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X-ray single-crystal structure determinations have confirmed
that CaY,5, crystallizes in the orthorhombic [ Yb,S,}-type structure
whereas SrY,S, and BaY,S, adopt the orthorhombic {CaFe, 0]
structure. Both structure types feature three-dimensional frame-
works built of edge- and corner-sharing [YS,] octahedra. CaY,S,,
in space group Pnma, has cell dimensions a = 12.953(3) A b=
3.8835(5) A, ¢ = 13.081(3) A, Vol = 658.0(2) A%, Z = 4, and
D, = 3.494 g/icm® (Mg = 346.1). SrY,S,, in Pmnb, has a =
3.9775(6), b = 11.974(2), ¢ = 14.294(2) A, Vol = 680.8(2) A?,
Z =4, and D, = 3.841 g/cm?® for M = 393.7; BaY,S,, in Pmnb,
has @ = 4.0263(2), b = 12.2134(8), ¢ = 14.484(1) A, Vol =
712.23(9) A%, Z = 4, and D, = 4.135 g/cm’ for My = 443.4. Room
temperature X-ray powder diffraction data for all three compounds
and high-temperature unit cells for CaY,S, are also reported. The
overall average linear thermal expansion of CaY,S,; upon heating
was found to be approximately 11.9 x 1075/°K as compared to that
of 7.2 % 10~%/°K found for ZnS. The onset oxidative decomposition
temperatures for CaY,S,, SrY,S,, and BaY,S, were observed fo
be 545, 565, and 590°C, respectively, as compared to 530°C for
ZnS. The properties of these compounds indicate that they are
potentiaily useful as infrared window materials. © 1995 Academic
Press, Inc.

INTRODUCTION

In the early 1960s Flahaut and co-workers investigated
the structural chemistry of several series of yttrium- and
rare-carth-containing binary and ternary sulfides using
powder X-ray diffraction methods (1-4). CaY,S, was re-
ported to have a low-temperature orthorhombic structure
analogous to that of Yb,S, (Yb?*Yb3*S,) and a high-tem-
perature (7 > 1100°C) orthorhombic form isostructural
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with {MnY,S,] (1, 2, 5). Tsai and Meschter {6) subse-
quently reported a powder pattern for orthorhombic “a-
CaY,8," (¢ =12.89 A b=13.03A,c=3.87 A) quenched
from 1000°C that was consistent with the low-temperature
form reported by Flahaut (see Ref. 7). However, in con-
trast to the earlier work, Tsai and Meschter (6) found
high-temperature (T > 1120°C) “g-Ca¥,S," to be mono-
clinic (@ = 12.88 A, b = 13.04 A, c = 4.02 A, B8 = 93.48°
after quenching from 1200°C) (6). Other studies of
YbyS,(Yb?'Yb3*S,) and the related CaM,S, series
(M** = Y, Dy, Ho, Tm, Yb, Lu) have not provided
consistent information about the high-temperature struc-
ture(s) of these compounds (8, 9). The variability in results
may be related to sample differences; ¢.g., unless oxygen
is rigorously excluded, oxysulfides may form.

X-ray powder diffraction studies of SrY,S,, BaY,S,,
and PbY,S, indicated that these compounds were isotypic
with a structure distinctly different from that of “‘a-
CaY,S,” (10). SrY,S, and BaY,S, were later found to be
members of the SrLn,S, and BaLn,S, families (11) which
form with the orthorhombic [CaFe,O,]-type structure
analogous to the oxide congeners (12-15). Patrie et al.
(11) prepared a single crystal of BaY,S, for which cell
parameters of a = 12.16 A, b = 14.56 A, and ¢ = 4.06 A
were obtained by Weissenberg methods. The extinction
conditions indicated space group Pnma; the empirical for-
muia was used to rationalize two possible structures, both
having all of the atoms residing on the mirror plane at

=1 (y = }in the standard setting). Comparison of
observed and calculated intensities for the X-ray powder
diffraction pattern suggested the [CaFe,0O,]-type struc-
ture. By analogy, the [CalFe,O,]-type structure was attrib-
uted to the structures of 10 Baln,S; compounds, 7
SrLn,S, compounds, and SrY,S,. Unit cell parameters of
a=1197A,b=1434 A, and ¢ = 3.99 A were reported
for SrY¥,S, (11}.

0022-4596/95 $12.00
Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.



364

Recent infrared studies of single crystals of CaY,5, and
5rY,S, have indicated optical cut-offs of ~11.4 and 11.7
wm, respectively (16), suggesting that these compounds
have significant potential as infrared window materials.
The study reported here was undertaken to determine the
full structural details of the compounds and to measure
other properties pertinent to their use as optical ceramics.

EXPERIMENTAL

CaY,S,, SrY,S,, and BaY,§, crystals were grown from
eutectic halide fluxes with molar compositions
0.73CaCl,:0.27KCl  (m.p. 640°C), 0.67SrCl,:0.33KCl
(m.p. 620°C), and 0.44BaCl,:0.56KCl (m.p. 644°C), re-
spectively, All syntheses were carried out in carbon cruci-
bles enclosed in evacuated (<10~* Terr) silica ampoules
that had been previously outgassed under vacuum at
=900°C. Care was taken to minimize exposure of reaction
mixtures to moisture, and fluxes were stored in & vacuum
oven at 140°C. For CaY,S, and SrY,S,, the charges for
the crystal growth experiments were intimate 1: 1 molar
mixtures of the respective binary sulfides whereas for
BaY,S, the polycrystalline form of the compound was
used (prepared by reacting a stoichiometric mixture of the
binary sulfides at 1000°C for 1 month). Light tan Ca¥,S,
needles were obtained by heating a 1:10 (by weight)
charge:flux mixture over 12 hr to 1050°C, soaking 18 days
at 1030°C, step-cooling to 1000°C followed by cooling at
2°/hr to 900°C thereafter the temperature was cycled at
2°/hr up to 1025°C and down to 900°C three times, and
finally cooled at 1°/hr to the flux solidification temperature
after which the furnace was turned off. The cycling proce-
dure yielded crystals of sufficiently good quality 10 be
used for a structure determination, whereas without tem-
perature cycling the crystals were of poor guality. Pale
yellow SrY,S, needles were grown by heating a 1 : 10 (by
weight) charge:flux mixture over 20 hr to 1050°C, soaking
15 days at 1050°C, step-cooling to 1025°C followed by
cooling at 5°/hr to 900°C; thereafter the temperature was
cycled up to 1025°C (at 10°/he) and down 10 900°C (at 5°/hr)
twice, and finally cooled at 10°/hr to the flux solidification
temperature. Off-white BaY,S, needles were obtained by
heating a 1:9 (by weight) charge:flux mixture over 24 hr
to 1125°C, soaking 16 days at 1125°C, step-cooling to
1100°C followed by cooling at 2.5°/hr to 925°C; thereafter
the temperature was cycled up to 1100°C (at 15°/hr} and
down to 925°C (at 2.5°/hr) twice, and finally cooled at 2.5°/
hr to the flux solidification temperature. Crystals were
separated from the flux by soaking in distilled water.

The chemical compositions of the crystals were con-
firmed by energy-dispersive X-ray spectroscopy (EDX)
using a scanning electron microscope (Electroscan E-3,
NORAN Voyager). Incorporation of K or Cl from the
flux was not detected. Auger spectroscopic analyses of
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ternary sulfide crystals grown with the method described
here have not detected bulk oxygen contaminpation. (17)
Oxidative decomposition temperatures were determined
by differential thermal analysis {DTA) using a DuPont
2100 thermal analyzer. Freshiy ground crystals were ana-
lyzed under flowing oxygen at i atm; ZnS crystals grown
by iedine vapor transport (16) served as a reference. The
onset oxidative decomposition temperatures observed for
CaY,S,, 5rY,8,, and BaY,S, were 545, 565, and 590°C,
respectively, as compared to 530° for ZaS.

Powder patterns for crushed crystals of each of the
three compounds were obtained on a Scintag PAD V (26/
) diffractometer using nickel-filtered copper X-radiation;
the diffractometer, radius 220 mm, is equipped with a
liquid-nitrogen-cooled solid-state germanium detector
and pulse-height discrimination. For all three powder pat-
terns incident and diffracted beam Soller slits were in
place; the divergence angle was 1.43°. For CaY,S, the
data were recorded with a step scan from 5°-100° (26)
with 5 sec counting per 0.02° step (acceptance angle of
0.14°). For SrY,S, and BaY,$, the powder diffraction data
were recorded with continuous scans at 1°/min; data were
collected at intervals of 0.03° from 5°-80° (2¢) (SrY,S,)
or 5°-90° (BaY,S,) (acceptance angle of 0.21°). After back-
ground correction, a,-stripping, and computerized peak-
picking, the resulting peak lists were edited by hand; the
edited peak lists were used as input to the least-squares
unit-cell parameter refinement program CELLSVD. (18)
Refinement of a sample displacement error was included
in the unit cell refinement. From the single-crystal struc-
tural data obtained in this study (below), simulated pow-
der patterns were calculated for all three compounds using
XPOW of SHELXTL-Plus/PC {Siemens). The calculated
intensities are integrated intensities, which inchude Lo-
rentz—polarization effects and multiplicity but not optical
effects. Comparisons between the observed and calcu-
lated powder pattern intensities were evaluated using the
intensity figure-of-merit, [(N) = (UN)Y 2 [ — sl
I_.,.1. This figure-of-merit gives the average percent inten-
sity difference for N (strong and moderately strong) lines
with 7. > x% relative intensity and was recently intro-
duced to evaluate whether or not the most intense lines,
those used primarily for identification, reliably represent
the intensities from a sample of randomly oriented parti-
cles. (19).

High-temperature X-ray diffraction data were collected
on a Scintag XDS-2000 6/¢ diffractometer equipped with
an Edmund Buehler high-temperature furnace, a copper
X-ray tube and a liquid-nitrogen-cooled germanium solid-
state detector. Temperature measurements were made
using a W/WRe thermocouple welded to the underside
of the furnace’s tantalum heating strip, which also served
as the sample holder. No efforts were made to ascertain
the exact sample temperature as ZnS was used as a com-
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parison material. The furnace chamber was evacuated
and a radiant surrounding heater was used to minimize
temperature gradients. Data in intervals of 0.03° were
recorded for CaY,S, with continuous scans at 2.5°/min.
After background correction, peak positions were ob-
tained by deconvolution using split Pearson VII functions
that included «,. Refined unit cell parameters were ob-
tained using CELLSVD (18); an error for sample displace-
ment was included in each refincment.

The crystal morphology of CaY,S, is typified by long,
striated, fibrous crystals or flattened rods. A yellowish,
flaw-free transparent flattened rod with natural face termi-
nations was selected for data collection; the dimensions
of the crystal were approximately .70 X 0.18 X 0.08 mm.
The needle axis was found to be [010]; the faces of the
rod were {100} and {001}, SrY,S, crystallizes as brittle,
elongated (often striated) reddish-colored rods. A very
small chunky transparent rod with no visible striations
was selected for data coliection; dimensions were
0.060 x 0.060 x 0.160 mm with {011} as the major faces
parallel to the rod axis and {001} as minor faces (in setting
Pmnb), BaY,S, is morphologically the same as SrY,S,
although pale yellow in color. Dimensions of the BaY,S,
crystal used for data collection were 0.13 x 0.15 X
0.36 mm.

Unit cell dimensions for the single crystals were ob-
tained from a symmetry-constrained least-squares fit of 24
(CaY,S,), 25 (SrY,S,), or 40 (BaY,S,) computer-centered
reflections on a Nicolet/Siemens R3 diffractometer with
monochromated MoKe. Intensity data were collected on
the R3 as 20/8 scans with monochromated MoKa. The
ratio of background to scan time was 1.0 and scan ranges
were 1° << Kay to 1° > Ko, Check reflections during data
collection were (040), (6, 2, —3), (0, 0, —10), measured
every 109 reflections for CaY,S,; (-1, —1, 3)and (-1, 2,
6) (in Pmnb) measured every 114 reflections for SrY,S,;
(111), (-2, -6, 0}, and (0, —4, 6) (in Pmnb) measured
every 109 reflections for BaY,S,. Additional experimental
parameters are given in Table 1. Intensity data for all
three crystals were corrected for Lorentz and polarization
effects and for absorption. Empirical absorption correc-
tions for CaY,S, were based on azimuthal scans taken
every 20° in o for 25 reflections distributed throughout
the accessible portion of reciprocal space. The systematic
absences in the data of all three crystals were indicative
of space groups Pnma or Pna2, {in standard settings);
the centrosymmetric space group (Prma or Pmnb) was
chosen for the structure solutions. Unit cell parameters
were also obtained from a single crystal of SrY,5,, under
a cold nitrogen gas stream, at room temperature, —80°,
—120°, and —151° C using a symmetry-constrained least-
square fits of 30 refiections computer-centered at cach
temperature on a Nicolet/Siemens R3 equipped with a
Nicolet/Siemens L T2 cold (gas stream) nitrogen device.
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Initial phasing for both CaY,S5, and SrY,S, was accom-
plished by assigning yttrium to one ‘‘heavy’’ atom that
exhibited reasonable octahedral coordination in the auto-
matic Patterson interpretation. The structures were sub-
sequently solved through a combination of Patterson in-
terpretation and difference Fourier techniques. BaY,S,
was intitially phased by assigning Ba to the heaviest atom
obtained from the automatic Patterson interpretation. All
atoms in all three structures reside on the mirror plane,
at special positions, point set 4c. All atoms in the three
structures were refined anisotropically by minimizing [2
w(F, — kF_¥] for w = U/[c(F) + gF?] with g = 0.0010
(CaY,S,), 0.0006 (SrY,S,), or g = 0.0009 (BaY,S,). In
the refinement of SrY,S,, yttriom was assumed to have
octahedral coordination and Sr was assumed to be in
the eight-coordinate bicapped trigonal prismatic site. For
each structure, a factor for isotropic extinction was in-
chaded in the final cycles of refinement. During the final
cycles of refinement of BaY,5, two difference peaks sym-
metrically displaced from the Ba atom were observed.
Much weaker difference peaks symmetrically displaced
in the same orientation about each yttrium atom were also
observed. The two extra peaks about Ba were modeled as
partially occupied sites containing yttrium. The thermal
parameters of the two extra sites were tied together and
refined isotropically to Uy, = 0.0045; occupancies of the
two sites refined to values of 0.0106(16) and 0.0094(14)
or approximately 2(+0.3)% occupancy by yttrinm. All
calculations were performed using SHELXTL PLUS-PC
(20). Fina! difference Fourier maps yielded peaks and
troughs of +2.82 to —3.29 e /A® for CaY,S,, +1.37 to
—1.12 e7/A? for SrY,S,, and +5.05 10 —5.22 e~/A* for
BaY,3,.

RESULTS

Room temperature X-ray powder diffraction data for
Ca¥,S, and SrY,S, are available in the supplementary
material.” The powder diffraction pattern and unit cell
parameters obtained for CaY,S, (Pnma, a = 12.9462(10)
}}, b = 3.8816(4) A, and ¢ = 13.0692(8) A for A = 1.540562
A} are in agreement with the limited data available in the
literature (5, 7, 10). The strongest lines for SrY,S, are
consistent with the information available in reference (10);
unit cell parameters reported here (Prma, a = 11.9652(13)
A, b=3.9754(4) A, and ¢ = 14.2842(17) A for A = 1.540562

? See NAPS document No. 05209 for 24 pages of supplementary mate-
rial. Order from ASIS/NAPS. Microfiche Publications, P. O. Box 3513,
Grand Station, New York, NY 10163. Remit in advance $4.00 for micro-
fiche copy or for photocopy $7.75 up to 20 pages plus $.30 for each
additional page. All orders must be prepaid. Institutions and organiza-
tions may order by purchase order. However, there is a billing and
handling charge for this service of $15. Foreign orders add $4.50 for
postage and handling, for the first 20 pages, and $1.00 for additicnal 10
pages of materials, $1.50 for postage of any microfiche orders.
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TABLE 1
Experimental Parameters and Refinement Results for CaY,$, (Space Group Pnma), SrY,S,(Space Group Pmnb), and BaY,S,
(Space Group Pmnb)
C3Y284 STY2S4 BﬂYzS,;

Intensity data
(26/8 scan mode)

Scan rate 2°~10°/min 4°-~12°/min 2-10°/min

(or 4~16°/tnin)
Octants hk -1 hil, h =kl hkl, —h —k =1, =k =k !,
(partial b —k b, —h k1, h kD)
20 range 4° to 75° 4 1o 60° 4°to 70°
Indices D=h=20=k=H8, -6=h=60=<k=16, ~T=h=1 -20=k=1,
-2 =l=2 0=1=20 4 =1=24

Number of reflections 3580 2337 4932
Absorption corrections Empirical Numerical Numerical

Faces {001}, {0i1}, {0, —1, 1}, {100} {oo1}, {011}, {0, —1, 1}, {100}

Min/max Transmission 0.104/0.546 0.239/0.315 0.0534/0.1355

Rierge 0.032 0.023 0.049
Unique reflections 1847 1131 1764

With |F| > 40 1538 880 1542
Refinement

R 0.045 0.032 0.044

wR 0.065 0.033 0.053

GoF 1.43 0.84 1.30

A) agree with those previously reported in (11). To our
knowledge, powder pattern data for BaY,S, have not been
reported and are given in Table 2; the unit cell parameters
obtained in this study (Table 2) are in agreement with
those obtained by Weissenberg methods from a single
crystal (11).

The [ (N} intensity figure-of-merit is a new method
being used to assess the validity of strong and moderately
strong observed powder pattern intensities, The observed
peak intensities for CaY,S,, SrY,S,, and BaY,S,, which
were obtained from a single mount (and single scan) for
each of the three compounds, were compared with the
integrated intensities calculated for a sample of randomly
oriented particles. This comparison facilitated an assess-
ment of effects of the fibrous or needle-like morphology
of the materials on the intensities of those lines most
useful for identification. 7.{N) will vary from 0 for no
differences between observed intensities and calculated
intensities to o« for (infinitely) large differences. Pragmati-
cally, without including instrumental optical effects in the
calculated intensities and for all but the most careful work
involving averages of intensities obtained from multiple
mountings of a sample, I (N) is usually ~0.10-0.50 for
the 10 to 20 most intense lines (19). J.(N) values greater
than 0.50 are probably indicative of distorted peak intensi-
ies due to nonrandomness in the sample mount. In the

case of Ca¥,84, although the calculated 100% line was
also the observed 10092 line, only 4 of the 7 most intense
observed lines were included in the top 6 most intense
calculated lines. The intensity figure-of-merit is I,,(13) =
0.589, i.e., for the 13 calculated lines with {, = 20 the
average calculated and observed intensity difference is
~59%. The high figure-of-merit value reflects the fibrous
nature of the CaY,S, sample. For SrY,S,, although the
observed and calculated 100% lines were not the same,
I(16) = 0.350. In the case of BaY,S,, the observed
and calculated 100% lines were the same but [, (14) =
0.477.

The unit cell parameters of CaY,8, as a function of
uncorrected thermocouple temperature are given in Table
3 and shown graphically in Fig. 1. Curves were fit to the
cell parameters as functions of the uncorrected tempera-
ture (Fig. 1) and from these curves the instantaneous
changes in cell parameters were calculated (22). Thus,
the linear thermal expansion for each cell axis, (da/dT)/
a = a, was obtained. For the g axis, the thermal expansion
was found to vary from 17.4 x 1074 B03 K) to 7.1 x 107
(524 K) to 19.6 x 107% (763 K). The shape of the curve
for the b axis was similar and the thermal expansion was
found to vary from 26.9 x 1076303 K) to 7.5 x 1076 (552
K) to 20.9 x 107¢ (763 K). The curve for the ¢ axis was
approximately linear, resulting in a thermal expansion
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TABLE 2
X-ray Powder Diffraction Data for BaY,S, at 18°C

hook 1 200 T 20comr 20cac 2A8° deogr
1 0 2 14176 4 14.218 14222 —0.004 6.22417
2 0 2 18970 14 19012 19013 —0.002  4.66419
3 0 1 22649 2 22650  22.69] 0.000  3.91563
0 1 1 22895 6 22936 22950 -0.014 3.87419
1 | 1 24.038 4 24079 24094 -0.015 3.69283
0 0 4 243551 41 24,592 24.593% 0.000 3.61695
3 0 2 25063 100 25.104  25.097  0.008 3.54433
1 0 4 25628 10 25669  25.668 0.001 3.46759
11 2 26342 13 26383  26.380 0.003 3.37536
2 1 0 26480 10 26521  26.538  -0.017 3.35811
2 1 1 27210 2 27251 27256 —0.005 3.26579
300 3 28642 3 28.683 28688 —0.005 3.10973
0 1 3 28835 3 28876 28.897 —-0.021 3.08939
4 0 0 29225 6 29266 29.252 0.014 3.04910
11 3 29793 28 29.834  29.828 0.005 2.99234
4 0 2 31791 36 31.832 31810 0.022 2.80894
30 4 33091 4 3313 33.117 0.013 2.70165
3 1 2 33639 4 33679 33.684 ~—0.005 2.65894
11 4 34.080 7 34120 34123 -0.003 2.62558
2 1 4 36456 25 3649 36.494 0.003 2.45993
4 1 0 36925 14 36965 36966 —0.001 2.42979
4 1 1 37.464 11 37.504 37.502 0.002 2.39610
0 ) 5 38255 S 38295 38300 -0.005 234842
4 1 2 39025 3 35065 39075 —0.010  2.30389
2 0 & 40,140 29 40.180  40.180 0.000 2.24249
2 1 5 41110 3 41.150  41.158 —0.008 2.19185
3 0 6 43564 12 43603 43.600 0.003 2.07403
3 1 5 44485 30 44524 44516 0.008 2.03325
6 0 1 44911 12 44950 44.975 —0.025 2.01496
5 1 2 45120 745159 45204 —0.0455  2.00612
2 1 6 467281 9 46320 46.327  -0.008 1.95851
5 1 3 47420 3 47459 47449 0.009 1.91414
4 0 6 48.021 7 48.060  48.058 0.002 1.89160
2 2 2 49333 3 49371 49345 0.026  1.84437
1 1 7 50,119 4 50.157 50,153 0.005 1.81729
1 ¢ 8 5095 6 50988 51010 —0.022 1.78961
6 0 4 51475 16 51.513 51510 0.003 1.77260
2 1 7 5192 6 51967 51915 0.052"  1.75818
32 2 5221 9 52249 52291  -0.042°  1.74936
4 1 6 53438 4 53476 53495 -0.019 1.71208
7 0 2 54047 5  54.085 54.070 0.015 1.69423

Note. Refined unit cell parameters in Prma are a = 12.2022(25) A,
b = 4.0185(6) A, ¢ = 14.4676(30) A for a wavelength of 1.540562 A.
An error for sample displacement was included in the unit cell refine-
ment. Muitiply-indexed refiections were also inciuded in the refinement.
Smith-Snyder (21) Fy = $2(0.009, 91) for the 41 observed (indexed) re-
flections.

* 2bcorn — Fraic)-

b A@ exceeded the tolerance for inclusion in the design matrix during
the final cycles of refinement,

that was approximately constant, varying from 11.4 x
107 (303 K) to 14.4 x 107¢ (763 K). The curves for instan-
taneous thermal expansion were fit to quadratic functions
of temperature, resulting in the equations
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TABLE 3
Unit Cell Parameters of CaY,S, Obtained from High-
Temperature X-Ray Powder Diffraction Data (A = 1.540562 A)

Apparent
temperature (°C) a (A) b (A) c (A)

3 12.956(2) 3.8818(8) 13.077(1)
75 12.967(3) 3.8900(12) 13.088(2)
150 12.977(1) 3.8917(7) 13.0965(9)
225 12.986(1) 3.8947(6) 13.1074(7)
300 12.989(1) 3,8974(9) 13.123€1)

3is 13.003(1) 3.9013(8) 13.1351(9)

500 13.024(2) 3.9073(12) 13.158(1)

a=65197%x 1075 —2.2253 < 10°7- T+ 2.1321 X 10~'°- T2 fora,
a=10.165% 1077 —3.3964 x 1077 T+ 3.0641 x 10~ - T2 for b,
a=9.3710% 107+ 6.7043 x 10~*- T~ 1.3191 x 1071 T2 forc,

Note, however, that these equations should be considered
approximate as they were obtained from curve-fitting sen-
sitive to distortion from temperature errors. High-temper-
ature X-ray diffraction data for ZnS (crushed crystals of
sphalerite) were obtained under similar conditions. The
unit cell volumes obtained for ZnS and CaY,S, are com-
pared in Fig. 2. Applying the first-order approximation

L = ala) + alb) + alc) = 3a to the volume data in Fig.
2 yields an overall average linear thermal expansion,
a = 119 x 107%°K for CaY,S,. A value of @ = 7.2 X
107%°K was obtained for ZnS and compares favorably
with values of 6.9 x 107% for IRTRAN? (23a) and
7.85 x 107® for Raytran Multispectral Grade ZnS (23b).
The average thermal expansion for CaY,S, is similar to
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|3.14L e
1302 |- ek T 439
13.10% o aeE b .-®
o -
4 r -t u -
= tig“ﬁ z Dt 1390
S . g
S 1304 I b .. =
13.02 o RS I R
ool L "
izesl T, T 13.88
1296 5 f
12.94
: : —. 387
300 400 500 600 700 800

apparent 1emperature (¢ K)

FIG. 1. Refined unit cell parameters of CaY,S, calculated from high-
temperature X-ray powder diffraction data are shown plotted against the
nominal thermocouple temperature of the heating strip/sample holder.
Error bars are three times the estimated standard deviation. The instan-
taneous thermal expansions along the cell edges, (da/dT)/a, were calcu-
lated from the fitted curves shown by the dashed lines.
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FIG. 2. Variation of unit cell volumes for Zn$ and CaY,S, are shown

piotied against the nominal thermocouple temperature. Error bars are
three times the estimated standard deviation.

the @ = 9.7-13.7 x 10~%/°K reported for (tetragonal) MgF,
(24}, also an infrared optical window material.?

The changes in unit cell parameters at low-temperatures
for SrY,S, were found to be linear resulting in coefficients
of thermal expansion of o = 20.1 X 107% along ¢, « =
6.37 x 1075 along b (short axis), a = 5.48 x 107® along
¢ {in setting Pnma) over the temperature range —150°
to +18°C,

Final atomic coordinates and anisotropic thermal pa-
rameters obtained from the single-crystal structure deter-
minations are given in Tables 4, 5, and 6. Observed and
calculated structure factors along with complete tables of
bond lengths and angles are available as supplementary
material.’

DISCUSSION

CaY,S, has been found to be isostructural with CaYb,S,
(25}, CalLu,S, (26), and Yb,S, (27), in accord with the
previous reports (1-3). The structure is related to that of
warwickite (Mg, Fe, Ti),BO,) (28) and is formed of strings
of four edge-sharing YS, octahedra as illustrated in Fig.
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FIG. 3. This figure illustrates the connectivity of [YS;] octahedra
in CaY,8,, a [Yb;5,)-type structure. Black spheres represent the seven-
coordinate Ca atoms. The open spheres represent § atoms which are
fragments of [YS,] octahedra not shown.

3. Each string of four octahedra is a cross-section of an
infinite ribbon (4 X 1 X «) extending along . The octahe-
dra share edges along the ribbons and, thus, form four-
octahedra-wide strips of the CdCl, structure. The ribbons
are interconnected by vertex sharing to form an overall
three-dimensional framework containing channels of
capped trigonal prismatic sites that accommodate the cal-
cium atoms. Two crystallographically distinct yttriem
sites occur; the near-octahedral geometry about each is
partially constrained by symmetry, resuiting in four
unique bond lengths in each octahedron. The Y-S bond
lengths about Y(I) range from 2.706(1) to 2.799(2) A;those
about Y(2) range from 2.715(1) to 2.749(2), with a mean
value of 2.737(26) A for both octahedra. This value is in
good agreement with the sum of the ionic radii (29) for

TABLE 4
Atomic Coordinates and Anisotropic Thermal Parameters for CaY,S, (in Pnma)
x ¥y -z Uy Un Us Us
Ca 0.36912(7) 0.2500 0.41743(8) 0.0040(3) 0.0076{4) 0.0198(4) 0.0017(3)
Y(1) 0.39197(4) 0.7500 0.08311(4) 0.0056(2) 0.0094(2) 0.0222(3) 0.0011¢2)
Y(2) 0.35446(4) 0.7500 0.70405(4} 0.0050(2) 0.0092(2) 0.0191(2) —0.0002(2)
S(1} 0.21771(10) 0.2500 0.76401(11) 0.0067(4) 0.0112(5) 0.0196(5) 0.0010¢4)
5(2) 0.03318(10) 0.2500 0.38235(10) 0.006%(4) 0.0121(3) 0.0182(5) 0.0026(4)
S(3) 0.24491(10) 0.7500 0.52559(11) 0.0051(4) 0.0096(3) 0.0185(5) —0.0007(4)
S(4) 0.47203(10) 0.2500 0.61759(11) 0.0050(4) 0.0101(5) 0.0232(5) 0.0622(4)

Note, The anisotropic displacement exponent takes the form — 2w (h'a* Uy, + -+ + 2kLb*c*Uy).
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TABLE 5
Atomic Coordinates and Anisotropic Thermal Parameters for SrY,S; (in Pmnb)
X y z Uy Uy Uy Un
Sr 0.7500 —0,24241(6) 0.66171(5) 0.0089(3) 0.0120(3) 0.0100{3) —0.0006(2}
Y1) 0.2500 0.06781(6) 0.11024(5) 0.0074(3) 0.0087(3) 0.0075(3) —0.0008(2)
Y(2) 0.7500 —0.08092(5) (1.39911(5) 0.0071(3) 0.0082(3) 0.0082(3) —0.0004(2)
S(1) 0.2500 —0.0219{{l6) 0.28411(13) 0.0083(3} G.0149(8) 0.0091(8) 0.0038(6)
S(2) 0.7500 —0.08631(14) 0.07845(12) 0.0084(8) 0.007HT) 0.0088(7) 0.0009(6)
S(3) 0.7500 0.20743(14) 0.17432(12) 0.0086(8) 0.0086(7) 0.0118(8) —0.0002(6}
S(4) 0.2500 —0.13026(15) 0.52649(12) (0.0094(8) 0.0087(7) 0.0085(7) 0.0022(6)

Note. The anisotropic displacement exponent takes the form —2a2(iPa*2 Uy, + -+« + 2kLb*c*Uy).

$2- and Y3* (2.74 A). As compared to the ideal value of
90°, the S-Y-S bond angles in the octahedra range from
84.4° to 101.8°. The calcium atom in the capped trigonal
prismatic site is coordinated by five sulfur atoms at dis-
tances ranging from 2.866(1) to 2,938(2) A plus two at a
slightly longer distance of 3.010(2) A; the overall mean
Ca-S distance is 2.925(63) A. This value is consistent
with those reported for isostructural CalLu,S, (26) {(mean
Ca-S distance of 2.910(54) A) and CaYb,S, (25) (mean
Ca-S$ distance of 2.914(52) A) and with the sum of the
ionic radii {2.90 A). (29). The coordination differs about
the four crystallographically distinct sulfurs with $(1) and
S(3) coordinated by five cations (three Y and two Ca),
S(4) is also five-coordinate but to two Y and three Ca,
and S(2) is coordinated by four yttrium atoms.

In accord with the findings of Patrie et af. (11), SrY,S,
and BaY,S, have been found to be isostructural with Ca
Fe,0,. The structure consists of edge-shared double rutile
chains of [YS;] octahedra connected at the vertices to
form channels of bicapped trigonal prismatic sites con-
taining the larger Sr or Ba cations (Fig. 4). The octahedral
Y-S distances range from 2.675(1) to 2.760(1) Ain SrY,S,
and from 2.695(2) to 2.765(1) A in BaY,S,; the overall
mean distances are 2.732(32) and 2.744(25) A, respec-
tively. These distances are in good agreement with the
sums of the ionic radii (29), The mean Sr-S distance about

the trigonal prismatic site is 3.093(10) A with the two
capping S atoms at an average distance of 3.29 A; the
mean Ba-$ distance is 3.208(38) A with the two capping
atoms at an average distance of 3.35 A. The sums of the
ionic radii are 3.10 and 3.26 A, respectively (29). The
gbserved Ba-S distances compare favorably with the
mean trigonal prismatic (3.217(13) A) and average capping
distance (3.38 }.\) reported for isostructural BaSm,S, (30).
Although four crystallographically unique sulfurs exist in
the SrY,S, and RaY,S, structures, only two different types
of environments are found. In both environments each
sulfur is bonded to two barium atoms and three yitrium
atoms. S(1) has approximately trigonal bipyramidal coor-
dination with two (somewhat distant) barium atoms as the
axial atoms and the three yttrium atoms as the equatorial
atoms. S(2), S(3), and S(4) all have approximately square
pyramidal coordination; two barium (or strontium) atoms
and two yttrium atoms lie in a plane to form the base
while the third yttrium is above forming the pyramid. The
sulfur is out of the plane of the base by 0.30 to 1.00 A,
Shown in Fig, 5 is a structure-field map for AB.S,
compounds in which structure types are delineated by
cationic size. In this figure, only A**B3*S, compounds
containing similar elements, A2t = Mg, Ca, Sr, Ba, Zn,
Pb, Eu, Sm, Yb, and B** = Sc, Y, La, Ln (Ce to Lu),
have been included (11, 25-27, 30-42). Clear separation

TABLE 6
Atomic Coordinates and Anisotropic Thermal Parameters for BaY,S, (in Pmnb)
x ¥ Z Uy Usn Uss Uxn
Ba 0.2500 0.24235(3) 0.16168(3) 0.0083(2) 0.0072(2) 0.0107(2) 0.0004(1)
Y(I) (.2560 0.06727(5) 0.39151(d) 0.0075(2) 0.0062(2) 0.0086(2) 0.0008(2)
Y(2) 0.2500 0.7911(5) —0.10154(4) 0.0070(2) 9.0057(2) 0.0092(2) 0.0001(2)
S(hH 0.7500 0.02173(12) —0.21696(10) 0.0054(5) 0.0094(6) 0.0087(6) —0.0017(4)
S(2) 0.2500 0.08198(12) 0.57716(10) 0.0073(5) 0.0053(5) 0.0100(6) —0.0004(4)
5(3) 0.7500 0.12510(12) 0.02345(10) 0.0080(5) (.0059(6) 0.0101(6} —0.0009(4)
§(4) 0.7500 0.20738(12) 0.33395(11) 0.0083(6) 0.0044(5) 0.0144(6) 0.0010(5)

Note. The anisotropic displacement exponent takes the form —2a2(i2a*2 U, + -+ + 2kLb*c* Us;).
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FIG. 4. This figure illusirates the connectivity of [¥35,) octahedra in
8rY,S, and, analogously, BaY,S,; both have a [CaFe,0,]-type structure.
The larger dotted spheres represent eight-coordinate Sr or Ba atoms.
The smaller open spheres represent S atorns which are fragments of
[YS4] octahedra not shown,

of structure types is observed in agreement with earlier
maps (35, 43). These structure-field maps confirm Fla-
haut’s early comments that cationic size is important in
determining the type of structures adopted (2, 44-47),
even though the bonding in sulfides would be expected
to be more covalent than in oxides. Other structure-field
maps using ‘‘bond-stretching force constants’’ and radius
ratios (48) or using pseudopotential radii (49) have been
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FIG. 5. A structure-field map delineated by cationic radii (29) is

plotted for A* + B3*S, compounds with A*" = Mg, Ca, Sr, Ba, Zn, Pb,
Eu, Sm, Yb, and B** = Sc, Y, La, Ln (Ce to Lu). A clear separation
of structure types is observed.
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constructed, but do not provide any additional insight
bevond what can be gleaned from Fig. 5.

Although cationic size has been effective in delineating
structure types, other clectronic effects could play a role.
Bond—valence sums, calculated from nearest-neighbor
(bonding) distances, can reflect the underlying electronic
interatomic interactions (50-52). However, when the
bond-valence sums about A%t and B*' (52) are plotted
against each other, little differentiation of structure types
is found. Some differentiation of structure types is found
for bond-valence sums plotted as a function of the ionic
radius of B**, but the most distinct differentiation between
structure types occurs when the bond-valence sums
about A%t and/or B** are plotted against the ionic radius
of A**, Fig. 6. This suggests that the size of A%' is im-
portant in determining the structure type of A’TB3*S,
compounds with elements A>" = Zn, Cd, Ca, Sr, Pb, or
Baand B** = Sc, Lu, Yb, Tm, Er, Y, or Sm. In addition,
Fig. 6 suggests that the structural stability region for the
Yh,S, structure is much more chemically limited than that
of the [spinel]- and [CaFe,0,]-type structures,

Structure-field maps, such as those described abave,
depend on having a set of consistent ionic radii. Although
yitrium is not, strictly speaking, a rare-earth element,
much of its chemistry is similar to the rare earths; its
properties in sulfides are such that Flahaut (44) placed its
apparent size between that of dysprosium and erbium.
However, if the unit cell volumes of the series of com-
pounds A%*Ln,S,, A" = alkaline earth (Mg, Ca, Sr, Ba),
are plotted against the trivalent ionic radii for six-coordi-
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ionic radius (A) of A?* cation

FIG. 6. Bond-valence sums about the cations are plotted as a func-
tion of the ionic radius of A% for A**83*8, compounds ZnLu,S, (42),
CdYb,S, (41), CdTm,S, (41), CAEnS, (54), CdY,S, (40), CaLu,S, (26),
Ca¥b,8, (25), Ca¥,8, (this work), CaS¢,8, (32), 5rS8¢,8, (32), 8rY,S,
(this work), PbSc,S, (32), BaY,S, (this work), BaSm,S, (30}, and Yb,S,
(27). The resulting separation of structure types suggests that the size
of the divalent cation is important in determining structure type.
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FIG. 7. The variation of unit cell volume with trivalent 8%* radius
(29) is plotied for A2+ B3tS,, A** = Mg, Ca, Sr, or Ba, and B** = Y or
rare earth. Unit cell data were taken from (11, 25, 34, 43} and this work.
Data points for the yttrium-containing compounds are filled. Note that
all of the yttrinm-containing compounds are off the curves, suggesting
that the effective ionic radius for ytirium in these sulfides is somewhat
larger than expected.

nate Ln (29), as shown in Fig. 7, an anomaly becomes
apparent. The trivalent ionic radius for octahedral yttrium
in these sulfides appears to be noticeably larger than the
value given by Shannon (29). Yet, in a similar plot of
SrLn,O, and Baln,O, compounds (Fig. 8}, yttrium falls
at the expected position on the curves. In the more polar-
izable sulfide series, the absence of inner-shell f electrons
in yttrium may lead to increased ionicity and longer bond
distances relative to the other rare earths. Thus, the in-
crease in apparent yttrium size in the ternary sulfides (Fig.
7) could indicate decreased covalence and effects related
to the principle of ‘*maximal volume’” (53),
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FIG. 8. The variation of unit cell volume with trivatent L#** radius
(29) for SrLm 0, and BalLn,O, compounds crystallizing in space group
Prnma is shown. Unit cell data were taken from (12, 13, 15, 55). Data
points for the yttrium-containing compounds are filled. Note that in

contrast to the positions of the ternary yitrium sulfides in Fig. 7, the
ternary yttrium oxide compounds fall at the expected positions.
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CONCLUSIONS

Single-crystal structure determinations on CaY,S,,
SrY,S,, and BaY,S, have confirmed that CaY,5, crystal-
lizes with the [Yb,S,]-type structure whereas the Sr and
Ba compounds crystallize with the [CaFe,0,]-type struc-
ture. Structure-field maps and plots of bond-valence sums
versus divalent cation size suggest that for chemically
similar divalent cations the structure type formed is to a
large extent dependent on the size of the divalent cation.
Yttrium in these particular ternary sulfides appears to
exhibit a larger ionic radius than that observed in analo-
gous oxides. CaY,S,, SrY,S,, and BaY,S, were found
to exhibit better oxidative stability than ZnS. The high-
temperature linear thermal expansion coefficients of
CaY,S, and the low-temperature coefficients of SrY,S,
are significantly anisotropic; the overall average linecar
thermal expansion of CaY,S, is greater than that of ZnS
but similar to that of MgF,. The oxidative stability of
these octahedrally based three-dimensional ternary sul-
fides coupled with their long-wavelength infrared trans-
parency (16) suggest that these compounds maybe useful
as infrared window materials.
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