1600°C for 4 hr and then cooled
to room temperature by switching off the furnace. The
product was purple (violet) in color and had partly melted.
That the resultant product (see below) is Y-poor relative
to the starting materials suggests that Y must be lost to
cither the atmosphere or the vessel during the reaction.

2.2. Experimentgl Technigues

The specimen was analyzed by X-ray powder diffrac-
tion using a Guinier—Higg camera. The positions of dif-
fraction lines were calibrated using an internal standard of
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silicon (NBS No. 640). Transmission €lectron microscope
(TEM) studies were performed on Siemens Elmiskop 102,
JEOL 100CX and Philips EM430 electron microscopes.
Energy dispersive spectroscopy was carried out on the
Philips EM430 using a Si detector supported by a PV9900
analysis system. Specimens were ground under #-butanol,
and a drop of the suspension was left to evaporate on
carbon coated copper grids.

3. RESULTS
3.1. X-Ray Diffraction

The diffraction pattern was dominated by a strong set
of broad lines corresponding to an F-centered cubic unit
cell with @ =~ 5.66 A. Interpretation of these data was not
possible without unit cell information obtained by electron
diffraction from single crystal grains as discussed in Sec-
tion 3.2 below. The set of strong, broad lines together
with the weaker broad lines could all be indexed to a
thombohedral unit cell (@' = 4(2a + b + ¢), b’ =
Ha+2p+¢e),¢ =4%a+b+20),a =6942(1) A and
a = 33,380(5)°, which is only slightly distorted from cubic.
These data are presented in Table 1 together with their
relationship to the parent F-centered cubic unit cell. The
relationship between the reciprocal lattices of the rhombo-
hedral superstructure and that of the Frn3m parent struc-
ture is given by a'* = (3, —1, —1)* = 200)* — i(111)*,
b'* = 4(—1,3, —D* = (0200* — F(111)*, and ¢'* =
-1, -1, 3* = (002)* — }(111)*. Note that reflections
of the form G = #(111)* are thereby allowed but not
reflections of the form G = {(111)* etc.

TABLE 1
Powder Diffraction Data for the Rhombohedral Phase, a = 6.942 A,
o = 33.380°
No. dobs (A) dealc (A) i Rkl L —-—
1 6.562 6.549 15 1
2, 3.401 3.401 12 001
3. 3.268 3.275 11 222 111
4, 2.826 2.825 100 112 200
5. 2.593 2.594 2 221
6. 2.178 2.178 4 232
7. 2,001 2.001 70 233 220
8. 1.994 1.994 25 ~110 20
9. 1.907 1.907 3 120
10. 1.707 1.708 5 343 31
1. 1.703 1.703. 3 123 311
12. 1.638 1.637 20 444 22
13. 1.629 1.629 2 220
14. 1.586 1.587 2 443
15. 1.472 1.472 1 342
16. 1.413 1.412 15 242 400
17. 1.300 1.300 2 554 31
I8, 1.266 1.265 33 354 420
19, 1,262 1.261 15 013 420
20. 1.157 1.157 » 565 422
21, 1.152 1.153 16 143 4n




Apart from the broad lines there were also lines which
were relatively weak, but quite sharp, and most could be
indexed to a body-centered cubic structure with refined
unit cell dimension a = 8.327(4) A. From the phase dia-
gram and lattice parameter measurements of Flahant ef
al. (6), it is clear that this bce phase corresponds to the
solid solution of Th,P, type designated y by Flahaut et
al. (6). The remaining very weak lines corresponded to
the strongest lines of CaY,S, (JCPDS File No. 17-244).
We estimate that these two minor phases, taken together,
comprised less than 5% of the crystalline material. As the
major focus of this paper is upon the sub-stoichiometric,
NaCl related phase, however, we will from now on con-
centrate upon it.

3.2. Electron Diffraction

According to Flahaut er al. (6), the NaCi-type
solid solution end member is ~Cag, Y-S from 1100 to
1400°C. Energy dispersive spectroscopy (EDS) of the
cubic NaCL-type grains in our specimen, using Cay s
Zr; 4750 575 as a standard, showed that the composition
of all grains observed were homogeneous and gave a Ca/
Y ratio of 5/4, i.e., Cag Y163, CacY,S); or 71.4 mole%
CaS. Note that there is little variation in the K-factors
commonly used for calculating relative atomic propor-
tions between adjacent elements in the periodic table (see
Chapter 4 of Williams (18)) and hence Cay 1,521 435C 475
(Zr and Y are neighboring elements in the periodic table)
can be used as a standard. Flahaut ef al. (6) report a cubic
cell dimension for their end member composition of 5.663
A at 1020°C and 5.651 A at 1350°C, which fits quite nicely
with our observed cell dimension of ~5.66 A at 1600°C.

Given the cubic Fm3m parent symmetry, it is clear that
there can be four orientational variants or rhombohedral
twins. As will be shown below, these orientational vari-
ants usually occur on a scale substantially smaller than
the ~1-pum diameter area typically illuminated in selected
area clectron diffraction mode. Hence almost all of the
selected area electron diffraction patterns (SADPs) shown
below do not come from a single rhombohedral crystal.
It is not, therefore, possible to index them with respect
to a single resultant thombohedral structure or, in general,
even to know whether one, two, three, or all four orienta-
tion variants are contributing to the resultant SADP and
in what proportion. All the orientation variants, however,
do have in common the underlying NaCl-type parent
structure. In what follows all diffraction patterns have
therefore been indexed with respect to this underlying
Fm3m, a ~ 5.66 A, NaCl-type parent structure; i.e., the
reader should be aware that the labeling from here on
refers to the underlying cubic parent structure and not to
the rhombohedral superstructure.

Figure 1 shows (a) {001}, (b) (011), (c) {125}, (d) (013},
(e) (111), () (123), (g} (012), (h) (112), (i) (114), and (k)
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(332) type zone axis SADPs characteristic of this CasY S,
phase. All SADPs have been indexed with respect to the
underlying NaCl-type parent structure. These particular
SADPs have been chosen to enable a comparison with
those given in Fig. 2 of Ref. (9) for the sub-stoichiometric
transition metal carbide VC, ;5. While there are significant
differences, principally the existence of additional G =
{111} type satellite reflections in (b}, (c), (d), (h), and
(1), there are nonetheless also many similarities in the
form of the spectacular diffuse intensity distributions
characteristic of both of these deficit NaCl-type materials.
Thus the diffuse intensity distributions in patterns (b),
(d), (f), and (i) are very similar if not identical to those
reported in Ref. (9). On the other hand, pattern (c) is
significantly different. Patterns (a) and (e) are intermediate
in that only part of the diffuse distribution present in the
case of VC,4s remains in the case of Ca;Y,S,,. Thus,
only two sides of the diffuse square characteristic of (001)
SADPs of VC, ;s remain in the case of Ca;Y,S,,. Similarly
only two sides of the hexagon of diffuse intensity charac-
teristic of {111} type zone axis SADPs of VC; ;s remain
in the case of CasY,S,;. In the case of the (112} zone axis
SADP (pattern (h)), the diffuse intensity distribution is
closely related to that in the corresponding zone axis
SADP of VC, ;5 except for the regions directly above the
G = {111}* satellite reflections.

Sauvage and Parthe (10) have shown how the diffuse
intensity distribution characteristic of VC,; relates to
a short-range ordering of carbon vacancies. The three-
dimensional reciprocal space diffuse intensity distribution
is shown to have cubic symmetry and to be closely related
to the shape of the Fermi surface of a simple cubic metal
{see Fig. 1 of Ref. (10)). In turn this is closely related
to the so-called P minimal surface. The diffuse intensity
distribution characteristic of Ca;Y S, while related none-
theless has distinct differences. Complete characteriza-
tion of this diffuse intensity distribution is beyond the
scope of this paper. Further work along these lines, how-
ever, is in progress.

While it is very difficult to detect broken cubic symme-
try in the underlying average structure cell parameters,
particularly by means of electron diffraction, broken cubic
symmetry is clearly visible in the diffuse distributions.
Thus the diffuse distribution in the {001} zone axis SADP
of Fig. 1(a) does not show fourfold symmetry nor does
the diffuse distribution in the (111} zone axis SADP of
Fig. 1 (e) show threefold symmetry. Similarly a detailed
examinalion of reciprocal space shows that zone axes
which should be equivalent for cubic symmetry can be
quite distinct. Thus Fig. 2 shows three quite different
{112) cubic parent type zone axis SADPs in addition to
that shown in Fig. 1(h). Apart from the differences in the
observed diffuse intensity distributions, there are also
differences with respect to satellite reflections; i.e., the
local space group symmetry is clearly not cubic. Thus



FIG. 1. Shows (a) (001}, (b) (011}, (c) (125}, (d) {013}, (e) {111}, (f) {123}, (g) (012}, (h) (E12}, (i) {114), and (k) {332} type Zone axis selected
area electron diffraction patterns (SADPs}) characteristic of this Ca,;Y,S,, phase. All SADPs have been indexed with respect to the underlying
NaCl-type parent structure.
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FIG. 1—Continued.

reflections of the form G = 3(111)* (given the parent
indexing used) exist in (a) (although somewhat streaked)
and also weakly in (b) but not in (¢}. Similarly reflections
of the form G = £(111)* (note that $(131)* is equivalent
to (0200* — (111)*) exist in (a) and (c) but not in (b).
Thus at least two of the four distinct possible #{111}*
modulations are present in {a).

The question as to how many of the four distinct possi-
ble z{111}* modulations are ever locally present in any
one area is difficult to determine as only two of the four
possible sets of satellite reflections corresponding to these
modulations can ever be simultaneously present in the
zero order Laue zone (ZOLZ) of major zone axis SADPs.
Thus Fig. 3(c), for example, shows a typical {110} type
zone axis microdiffraction pattern. Satellite reflections of
the form G * §{111}* and G = 3{111}* are simultaneously

present. Notice, however, that they do not have equal
intensity. Furthermore, the relative intensities of these
two sets of satellite reflections clearly altered as the inci-
dent convergent beam probe was moved around the grain,
suggesting that the presence of both sets of satellite re-
flections in Fig. 3(c), must be due to twinning. This was
confirmed by means of satellite dark field (SDF) imaging.
Thus Fig. 3(b) shows a #{111}* SDF image while Fig. 3(a)
shows the corresponding bright field (BF) image. Only
those regions which contain satellite reflections of the
form G = ${L11}* light up in (b). The dark regions in (b)
contain satellite reflections of the form G = #{111}*. For
this particular grain the twinning i{s on the scale of ~0.2
um, Often, however, it is on an even finer scale.

Given cubic parent symmetry, one might expect anti-
phase boundaries (apbs) to occur, across which the
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FIG. 2. Shows three quite disﬁncl (112} type zqr;% axis SADPs in addition to that shown in Fig. I1(h}. Again all SADPs have been indexed
with respect to the underlying NaCl-type parent structure. Zone axes which should be equivalent for cubic symmetry are quite clearly distinct.

HI11}* type modulations ;of the underlying average
structure are phase shifted by 180° Contrast of this
type can be seen in the G = #{111}* SDF image shown
in Fig. 4(a). The corresponding microdiffraction pattern
and BF image are shown in Fig. 4(b) and (c), respec-
tively. The zone axis orientation is tilted slightly away
from an (031) orientation in‘such a way that the {002}* +

{111} = {113} reflection is strongly excited. Under
such diffraction conditions, the apb contrast is also clearly
visible in the BF image as shown in (c). However, this
BF contrast can be made to disappear by slightly tilting the
incident beam orientation such that G = §{111}* satellite
reflections are no longer strongly excited as shown in (d}.

Possibly the best way of detecting the number of ${111}*
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FIG.3. Satellite reflections of the form G = ${111}* and G + }{111}* are simultaneously present in the typical {110) type zone axis microdiffraction
pattern shown in (¢). The corresponding 3{111}* satellite dark field (SDF) image and bright field (BF) image are shown in (b} and (a), respectively.
Only those regions which contain satellite reflections of the form G = 4{111}* light up in (b). The dark regions in (b} contain satellite reflections
of the form G * }{111}*. For this particular grain the twinning is on the scale of ~0.2 pm.

modulations present in any one local area however is by  lattice mesh in the superlattice HOLZ ring with respect to
inspection of superlattice higher order Laue zone (HOLZ)  that in the ZOLZ gives the number of ${111}* modulations
rings as can be seen in the (001} and {111) type zone axis locally present. Thus only reflections of the form {hk0}*
SADPs shown in Fig. 5. The positioning of the reciprocal =+ ${111}* (arrowed in Fig. 5(a)) are present in the superlat-



FIG. 4. Given cubic parent symmetry, one might expect antiphase boundaries (apbs} to occur, across which the 3#{111}* type modulations of
the underlying average structure are phase shifted by 180°. Contrast of this type can be seen in the G + #{111}* SDF image shown in (a}. The

corresponding microdiffraction pattern and BF image are shown in (b) and (c), respectively. The zone axis orientation is tilted slightly away from

an {031) orientation in such a way that the {002}* + ${111}* = {{113}* reflection is strongly excited. Under such diffraction conditions, the apb

contrast is also clearly visible in the BF image as shown in (c}. However, this BF contrast can be made to disappear by slightly tilting the incident
beam orientation such that G =+ 3{111}* satellite reflections are no longer strongly excited as shown in (d).
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FIG. 5.

Shows typical (001) {(a) and (b)} and {111} ({c) and (d)} type zone axis SADPs. The positioning of the reflections in the superlattice

HOLZ rings (arrowed) with respect to those in the ZOLZ gives the number of 4{111}* modulations locally present.

tice HOLZ ring—we have assumed the same indexing of
the parent reflections as given in Fig. 1(a). (001) type zone
axis SADPs were often of this form, i.e., only one of
the four possible #{111}* modulations locally present. On
quite a few occasions, however, patterns such as that
shown in Fig. 5(b) were found. There is a doubled density
of reflections in the FOLZ ring of Fig. 5(b) along both
the horizontal and vertical directions as compared to that
in the FOLZ ring of Fig. 5(a)—hence there is an overall

fourfold increased density of reflections. This fourfold
increased density of reflections in the superlattice HOLZ
ring (arrowed) implies that all four +{11{}* modulations
are present within the illuminated region of crystal. Note
that the diffuse distribution within the ZOLZ has also
changed and is now in the form of diffuse squares very
similar to that observed in VC, 4. It is of course difficult
to rule out the possibility that this may be due to twinning.

In any event, however, it is clear that in the majority
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of cases only one of the four possible ${111}* modulations
is ever locally present thus reducing the space group sym-
metry from cubic to thombohedral (probably either R3m
or R3m). This is confirmed by the {111) type zone axis
SADPs shown in (¢) and {d}. The {111} type zone axis
SADP shown in (¢) corresponds to the rhombohedral [111]
zone axis and only contains reflections of the form G =
H111}* in the superlattice HOLZ ring (arrowed). Note
that the diffuse distribution in the ZOLZ of (c) is now in
the form of circles rather than in the form of two sides
of a diffuse hexagon as is more commonly found (see (d)).
When an SADP from a single rhombohedral domain can
be obtained and when not locking down the rhombohedral
[111] zone axis, {I11) zone axis SADPs typically look
like that shown in (d). Again only one type of 3{111}*
modulation is present in the superlattice HOLZ ring.

4. DISCUSSION

4.1. Structural Degrees of Freedom Associated with
the Single-q = H{111}* Modulation

Having established that Ca;Y,S,, can be described in
terms of an Fm3m, NaCl-type parent structure modulated
by a single- q = £{111}* modulation, it is now necessary
to describe the additional asscciated structural degrees
of freedom. Given an Fm3m, NaCl-type parent structure,
the average atomic scattering factor of the metal atom
sites is given by fy = #(5fc, + 4f,). We make the as-
sumption that the q = 3{111}* modulation is associated
with cation vacancy ordering and associated structural
relaxation. As shown by Franzen and co-workers (3, 19),
compositional modulation of this average metal atom oc-
cupancy can only be associated with the totally symmetric
irreducible representation of the modulation wave-vector
q = #(111)*. Under the assumption that the only displac-
ive modulation to occur will transform with the same
irreducible representation as this compositional moduia-
tion, the resultant space group symmetry would be R3m
with only two additional structural degrees of freedom as
shown in Fig. 6.

The first, 8fy, allows neighboring (111} metal atom
planes to alternate in average occupancy from (fy + 8fi)
to (fu — 8f4), while the second is an associated [111]
shift of the (111) planes of § atoms. Determination of the
absolute magnitude of these two structural degrees of
freedom from powder data will be difficult, however, par-
ticularly given the common occurrence of antiphase
boundaries as shown in Fig. 4. The compositional degree
of freedom can be thought of as having two components,
the first controlling the average vacancy concentration in
the two distinct (111) metal atom planes and the second
the extent of any Ca/Y segregation. It is not, however,
possible to determine these two components separately
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FIG. 6. Shows an [0, —1, 1] projection of the parent NaCl-type
structure along with the additional structural degrees of freedom associ-
ated with the totally symmetric, mixed compositional, and displacive
q = ¥(111)* moduiation thereof. The larger circles represent the metal
atom sites while the smaller circles represent the sulfur atom sites. The
projected sulfur atom array is given by the dashed lines and the parent
1111] and [ -2, 1, 1] vectors are marked. The + and — signs associated
with alternate (111) planes of metal atoms represent the fact that neigh-
boring {111) metal aiom planes are now allowed to aliernaie in average
occupancy from (fy + 8fu) to (Fu — 8f0). The arrows represent the
allowed relaxation of the sulfur atom array associated with such compo-
sitional ordering.

from Bragg diffraction data, as the additional superstruc-
ture peaks only contain information as to the average
scattering power of the two structurally distinct (111)
metal atom planes.

4.2. The Characteristic Diffuse Distribution

If we assume complete vacancy segregation (and ignore
any Ca/Y ordering), as has been assumed in the appar-
ently isomorphous case of Sc, S below 700°C (3, 15, 19},
this would imply a vacancy concentration of & in every
alternate metal atom plane. The spectacular diffuse distri-
bution which accompanies the Bragg reflections must then
result from the metal vacancy distribution within and
among such (111) metal atom planes, The sharpness of the
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diffuse features in certain directions of reciprocal space
clearly implies that the vacancy distribution is far from
random,

The similarity of the diffuse distributions in many of the
zone axis SADPs shown in Fig. 1 to those characteristic of
VC,_, 9, 10) strongly suggests a closely refated structural
origin. In this latter case, the diffuse distribution was
shown to result from vacancy short-range order—in par-
ticular a requirement that vacancies should repel each
other as far as possible. Each V atom had, as far as
possible, 5, rather than 4 or 6, C atom nearest neighbors.
For CasY,S,,, each metal atom will be surrounded by 6
S atoms, whereas each S atom will be surrounded on
average by 4.91 metal atoms. Calculation of bond valence
sums (20) for S in the parent structure, i.e., in the absence
of Ca/Y ordering and associated structural relaxation,
suggest that the S's would prefer fivefold coordination to
either four- or sixfold coordination and hence provides
something of a chemical justification for vacancy short-
range ordering. Long-range vacancy ordering along the
[111] direction, in the case of CasY,S,|, could be expected
to strongly affect the type and frequency of occurrence
of the octahedral metal atom clusters surrounding each
S atom (10, 21) responsible for the detailed shape of the
observed diffuse distribution. Further consideration,
however, is beyond the scope of the present paper.

5. CONCLUSION

In conclusion, a TEM study of the metal atom deficient,
NaCl-related Ca;Y,S,, structure shows that its reciprocal
lattice contains extra satellite reflections, at G = ${111}*,
inaddition to the strong Bragg refiections, G, of the under-
lying Fm3m, NaCl-type average structure. Satellite dark
field imaging in conjunction with the observation of super-
lattice HOLZ rings in appropriate SADPs strongly sug-
gests that only one out of the four possible modulation
wave-vectors of the form £{111}* locally exists. The resul-
tant rhombohedral superstructure appears to be isomor-
phous to that previously reported for Scg4,S below 700°C
(17). In addition, its reciprocal lattice exhibits a spectacu-
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lar diffuse intensity distribution which shows many simi-
larities but also significant differences 1o that previously
reported in sub-stoichiometric transition metal carbides
and nitrides.
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