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CRYSTAL STRUCTURE OF ZnGa,S,, A
DEFECT SPHALERITE-DERIVi%f%E

By Charlotte K. Lowe-Ma and Terrell A. Vanderah
Chemistry Division of the Research Department
Naval Weapons Center, China Lake, CA 93555

ABSTRACT
ZnGa,S,, F.W. = 333.07, tetragonal I42m, a = 5.2744(7),
c = 10.407(1) &, V

289.51(9) 43, z = 2, D, = 3.82 g/cm?,

N\(Mo Ka) = 0.71069 &, u = 146.78 cm™1, F(000) = 312, 19°C.
ZnGa,S, crystallizes in the defect stannite structure which is
related to sphalerite. Refiﬂ;ment of different models of cation
distribution gave R values of 0.041 to 0.043 for 360 independent
reflections with |Fo| > 30(F). Of the models considered, the
ordered model with Zn only at point set 2a and Ga only at point
set 4d was found to be worse, statistically, than models with
some degree of cation disorder. Models with cation disorder are
consistent with a previous review in which it was suggested that
the displacement of the aniom from the ideal (1/4, 1/4, 1/8) was
insufficient in ZnGa,S, to indicate cation ordering. Disorder
amongst the cation sites is also consistent with reported Raman
and photoluminescence results. The slight difference observed
between the metal-sulfur bond lengths for the two
crystallographic cation sites is attributed to the differing
effect of the vacancy on these sites rather than to cation

ordering.




INTRODUCTION

Non-oxide inorganic compounds such as ternary sulfides and
phosphides are of interest as possible infrared-transmitting
window materials. 2ZnGa,S, is of interest in second-phase
toughening studies of ZnS (Zhang, Chen, Dunn, & Ardell, 1988) and
exhibits long-wavelength infrared transparency comparable to that
of ZnS (Wu, He, Dwight, and Wold, 1988; Gao, Wu, Kershaw, Dwight,
and Wold, 1989).

The title compound was first reported by Hahn, Frank,
Klingler, Stoerger, & Stoerger (1955). Hahn, et al (1955)
postulated that the structure -of ZnGa,S, was that of an ordered
defect sphalerite, the ordering of the vacancy and the two
different cations giving rise to two possible structural
arrangements, A and B, Figure 1. These two arrangements cannot
be distinguished by X-ray powder diffraction since the scattering
factors for Zn and Ga are nearly identical. In the parent AX
sphalerite structure each cation is tetrahedrally bonded to four
anions and each anion is tetrahedrally bonded to four cations.
The relationship between the sphalerite structure and the
possible zinc thiogallate structures can be seen in Figure 1.

The (cubic) sphalerite cell has been doubled in one direction for
ease of comparison to the thiogallate cell. In the thiogallate
structure one-quarter of the cations have been removed from the
sphalerite structure in an ordered fashion, lowering the symmetry
to tetragonal. This results in equivalent anion sites, each

coordinated by one vacancy and three cations, while pseudo-




tetrahedral coordination about each of the metal sites is
preserved. The thiogallate structure has been considered as an
ABX, defect chalcopyrite or defect stannite structure; the
chalcopyrite and stannite structures are themselves ordered
(tetragonal) versions of sphalerite but without vacancies. 1In
the parent "ideal" sphalerite the anion would be at (x,y,z)
coordinates (1/4,1/4,1/4) or at (1/4,1/4,1/8) in a cell doubled
in c. In these sphalerite derivatives, the cations and vacancies
occupy special positions; the anion position is specified by two
or three coordinates, x,x,z or x,y,2, that determine all of the
metal-sulfur and vacancy-sulfur distances.

Despite the ease of growing crystals of ZnGa,S, by iodine
transport (Nitsche, Boelsterli, & Lichtensteiger, 1961), a full
single-crystal structure determination had not been reported, to
our knowledge, when we initiated this structure determination.
We have become aware of the single-cryséal structural work of
Kramer, Hirth, Hofherr, Trah (1987) and Solans, et al (1988) in
which I7 was proposed as the space group for ZnGa,S,. Garbato,
Ledda, and Rucci (1987) point out that the crystallographic data
for AB,X, compounds is somewhat confused, in many cases due to
similarity in atomic scattering factors, and that the correct
symmetries have not always been unequivocally determined. 1In I3
the four possible cation/vacancy sites all have the same site
symmetry, 4; hence, regardless of the position of the vacancy an
origin transformation will give an squivalent structuve. 1In

addition, due to the nearly equivalent scattering of Zn and Ga,




in space group I7 there will be nearly equivalent atoms at point
sets 2c and 2d, which, if combined, are point set 44 in IZ2m.

The differences in intensities between the space groups IZ (Laue
symmetry 4/m) and I32m (Laue symmetry 4/mmm) will be due only to
slight differences in the nearly-equal scattering between Zn and
Ga and by movement of the sulfur away from x,x,z in I42m to x,y,2
in I3, reducing the site symmetry about the vacancy and one
cation site from Z2m to Z. The position of the vacancy is not
the Laue-symmetry-determining factor. If Zn and Ga are
completely disordered on the cation sites, then movement of the S
away from x,x,z to x,y,2 would be the only Laue-symmetry-
determining factor. Since our preliminary report (Kipp, Lowe-Ma,
Vanderah, 1989), Carpenter, Wu, Gao, & Wold (1989), hereafter
abbreviated CWGW, provided us with the results of their recent
structure determination of ZnGa,S,. In contrast to the earlier
reports, the work of CWGW, as well as that reported here,

indicate space group I42m for ZnGayS,.

EXPERIMENTAL
A modified version of the procedure of Nitsche, et al
(1961), was used to grow transparent, colorless ZnGa,S, crystals
with tetrahedron-like morphology from polycrystalline ZnGa,S,
using iodine as the transport agent. 1In one end of an evacuated
silica ampule (1.0 cm I.D. x 19 cm long) 0.33 g ZnGa,S, and 5-8
mg I, were placed. For the first 16 h, the temperature of the

deposition end of the ampule (Ty) was held at 960°C, 50-75°C




higher than that (Tg) of the charged end. The gradient was then
reversed and Tg was held at 960°Cc for 4 4, followed by air-
quenching of the ampule. Fused masses of colorless tetrahedra,
some 2-3 mm on an edge, were obtained as well as smaller separate
crystals suitable for X-ray diffraction studies. The metal
stoichiometry of the crystals as found by ICP emission analysis,
1.00 Zn : 2.00 Ga (+0.05), was consistent with the expected
composition. From a preliminary investigation of the ZnS-Ga,S,; -
phasé diagram, White (1980) concluded that there was no evidence
for a solid-solution (variation of the Zn:Ga ratio) and that
ZnGa,S, exists as a line compound between 900° and 1100°cC.
Zhang, et al (1988) also reported seeing only one phase at 900°
for 1:1 ZnS:Ga,sS;. This is in agreement with elemental analyses
of our crystals which indicated no appreciable non-stoichiometry.
The X-ray powder diffraction pattern of our crystals matched that
reported for tetragonal ZnGa,S, (Gates, 1976; Hahn, et al, 1955).
A crystal of 0.22 mm on an edge was used for data
collection. The unit cell parameters were determined by a least-
squares fit of 25 computer-centered reflections. The parameters
for 26/6 data collection on a Nicolet R3 were as follows: 26
range of 4° to 70°; all hkl with minimum-maximum hkl values of
h/0 to +9/, k/0 to +9/, 1/-17 to +17/ collected: 26 scan range of
20(a,)-1.0" to 26(ey)+1.0°; ratio of total background counting
time to scan time of 1.0; variable 26 scan speeds of 4° to 12°;
three check reflections, (112), (008), and (440), collected every

93 reflections with check reflection variation of about +5%




during data collection. The only observed systematic absences
were h+k+1=2n+l1 indicating a body-centered tetragonal cell
without any additional elements of translational symmetry. Data
reduction included Lorenz and polarization corections as well as
numerical absorption corrections (SHELXTL, 1984) for a tetragonal
dispenoid with faces (I12). Minimum and maximum transmission
values were 0.161 and 0.282, respectively. The location of
mirror planes on preliminary X-ray precession alignment
photographs relative to the external morphology of three
tetrahedron-like crystals of ZnGa,S, clearly showed that the
crystals were, indeed, tetragenal dispenoids (tetragonal
tetrahedrons). Laue photographs exhibited Laue symmetry 4/mmm.
After corrections the 1600 observations were merged in I32m
(Rperge = 0-042) to give 363 unique reflections, 360 with |F,| >
30(F). Data were also merged in I?% (Rmerge = 0.063) and
reflections that would be equivalent in I42m were checked for
true equivalence, which they appeared to be. A sharpened
Patterson map exhibited peaks at (u,v,w) coordinates of (0,0,0),
(1/2,0,1/4), (1/2,1/2,0), and (0.2567, 0.2567, 0.1275).
Refinement was initiated with the following atomic (x,y,2)
coordinates: 2Zn (0,0,0), point set 2a; Ga (0,1/2,1/4), point set
4d; S (x=y=0.2567, 0.1275), point set 8i. 1In our preliminary
communication (Kipp, Lowe-Ma, Vanderah, 1989) we reported a model
(R = 0.043) with Ga fully occupying point set 4d, S fully
occupying point set 8i, variable Zn occupancy at (0,0,0) with

5.6% more "Zn" than expected, and 1.8% "Zn" at the vacancy site




(0,0,1/2) (point set 2b). However, 1.8% "Zn" at (0,0,1/2) is an
amount only twice that of the esd for the site occupancy factor
of that position. As suggested to us by R. E. Marsh, equally
reasonable models might be with the "Zn" at (0,0,1/2) eliminated
and mixing between the Zn and Ga sites allowed.

After completion of refinement of a model with mixing of 2Zn
and Ga at the two cation sites, the structure determination of
CWGW became available to us. They reported in their structure
determination a model with Ga at (0,0,0), point set 2a; 0.5Ga +
0.5Zn at (0,1/2,1/4), point set 4d; and S in point set 8i. For
stoichiometric ZnGa,S, in I22m the cation distribution could be
modelled in four ways: (I) Zn at point set 2a and Ga at point
set 44 with no disorder; (II) that of CWGW with Ga at point set
2a and 0.5Zn + 0.5Ga disordered on point set 4d; (III) complete
disorder with 1/3Zn + 2/3Ga at point set 2a as well as at point
set 44; (IV) a disordered model intermediate and variable between
IT and III. Least-squares refinements of the four models was by
minimization of [Ew(|F,|-k|F.|)?] with w = 1/[0%(F) + 0.0008F?]
(SHELXTL, 1984) using neutral-atom scattering factors
(International Tables, 1974). A single temperature factor was
used for each site, even those with disordered occupancy. A
parameter for extinction was included in the refinement.
Refinement of model I converged for 12 parameters (max.shift/esd
of 0.001) with R = 0.043, wR = [Zw(|Fg|-k|Fg|)?/sw(F,)?1% =
0.045, GOF = 1.35, slope of normal probability plot = 1.20.

Refinement of model II converged for 12 parameters (max.shift/esd




of 0.000) with R

0.041, wR = 0.041, GOF = 1.24, slope of normal
probability plot = 1.03. Refinement of model III converged for
12 parameters (max.shift/esd of 0.000) with R = 0.041, wWR =
0.042, GOF = 1.26, slope of normal probability plot = 1.06. For
model IV, the amount of Zn (and Ga) at each site was allowed to
vary with the total occupancy constrained to be 1, although the
total Zn:Ga stoichiometry could not be constrained to be 1:2.
Starting from 1/3Z2n + 2/3Ga at both point set 2a and point set
4d, model IV with 14 parameters refined to R = 0.041, WR = 0.041,
GOF = 1.24, and slope of normal probability plot = 1.04.

However, the resulting occupancies, 34% Zn + 66% Ga (*12%) at
point set 2a’and 24% 2n + 76% Ga (%12%) at point set 4d, did not
truly converge (max.shift/esd of 0.4); the large esd’s on the
occupancy indicate that a true minimum may not exist due to the
similarity in Zn and Ga scattering.

Refinement of the X-ray diffraction data indicates that an
unambiguous choice between models II, III, and IV is not
possible, although the statistically worse refinement of model I
suggests that a structure with completely ordered cations can be
ruled out. In the absence of neutron diffraction studies of
ZnGa,S,, the choice of thLe most chemically reasonable of the
remaining models depends on consideration of crystal-chemical
arguments and the results of other types of experiments.
Accordingly, as discussed below, we conclude that the most
chemically reasonable model is III, with essentially complete, or

nearly so, cation disorder between the 2a and 4d point sets. The




atomic coordinates, thermal parameters, and bond lengths and

angles for model III are given in Table 1.1

DISCUSSION

In the study by CWGW the choice of model II with Ga in point
set 2a and ¥Ga + %Zn disordered in point set 4d was largely
predicated on the observation of a slightly shorter metal-sulfur
bond length about point set 2a, 2.281(1)& vs 2.315(1)A about |
point set 4d. Ouvr interast in the reasonableness of this
assumption was piqued by congidering the possible reasons for
cation disorder on only one o; the tetrahedral cation sites.
Unlike the spinel system, in which the well-known "normal" and
"inverse" forms involve cation exchange and order-disorder across
tetrahedral and octahedral sites, the two cation sites in ZnGa,S,
are coordinatively very similar. The Ga-S bond length calculated
from the defect sphalerite form of Ga,S; is 2.24 A and the Zn-S
bond length in sphalerite is 2.342 A. These bond lengths suggest
that in ZnGa,S,, with cation-sulfur bond lengths, as observed in
the present study, of 2.288(1) and 2.312(1) A (for the distances
from point set 2a to S and from point set 44 to S, respectively),

there is mixing of Zn and Ga on both of the cation sites, which

1. Lists of structure factors for model III have been deposited
with the British Library Document Supply Centre as Supplementary
Publication No. SUP ( pp.-). Copies may be obtained
through the Executive Secretary, International Union of
Crystallography, 5 Abbey Square, Chester CH1l 2HU, England.




favors a model with at least some disorder across point setslza
and 4d. If Ga-S and Zn-S bond lengths were well-known and
constant in similar structures, then the difference in bond
lengths in ZnGa,S, might indicate the relative populations of Zn
and Ga on the two sites. This is not the case, however:; observed
variations in Zn-S and Ga~S distances in tetrahedral coordination
are as large as the differences okserved in ZnGa,S,. A summary
of Ga-S distances in compounds containing Gas, tetrahedra is
presented in Table 2. For a Zn-S bond length Shannon’s ionic
radii would predict 2.34 A, the same bond length as observed in
sphalerite. However, Shannon (1981) noted large deviations (up
to 0.04 &) for mean Zn-S bond'lengths. From quantum-mechanical
considerations rather than a hard-sphere model, Van Vechten and
Phillips (1970) developed a table of additive covalent radii for
tetrahedrally-bonded (diamond, sphalerite, wurtzite) structures
and concluded that Zn and Ga have the same covalent radii

(1.225 A) and, hence, identical bond lengths (2.352 A4) in
tetrahedraliy-~bonded structures.

For model IXI, the .ccupation of point set 2a solely by the
higher valent Ga atoms is not consistent with the observed bond
angles about the two cation sites in ZnGa,S,. As noted by Shay
and Wernick (1975) structural distortions in chalcopyrite-type
compounds are driven by a tendency to form more ideal tetirahedra
about the higher-valent cation, with accommodating distortions of
the tetrahedra about the lower-valent species. In ZnGa,S, the

anion tetrahedron about site 2a is significantly more distorted,
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with four angles of 107.1° and two of 114.4(1)°, than the anion
tetrahedron about site 4d, with four angles of 110.4° and two
angles of 107.7°. This would suggest that 2n is predominantly at
the 2a site (0,0,0) since it displays the more distorted
tetrahedral coordination, in apparent contradiction to the
shorter cation-anion bond length observed for this site.

The crystal-chemical effects of the vacancy (at point set

2b) upon the cation sites 2a and 4d are different, however, and
could reasonably cause the observed differences in bond lengths
and bond angles even in the complete absence of cation ordering.
Two unit cells for the ZnGa,S, structure (I32m) are illustrated
in Figure 2. The structure c;n be viewed as alternating planes
of metals/vacancies and sulfurs along the c-axis. The vacancies
(point set 2b) are co-planar with metals at point set 2a; in
contrast, all of the cation sites are fully occupied in the plane
of metals at point set 4d. Thus, the crystal-chemical effects of
the vacancy should be most pronounced in the sulfur-metal/vacancy
(2a,2b)-sulfur slab of the structure. The z-coordinates of the
sulfur planes are given in Fig. 2 along with the ideal values in
parentheses. Relative to the ideal z-coordinates, the sulfur
layers shift slightly toward the 2a/2b metal/vacancy plane,
decreasing the metal-sulfur and vacancy-sulfur distances and
leading to more highly distorted coordination polyhedra within
this structural slab. As a consequence, the sulfur planes on
either side of the 4d-metal layer are pulled slightly apart,

increasing the metal-sulfur bond lengths while the tetrahedra
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remain more nearly ideal. The shortest distance in the structure
is the distance from sulfur to the 2b vacancy site, 2.191(1) A&.
The slight shifts in sulfur positions from the ideal values of
(1/4,1/4,1/8) decrease the sulfur-vacancy distance, which would
be 2.274 4 if the sulfurs were at the ideal coordinates. The
apparent tendency of the structure to collapse around the vacancy
site might be attributable to incipient sulfur-sulfur
interactions that predominate over any lone-pair effects (even
though ZnGa,S, is colorless). The closest observed S-S contacts.
in the structure range from 3.560 to 3.843 &. The shortest S-S
distances, two at 3.560 and two at 3.616 A, do indeed occur in
the pseudo-tetrahedron about-Ehe vacancy. These S-S distances
are shorter than those observed in Zns (3.82 &) and completely
randomized sphalerite-type Ga,S; (3.66 A). In monoclinic alpha-
Ga,S,, with ordered vacancies, shrinkage about vacancies was also
noted by Goodyear and Steigmann (1963). Thus, collapse of the
structure about the cation vacancy causes slightly shorter bond
lengths to and a more distorted tetrahedran about the cation 2a
site; assumption of higher Ga content at this site is, therefore,
unnecessary.

Garbato, Ledda, and Rucci (1987) have recently reviewed
structural distortions in ABX, and AB,X, tetrahedrally-bonded
compounds and suggest, based on the available crystallographic
information, that the axial c/a ratio as well as the internal
distortion of anion displacement away from the ideal

(1/4,1/4,1/8) can be used to predict cation and/or vacancy
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disorder. A c/a ratio near 2.0 indicates little internal
distortion and, if not at room temperature, then probable cation
disorder at higher temperatures. The observed c/a ratio for
ZnGa,S, is 1.97, suggesting cation disorder. As defined by
Garbato, et al (1987), the anion distortion is o, = [(x-
0.25)2 + (y-0.25)? + (2-0.125)2]%. Based on their review of
known structures, a g, value of 0.0145(5) defines a critical
value dividing structures into two classes, those that are
ordered, d, > 0.0145, and those that are disordered, g, < 0.0145;
Our refinement results for ZnGa,S, yield a o, value of 0.0123
which suggests cation disordg;. These predictors, as well as a
statistically worse least—sqﬁ;res refinement of an ordered cation
distribution, are in complete agreement with the prediction by
Garbato, et al (1987) that ZnGa,S, should be disordered. The
related compound CdGa,S, has been found to be ordered in space
group I with Ga in the same layer as the vacancy; in the other
layer the Cd and Ga are ordered in different sites (Krémer,
Frick, and Siebert, 1983). From the structural data given by
Krémer, et al (1983), the o, value for CdGa,S, is 0.0146. The
larger size of Cd and the differences in its bonding relative to
that of Zn apparently force distortion of the anion array and
ordering of the cations.

The results of spectroscopic studies provide addition&l
support for our conclusion that the most chemically reasonable
structural model for ZnGa,S, is III, with complete, or nearly so,

cation disorder across the 2a and 4d sites. Raman spectral
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studies of'ZnGazs4 (White, 1980; Razzetti, Lottici, and
Antonioli, 1987) revealed broad bands indicative of structural
disorder. These results are consistent with similar studies of
Cd, _yZny,Ga,s, (Razzetti, Lottici, and Antonioli, 1987), in which
it was observed that ordering decreased with increasing Zn
content. Recently, photoluminescence spectra of ZnGa,S, have

been interpreted as indicating cation disorder (Derid, et al,

1989).
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experiments and Drs. R.E. Marsh, K.T. Higa, and D.O. Kipp for
stimulating discussions. We are grateful to Professor A. Wold
for sharing his pre-publication results with us. We also thank
the referees for their substantive, thoughtful comments. This

work was supported by the Office of Naval Research.

14




REFERENCES

Ben Yaich, H., Jegaden, J.-C., Potel, M., Sergent, M., Huguet, P.
& Alquier, G. (1983). Mat. Res. Bull. 18, 853 - 860.

Carpenter, G.B., Wu, P., Gao, Y-M. & Wold, A. (1989). Mat Res.
Bull. 24(9), 1077 - 1082.

Eisenmann, B., Jakowski, M., Klee, W. & Schafer, H. (1983). Rev.
Chim. minerale 20, 255 - 263.

Gao, Y-M., Wu, P., Kershaw, R., Dwight, K. & Wold, A. (March
1989). "Preparatlon of Compounds with the Tetrahedral Structure

which Transmit in the Far Infrared" in Proc. SPIE, Orlando,
Florida.

Garbato, L., Ledda, F. & Rucci, A. (1987). Prog. Cryst. Growth .
and Charact. 15, 1 - 41.

Gastaldi, L., Simeone, M.G. & Viticoli, S. Solid State Comm.
55(7), 605 - 607.

Gates, A.S., Jr. (1976). Ph.D?'Dissertation, The University of
Toledo.

Goodyear, J. & Steigmann, G.A. (1963). Acta Cryst. 16, 946 -
949.

Guseinov, G.G., Mamedov, F. Kh., Amiraslanov, I.R. & Kh.S.
Mamedov, Kh.S. (1983). Sov. Phys. Crystallogr. 28(5), 513 - 515.

Hahn, H., Frank, G., Klingler, W., Stoefger, A. & Stoerger, G.
(1955). Z. anorg, allg. Chem. 279, 241 - 270.

Tables for X-ray crystallography, Vol. IV (1974),

Birmingham: Knoch Press.

Kipp, D.O0., Lowe-Ma, C.K. & Vanderah, T.A. (1989). "Crystal
Chemlstry, Synthesis, and Characterlzatlon of Infrared Optical
Materials" in Qptical Materials: Processing and Science, MRS

Proceedings Vol. 152, edited by C. Ortiz and D.B. Poker, San
Diego, CA.

Krémer, V., Hirth, H., Hofherr, W. & Trah, H.-P. (1987).
Thermochim. Acta 112, 89 - 94.

Lottici, P.P., Antonioli, G. & Razzetti, C. (1988). Phys, Stat.
sol.(b) 145, 401 - 407.

Mazurier, A., Jaulmes, S. & Guittard, M. (1987). Acta Cryst.
C43, 1859 - 1861.

15




Nitsche, R., Boelsterli, H.U. &‘Lichtensteiger, M. (1961).
Phys. Chem. Solids 21, 199 - 205.

Razzetti, C., Lottici, P.P. & Antonioli, G. (1987) Prog, Cryst.
Growth and Charact. 15, 43 - 73.

Roques, R., Rimet, R., Declercq, J.P. & Germain, G. (1979). Acta
cryst. B35, 555 - 557.

Shannon, R.D. (1981). "Bond Distances in Sulfides and a
Prellmlnary Table of Sulfide Crystal Radii", in Structure and
Bonding in Crystals, Vol. II, edited by M. O’Keeffe and A.
Navrotsky, pp. 53 - 70. New York: Academic Press.

Shay, J.L. & Wernick, J.H. (1975). Ternary Chalcopyrite
Semiconductors: srgﬂ;n* Electronic Properties, and Applications,.
pp-3-13. New York: Pergamon Press.

SHELXTL (1984). Version 4.1, Nicolet XRD.

Solans, X., Font-Altaba, M., Moreiras, D., Trobajo-Fernandez,

M.C. & Otero-Arean, C. (1988). Afinidad 45(415), 277-279; taken
from Chenm. Abstr. CA109: 201988w.

Tomas, A., Pardo, M.P., Guittard, M., Guymont, M. & Famery, R.
(1987). Mat. Res., Bull., 22(11), 1549 - 1554.

Van Vechten, J.A. & Phillips, J.C. (1970). Phys. Rev, B2(6),
2160 - 2167.

White, W.B. (August 1980). "Ternary Sulfides" in Advanced
Ceramics, Phase II, General Eelctric Report for ONR
Contract No. N00014-78-C-0466 DIN: 80SDR2172.

Wu, P., He, X-C., Dwight, K. & Wold, A. (1988). Mat. Res. Bull.
23, 1605 - 1609.

Zhang, J.M., Chen, W.W., Dunn, B. & Ardell, A.J. (August 1988).
"Phase Diagram Studies of ZnS Systems" in 2:99; SPIE, Conference

on Ceramics and Inorganic Crystals for Optics, Electro-Optics,
and Non-linear Conversion, San Diego, CA.

16




CAPTIONS

Figure 1: Comparison of the cubic AX sphalerite structure (two
cells shown) with the possible ordering arrangements A and B.
Large open circles represent anions and each set of small circles
represents a crystallographic point set for the cation sites.

Figure 2: Two unit cells of the ZnGa,S, (I%2m) structure with
(ideal) and observed z-coordinates of the sulfur atoms.
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