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The crystal structure of KCeS, has been determined by single-crystal X-ray diffraction techniques. The
compound crystallizes with the rhombohedral a-NaFeO, structure, a=4-228, ¢=21-80 A (hexagonal
setting). Full-matrix least-squares refinement, assuming R3m symmetry, of 307 observed symmetry-
independent three-dimensional diffractometer data (Mo Ka) gave a conventional R index of 0-023
(R.r=0-024). Both cations are coordinated octahedrally; the possibility of a trigonal prismatic co-
ordination of one of the cations was rejected on the basis of the refinement results. Refinement under
R3m symmetry yielded no significant improvement of R,r. Under the assumption that R3m is the
right space group, the structure can be regarded as a layer-ordered NaCl structure, in which the close-
packed sulphur layers are displaced towards the cerium layers.

Introduction

Since 1964, compounds of the type MLnS, (M=
Li,Na,K; Ln=rare earth ion) have been known. Bal-
lestracci & Bertaut (1964) and Ballestracci (1965) deter-
mined their structures by X-ray powder measurements.
They reported these compounds to crystallize with the
a-NaFeO, structure, space group R3m, or the NaCl
structure.

For several reasons, however, it seems important to
perform a single-crystal X-ray study of these sulphides.
The ascertainment of the space group from powder
data is ambiguous. It is important to establish definitely
whether the coordination of the cations is octahedral
or trigonal prismatic (Jellinek, 1960). For the interpre-
tation of the physical properties of these compounds,
e.g. crystal field splitting, spectra and magnetic proper-
ties at low temperatures, the exact value of the posi-
tional parameter of the sulphur ions is of interest.
Finally, the crystal chemistry of the MLnS, compounds
has not been studied in detail. Bronger, Elter, Maus &
Schmitt (1973) found the rubidium and some of the
caesium compounds to have the a-NaFeO, structure
too; so the same structure would occur for a wide
range of the radius ratio of the cations (0-62 <r3}/r
<1-23).

Experimental

Crystals of KCeS, were prepared by heating a mixture
of CeQ, (99-9%, Alfa Inorganics) and an excess of
K,S (p.a. Merck) in a stream of H,S. After cooling
from 1000°C (30°/h) the product was washed with
water and acetone, and dried. Unit-cell dimensions,
derived from powder diffractograms, are a=4-228 (4),
¢=21-80 (1) A (hexagonal axes). The calculated den-
sity for Z=3 and a molecular weight of 243-4, d=
3:59 g cm™3, agrees with the measured density, d=
361 g cm™3. A hexagonal-shaped crystal of approxi-
mate size 0-1 x 0-1 x 0-05 mm was mounted on an En-

raf-Nonius three-circle single-crystal diffractometer,
with the hexagonal a axis along the ¢ axis.

Intensities were recorded by the 0-26 scan method
for all reflexions with 6§ between 5 and 40°, using
graphite monochromatized Mo K« radiation. Back-
ground intensities were determined at 014, where
A4=0-8+1-2tan #. The mean counting time was 36 s
for each background and 72 s for the scan. The total
number of reflexions measured by this method was
1740. Reflexions with intensities less than twice the
standard deviation, calculated from counting statistics,
were considered as not significant. All data were cor-
rected for Lorentz and polarization effects and for ab-
sorption (de Graaff, 1973), using transmission factors
between 0-13 and 0-41 (z=118-0 cm™1).

All intensities were reduced to F values and an aver-
aging procedure was carried out, giving a total num-
ber of 307 observed symmetry-independent reflexions.
Starting values for the scaling factor and the initial
overall isotropic thermal parameter B were obtained
from a calculated Wilson plot.

Refinement of the structure

The function minimized during the least-squares re-
finement process was Y wg(|F,| —|F.|)?, with the weight-
ing factor wp= (o) 2. Discrepancy indices referred to
are:  Re=J|IF|—|FI|/2IF, and R.p=[2we(lF,|-
|EAYSwe| F 7.

From zero-and upper-level Weissenberg photographs
the crystal symmetry and the approximate cell param-
eters were determined. Systematically absent reflexions
were of the type —h+k+1+#3n, indicating a rhom-
bohedral symmetry, and the intensities of the reflex-
ions hkil and khil were equal. The Laue group ap-
peared to be 3m, leaving three possible space groups:
R3m, R3m and R32.

Two models with both cations in an octahedral co-
ordination and two models with either Ce or K in a
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Table 1. Positions for the atoms in the different space

groups
Cation
Positions Space group coordination
Ce 3(a) 0,0,0 R3m and both octahedral
K 3() 0,0,% R32
S 6(c) 0,0,z | z~%
0,0,z
Ce 3(a) 0,0,z;z=0 R3m both octahedral
K 3() 0,0,z; z~%
S(1)3(a) 0,0,z; z~%
S(2)3(a) 0,0,z; z~3
Ce 3(a) 0,0,z;z=0 R3m Ce octahedral
K 3@) 0,0,z; z~% K prismatic
S(1)3(a) 0,0,z; z~%
S(2)3(@) 0,0,z; z~%
Ce 3(a) 0,0,z; z~$ R3m Ce prismatic
K 3@() 0,0,z;z=0 K octahedral
S(1)3(a) 0,0,z; z~ 5
S(2)3(a) 0,0,z; z= %

O:Ce
Fig. 1. Projection on (1120) of KCeS,.
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trigonal prismatic coordination, were refined by a full-
matrix least-squares method. The positions for the
atoms in the different space groups, according to these
models, are given in Table 1. Refinement of both pris-
matic models (with either Ce or K on z~~¢) gave poor
results: the best Ry value obtained was 0-40.

For the octahedral model, however, refinement under
R3m or R3m symmetry of only the scaling factor and
the overall thermal parameter yielded R=0-17. Three
cycles of full-matrix refinement under R3m symmetry
of the positional parameter of sulphur and the isotropic
thermal parameters of all atoms reduced R to 0-04.
At this stage the thermal parameters were allowed to
refine anisotropically and an extinction correction was
carried out. This led to final discrepancy indices, con-
sidering R3m symmetry, R;=0-023 and R,,=0-024.
Having reached this level, it can be stated already that
R3m is the most likely space group. The low indices
Ry and R, the low value of the parameter U,; of
sulphur and the absence of chemical arguments for
lowering the symmetry strongly indicate this. Still it
was thought useful to attempt a refinement under R3m
symmetry, decoupling the sulphur positions and allow-
ing the z parameter of K to refine also, with the ex-
pectation that adding new parameters to be refined
would reduce the discrepancy indices to a lower level.
We carried out three refinements under R3m sym-
metry. First the K position was kept exactly at (0,0,%)
and the displacements of S(1) and S(2) were restricted to
be equal and in the same direction for both sulphur
ions (dzs,=A4zs,). Then, in the second refinement the
z parameter of K was allowed to refine also. Finally, the
zparameters of K(1), S(1) and S(2) were all refined inde-
pendently. In all cases the anisotropic thermal param-
eters of all atoms were refined as well, the starting
values being the final values from the refinement under
R3m. The thermal parameters for the sulphur atoms
1 and 2 were restricted to keep equal values for both
atoms. The results are summarized in Table 2.

Table 2. Positional and thermal parameters ( x 10%) for KCeS,

The general anisotropic temperature factor has the form exp [ — 27%(3, 3 U, hih aia))). Owing to the site symmetry of the ions there

are several restrictions on the thermal parameters U;;: U;; = U,;=2U,;

3= Uz =0. Estimated standard deviations in the least

significant digits are in parentheses.

Space group X y z
Ce 0 0 0
R3m K 0 0 5000
S 0 0 26346 (4)
Ce 0 0 0
X 0 0 5000
R3m(1) Sy 0 0 2652 (3)
2 0 0 7382 (3)
Ce 0 0 0
K 0 0 5010 (10)
R3m(2) sa)y 0 0 2647 (6)
S(2) 0 0 7377 (6)
Ce 0 0 0
K 0 0 5018 (15)
R3m(3) S() 0 0 2643 (7)
S2) 0 0 7374 (7)

Un=Up=2Uy, Uss RF(%) Rwr(%)
69 (1) 94 (1)
181 (3) 134 (4) 2-29 2-36
105 (2) 103 (3)
69 (1) 95 (1)

180 (3) 130 (4) ) )
99 (2) 78 (7) 2-30 2-29
99 (2) 78 (1)

69 (1) 95 (1)

181 (3) 121 (12) . .
99 (2) 84 (8) 230 228
99 (2) 84 (8)

69 (1) 95 gl)

181 (3) 110 (25) . .
99 (2) 88 (8) 2:30 2:28
99 (2) 88 (8)
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As can be seen, refinement under R3m gives a slight
improvement of the index R, r. However, this improve-
ment is not very significant because of the almost com-
plete correlation of the sulphur parameters, Us; and z,
which are refined, as is shown by the correlation ma-
trices. So we conclude that R3m is the most likely space
group for KCeS,. The observed and calculated struc-
ture factors in that space group are listed in Table 3.

Table 3. Structure factors

noR oL eSS FCALS  mo % U FOBS FCALC WX oL rows FCALT mow 285 romy noa L amss e
0 8 3 us o1y ' 3 21 o5 W g2 semy -1
9.0 & 423 I8uS v 2 316y 3053 1o2u2 2496 -1
009 3 1801 1W6W Y02 21 M 2 28uB 23wy -1
0 012 s3u Su32 8 isu8 1531 s 1916 1903 -1
9 015 2857 3857 11480 140 B si12 sau7 -
2 018 3538 380 v 2087 2031 o3 3339 -
FE R I 7 ‘a5 et 1 3008 2940 -
0 g3 2262 2188 ST 5766 17 a0z 192
9 027 2008 2021 3017 0n 20 2no 2591
32 50 a6 3185 3141 w18 2326
3036 9 9w W17 e 2% 2821 2561
3039 728 4B 4SU6 2 %8 750
1 038 1872 1895 338 3258 32 1036 1091
1035 1018 1035 3065 2393 3% 95 980
1032 1130 1168 00 ‘112 3 0
10929 278 26y 2016 1930 32 299 102)
10-28 2855 2801 1872 181 29 305 1
19-2) 2631 2530 0 23713 238 26 286 2351
1 0-20 3005 288 3 e0s “ave 23 2183 2
10213 Tesi el 5 810 883 1.2 2395 2359
1313 3568 Mg -7 821 812 117 Came 38
131 3838 382 -3 1935 1933 -1y 2613 2610
\ B 5718 653 130 1366 1-11 3038 2937
: s 2ns 2082 W19 1y 1-8  48i2 us1?
: 2 3uos 35§ 592 -5 NG 178
i 12138 2909 2812 2756 -2 2@y 2430
3w e 2 2852 2708 1 286 2229
i 7 wies 1908 393 Juiy 4 480 5037
1310 Ime 33 1043 1013 7 2852 2935
1213 1128 1esy 3008 2957 10 201 2873
198 2877 290 N3 3] 5% i
w-129 698 &M -5 138w 211 -25 WY s1
xe132 832 907 -2 158y 1597 -22 1585 1568
v .29 628 & 11887 1sm -18 18 1619
v .26 1843 185) 4 3160 3238 -15 1628 1818
%0223 17 DN 7 2085 2052 -1 iy N2
% 3-20 1932 1828 3 121 22 .12 180 1478
DRES LI S 3 7 -7 1786 176U
wo2-lw 1953 13sa s a3y 2127 -u 2698 2712
§ 2ar o 2300 2235 9 1861 188y -1 1356 1318
v 3-8 3251 3253 2 1815 1816 2 i 1383
N 7-8 13 1382 S 590 S 5 1 1120
4 07-2 123 e 8 1032 1022 8 80 2438
B 1 1608 1706 2271227 1251 111802 1822
PRI 11 -2y 1239 1258 1y 1538 15%7
: 2203 2224 221 S8 sm 1 §2
18350 1880 STI: E ) 20 2 1963
3 9% S5 1302 134 23 1108 1ved
233 12 -12 w05 201 2538 2637
1398 2097 -3 33 381 1530 1532
1948 1352 -6 155k 1558 1% 1341
518 st -3 1% 178 876 861
10071687 9 033 3y 1 118 2067
108y 1274 3 1128 1768 15143 1689
605 629 6 1523 1558 181531 1519
1706 1718 9 837 @51 21 55 559
1587 1589 12 2333 2an v 120 1108
D 1885 1692 15 19wy 1908 .22 st 1us2 s
7 681 1 181752 1Ng 219 1436 1515 H
5 -2-1y 1811 1802 2t 597 .18 1702 1687 5
§-2-11 215w 2118 S1 24 1282 1238 -1 697 om H
§-2-8 3012 2966 S 27 1288 128 -10 1385 1378 5

All calculations were carried out using the Leiden
University IBM 360/65 computer, with the aid of a
set computer programs, written or modified by Dr
R. A. G. de Graaff and Mrs E. W, Rutten-Keulemans.

Discussion

The structure can be described as an ordering in the
cation positions in the NaCl structure, or as the MgCl,
structure in which the Mg positions are occupied by
the Ce ions and the vacant octahedral positions by the
K ions. The projection of the structure on (1120) is
given in Fig. 1.

The regular S4 octahedra of the idealized structure
are distorted: the CeSg octahedron is compressed (re-
duced ¢/a ratio is 0-7205) and the KSq octahedron is
elongated (reduced c¢/a 0-9982) along the threefold axis
(¢f. Fig. 2). As could be expected, the octahedra with
the highest charged cations are the least distorted ones.
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Fig. 2. Projection on (1120), showing the shift of the sulphur
layers.

The size of the distortion from the ideal structure
can also be described by a position parameter &, in-
dicating the shift of the sulphur ions (Brunel, de Berge-
vin & Gondrand, 1972). From the determined z par-
ameter for the sulphur ion in KCeS, we obtain gy, =
—0:0135 (9). Considering the ions as hard spheres one
can calculate & according to the following formula:

(3 +rd
2Pt g +2r27)
(in units of the hexagonal ¢ axis). Using the ionic radii
given by Shannon & Prewitt (1969) we obtain &, =
—0-0148, which is in fairly good agreement with the
observed value.

A remaining question is what kind of ordering will
occur in the case where the alkali ion is much smaller
than the rare-earth ion. An attempt to prepare single

crystals of some Li compounds is in progress in order
to solve this problem.

e=1—
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