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Auszug
RhsSes kristallisiert rhomboedrisch mit ¢ = 5,9648 A und « = 90°44’. In
der Elementarzelle der Raumgruppe R3—CZ, befinden sich drei Rh-Atome in
der Punktlage 3e, zwei Se in 2¢ mit 2 = 0,3816 und sechs Se in 6 f mit « = 0,8877,
y = 0,1166 und z = 0,6204. Die Struktur des RhsSes ist das erste Beispiel fur
eine dem Pyrit verwandte Struktur mit geordneten Fehlstellen in den Metall-
atom-Positionen.
Abstract

RhaSes crystallizes rhombohedrally with a = 5.9648 A and & = 90°44".
With space group E3—C%, three Rh atoms are in 3e, two Se in 2¢ with z = 0.3816
and six Se in 6f with x = 0.8877, y == 0.1166 and z = 0.6204. The structure of
RhsSes is the first example of a pyrite-related structure with ordered metal
defects.

Introduction

The system rhodium-—selenium was the object of a recent survey
and investigation by RumMery and Hevping (1967). The phase
relationships in this system are not completely solved; in particular
there is some disagreement on the homogeneity ranges of the different
phases. The structure types and the approximate (averaged) com-
positions are as follows:

RhsSeq B8 superstructure, possibly with orthorhombie
distortion and defects

RhsSes RhySs-type structure

RhSes IrSes-type structure up to 843°C

RhSe._2.0 to RhSe._0¢ pyrite-type structure at higher temperatures

RhsSes x-ray diffraction pattern similar to rhombo-
hedrally deformed pyrite-type structure up to
825°C.
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Except for RhaSes all literature references are compiled in the paper
by RummeErRY and HEYDING (1967) while the data for the RhaSs
structure type have only recently been obtained by us (PArTHE,
HouxkE and HULLIGER, 1967). In continuation of this investigation
we found it of interest to determine the accurate crystal structure
of RhsSeg. For a compound of approximate composition RhSes g
Hurriger (1964) reported a rhombohedral unit cell with ¢ = 5.962
+0.002 A and & = 90°44’ - 2’; RummerY and HEYDING (1967)
found the lattice parameters @ = 5.964 - 0.002 A andx = 90°46" 1’
for a composition RhSes.¢7 (= RhsSes). It was observed by both
authors that the x-ray diffraction pattern had similarity to a pyrite-
type structure diffraction pattern, however a structure determination
has not been made.

Sample preparation and identification

Powder mixtures of the elements (Rh 99.9%/y, Se 99.09/y) were sealed
in evacuated quartz tubes and heated to 900°C. After 24 hours the
reactions were complete and the ampules were slowly cooled to
400°C and there held for 4 days. The ultimate equilibrium product
was a fine dark grey powder which was completely stable on air.
To obtain high resolution of the diffraction lines the material was
ground to 400 mesh and re-annealed at 400 °C for 24 hours.

The evaluation of powder diffractometer data using the least-
squares program for lattice constants by MuErLLER, HEATON and
MriLrer (1960) gave the rhombohedral-lattice parameters of

a = 5.9648 + 0.0006 A
x = 90° 44.4" L 0.6’
or, for a hexagonal setting of the unit-cell axes,

a = 8.5444 4+ 0.0008 A
¢ = 10.1971 4~ 0.0010 A

in good agreement with the previous data.

Structure determination

No systematic extinctions were observed in the diffractometer
pattern of RhsSes. Therefore the possible space groups are B3, B3,
R32, R3m and R3m.
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Since an atomic arrangement similar to the pyrite-type structure
was to be expected from the similarity of the diffraction patterns we
searched for those rhombohedral space groups which permit an
atomic arrangement as in pyrite. There are only two, namely B3 and
R3. In Table 1 the two settings for pyrite are presented, one in the
conventional cubic space group Pa3—T;, the other in the trigonal
space group R3—C3,.

Table 1. Description of the pyrite-type structure with space groups Pa3 and R3

Pa3
cubic unit coll

4Fein 4a: 0,0,0;4, 3, 0()
88 in 8¢: L (v, @, @3 § 4+, F—a,&())x ~ 0.38

R3
rhombohedral unit cell, & = 90°
1Fein la: 0,0,0
3Fein 3e: 4,4, 0()
28 in 2¢: + (x, x, x) x ~ 0.38

6S in 6f: 4+ (@ y.2()) =« ~%+ 038 =0.88
y ~ 1 — 0.38 = 0.12

z ~1—0.38 = 0.62

For the composition RhsSeg three different kinds of atomic arrange-
ments can be considered :

(@) Defects on the metal sites. With a formula unit of Rhg 7sSe;
the calculated density is 7.39 g/cm3.

(b) Some non-metal atoms occupy metal sites. With formula unit
Rhg s28€0.188¢2 a calculated density of 8.06 g/em3 is obtained.

(¢) Some of the non-metal atoms occupy interstitial sites. The
calculated density for RhSes;¢.66 is 9.85 g/cm3.

The last alternative is not possible for geometrical reasons and be-
cause of the disagreement between observed and calculated densities.
With the experimental density of 7.27 g/cm3 as measured by Rum-
MERY and HEvping (1967) the defect structure model (a) is the only
one acceptable.
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A cursory examination of various possible defect models in the
context of the experimental diffraction observations immediately
rules out a random distribution of the defects on the four metal sites.
For this case the a-glide extinctions found with cubic pyrite would
as well occur in the rhombohedral pattern. However in RhsSeg the
100 and 110 reflections are observed. The powder diffraction inten-
sities of other defect models were calculated, using the atomic para-
meters for pyrite-type RhSes from GELLER and CETLIN (1955) in the
computer program by JEITSCHKO and PARTH# (1966). Agreement
between observed and calculated intensities was not good except
for the case of complete ordering of the defects at the origin of the
rhombohedral unit cell. The good agreement for this last structure
proposal indicated that the structure model was essentially correct,
but that a refinement of the atomic position coordinates was desirable.

Strueture refinement

For the refinement of the structure of RhsSes the integrated intensi-
ties from a powder-diffractometer recording were used. Due to the low-
symmetry Laue group of space group R3 only the intensities of 26 hhl,
hkk and hhh reflections were available for the calculation of observed
structure factors. The relative |Fpy;| values were obtained by applying
multiplicity factors and Lorentz-polarization corrections [Interna-
tional tables for x-ray crystallography, Vol. 2 (1959), Table 5.2.5B]
in the usual manner. The atomic scattering factors for the refinement

Table 2. Calculated and observed structure factors for RhaSes

hkl i \Fobs’ ‘ Fcalc | hkl ‘ lFobs] Fcalc
1
100 | 38.0 —39.7 331 31.5 33.1
110 39.8 —40.2 331 46.2 43.1
111 33.1 20.1 332 109.4 —101.1
200 130.9 134.5 332 49.1 46.9
211 62.4 63.3 122 76.7 73.7
211 1375 | —138.3 422 743 | 72.6
220 | 97.1 i 100.7 500 31.7 ‘ —30.2
221 | 203 | 241 511 131.9 127.2
311 153.2 154.2 333 1144 112.6
311 150.9 152.9 440 189.5 192.4
929 , 84.0 80.6 611 27.6 38.6
400 72.5 — 757 533 97.5 94.8
3922 | 39.8 | —38.7 622 61.1 61.5
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Table 3. Powder intensity caleulation for RhySe,
CuKoy, radiation [A(CuKay) = 1.54051 A)]

hok L sin®® aine LI bk 1 sin’s sine, Lo, b ok 1 sin®e, sin®e
1 0 0 0.0167 0.0165 275 254 -5 1 1 92 -5 3 3 0,7081 0,7081
coro T Tsrooanmoos s 3) 0.uA65 066 L) 136 5ok 1y Lo
11 53 336 136 13 5-1 1 85 501 4
411 k96 Wk 22 3 571 o) 4500 w502 g5)as0 5303 . ) 7
11 1 514 512 16 20 51 1 4552 h554 72 7Y 5 3 -3 3
2 0 0 668 665 728 700 33 3 4621 K629 19 20 6 2 2 7253 7252
2 1 0 45 45 2 i 62 2
20 1) 825 823 40 1005 y o 3) AT w77 27} 85 6 o o) 7322 7321
209 s s B2 a3 28D ww 3 213 pwo e
2011 987 985 100 104 RS N, ) 4796 I 2D w7
) s s XD es 57 2 2o T
2 1 1 1022 1021 476 472 W2 3) W82 4830 55) T 650 o ) 32
-2 2 0 1317 1314 196 194 52 0 e uese 1y 60 5 T
2 2 0 1352 1350 182 174 5 0 2 36 6 2 2 7462 -
-2 2 1 & -5 2 1 23 5 4 -2 . -
-i é g) 1484 1481 jg) 45 21 ) wwes ) wos2 13) - g o §) BI3 7514
- 1 L3 o2 2 i % 31
5 2. 1702 1499 2g) 40 W 2 3 h9se P 6 1 3 1982
L A 32 L) uom wem 19 e &30 e | 7sm
30D e aess 1) 29 HE s T ke 65 :
31 0 S 1 2) 9017 5019 6 1 -3) 7608
300D et asse %) a7 LR R . L
—; 1 : 1813 1812 JOg 304 5 1 2) 5028 5029 13) 15 2 2 ’l) 7672 7671
-1 27 -4 & 0 5269 5268 150 150 3 -
31 -0 1831 1829 o) 573 % 4 0 5M07  Sh1l 150 149 6.1 3 T3 N7
3011 1865 1864 285 285 -5 2 2 1 6 3 1y -
-2 22 198k 1983 102 100 -k & 1) 435 5436 s) 6 6 1 3 7790 7795
2 2 2 2054 2054 23 2k -k 1 4 <1 -4 & b 7937 7938
-3 2 0 10 5 -2 2 = 4 -6 3 2
300 g) 2143 2140 292) 297 5 2 _2) 5487 - <1) 5 _g H 3) 8069 8070
32 & 4 -1 5539 - <1 <5 -3 2 P
30 2) 2195 2194 119) 120 - 3) . 6 6 » _3) 8122 -
521 - 59 -5 3 0) 5607 3 700
31 f) 2305 2303 tg) - 50 3 ) 5609 2] 20 g 5 —2) B174  B174
3 - 5 2 2 3 -2 3
31 -2) By 2312 26 Bon o) 5609 6 o4k 8216 -
3 02 -1 164 W-3o3y . <t -5 5 0 8232 -
322 mwo 2wy g0y e W 3.3 3633 563 W ER . B
32 oms owms M) g 220 s - Sy <5 2301
3 7 50 3 4 5-h 3y o6 saer
45 0 0 2669 2669 45 42 -5 3 l) 5765 _ <1 <5 5 3 -
-3 2 2 2801 2800 11 12 -5 1 3 2 5 5y gnp
LY s 19 277 e - 3 <s LRl ) 8313
3.2 2 ) 2818 N 39 ; < " ) 830
“2 2y Lag t A3 03 3815 - <t <5 7o
L a1 2370 see - N <5 g 2% om0 sss0
w0 1) 2853 2834 s 8 A o 7 f :
52 2 2905 2905 30 g0 Lpozoy) 993 so35 ) ss 7 0 1) &1 e
-3 3 0 2968 2962 6 6 503 1) 5458 35 1 <55 1y gagg
i 11 2972 - 1 <5 51 3 <1 -5 15 39 -
b1t 13 6 0 0 3 = 5 5 0 8449 5
s 1 _1) 2998 2998 2) 18 v _2) 2005 6007 30) 35 IR H,.51) 8454
330 5 Wy 2 144 18 71 1 R
T3 D) e o3 ) 610y ) 6150 12) 51 571 1) 8503 8504
33 a0 omazy My e 808 ! T4 %) ssus 55
31 3 13 10y Gigs oo 82) 5 5 3 b
303 -1 3182 3182 7 7 6 0 1 1 ? -6h 0y ey
7
I A O O A S BB BN T S S L BRPC R ) ssm
Ta 0 o) 0 3301 19} %011 21 5 5.1 873
4 g 3) 3371 3373 26) 62 5 -2 2) 6291 6292 50) 84 5 5 1 B66O -
F M -
e 2 P s S 4Ly ems er2g
Too1o2) k60 3459 5) 86 6 1 4) 033 28 oo 1
v L 5 s i ) 6335 i3] 0 eTr ) sms sms
4 1 o-p) T M 2 39 52 3 6335 | 6 v o
8778
P2 sz e 2w 6 H. 6394 6391 6 > LR ) 8783
HRE A o 723 s 6um 13y a9 D39 swo
) 3sen 3567 » se 233 " =
12 2 -6 2 0y 600 6620 14y g5 -6 3 3 8890
323D se sem 53) 60 gz 13 32D esw
3 03-2 3657 3657 56 66 6 o 2 6% 6729 17 30 72 0y gunp 8904
3 3 2 3761 3762 12 13 -5 4 0) 6752 1) <5 7 0 2 Y
- 2 2 3951 3952 28 30 -5 0 4 = - <1 ? 6 h-ly geno
- o i
PR ws e 55 s D et <t e
5 2 2 4090 4092 26 28 R T ) 6770 o] 7 -7 1 2) B9 8927
4 3 0 14 43 <1 7.2 3
hop 3 ks 4116 W19 W b3 P 771 o) 8989 wo6o
5 0 0 4170 w172 4 5 6 -2 1) 6804 6803 <1) b 6-3 %) gyey ’
23D owem owess ShH e12 <P e
2 - = 1
Sh3 1y gy 7 6 -1 20 0857 - i) <3 6 1 1) 8989 Byss
-4 103 <1 51 . 4 505 -2
E 3 1) e ) s <1) 8 5 1) B <1 7 2-1) ey gom
4 1 —3 <1 5 ~h 1) 6924 2 7 -1 2
=51 5 51 -n 7 21
S 1) wms 4317 % 6 E o) ges 6926 <1 26 71 ») 9108 Y111
24D Wy 2 P N 3 %) s
[ ) 4361 7] o 6 1 o) 6926 2 213 ) 9215
b -1 5) 4359 9 L o3 7013 - 5 <5 -6 2 4 9220
%031 2 5 4 -1 B 1 i
P 3) 4419 4421 5 6 5.1 ) 703 - 3) <5

* smallest observable intensity above background ** overlapping diffraction lines
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were taken from Table 3. 3. 1B of the International tables for x-ray
crystallography, Vol. 3, 1962. No corrections for absorption or ano-
malous scattering were made.

For the least-square refinement the full-matrix computer program
by Gawtzer, Sparks and TrRuUrBLoOD (1961) was employed. The

function minimized was X(IFops|—|Fearc|)2. After four refinement
Z|Fe] — |Pol|
TUZF
0.035. Because of the limited number of reflections in the refinement

a fixed overall temperature factor of B = 0.3 - 1016 ¢m? was assumed,
similar to values obtained from the structure refinement of RhsoSs.
Table 2 contains the values for Feae and [Fops| from the last least-
square cycle. The final positional parameters of RhsSes and their
estimated standard deviations are as follows:

cycles the final value R = for 26 reflections was

3 Rhin 3e

28e in 2¢ x = 0.3816 4 0.0045

6 Se in 6f a = 0.8877 + 0.0023
y = 0.1166 4 0.0019
z = 0.6204 |- 0.0015.

Observed intensities and intensities calculated for all allowed reflec-
tions in a powder diffraction pattern are listed in Table 3.

Discussion

The characteristic coordination figure of transition-metal chalco-
genides with 50 or more percent chalcogen is the metal-centered
chalcogen octahedron. This is found for example in the pyrite type
(Braca, 1914), the marcasite type (BurreER, 1931) and the NiAs
type. For the latter type a large number of ordered defect structures
are known (JELLINEK, 1959; KJEksHUS and PEARSON, 1964 ; CHEVRE-
ToN, BERTAUT and Bruwig, 1964). The structure of RhsSeg is the first
example of a pyrite-related structure with ordered defects. A projec-
tion of the RhaSeg structure on the ab plane demonstrating the arrange-
ment of the empty and Rh-filled [Seg] octahedra is shown in Fig.1.
The distances in the filled octahedra are insignificantly different from
those found in pyrite-type RhSes while the Se atoms in the empty
octahedron move slightly towards the center of the octahedron. The
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shift is, however, large enough to make the octahedral hole too small
for a Rh atom. In comparison to the Se—Se-pair distances of 2.50 A
in RhSe; we find Se—Se dumbbells with 2.41 A separation in RhsSes.
A list of the interatomic distances and the octahedral angles is given
in Table 4.

From ligand-field theory one would expect to find an octahedral
coordination for Rh if the latter has a d® configuration corresponding
to a Rh3* ion. If it is assumed that the Se—Se pairs complete their
valence shell, they must accept two electrons corresponding to (Sez)2-

Fig. 1. The arrangement of [Ses] octahedra in RhsSes

According to HULLIGER (1964) this rhodium selenide is a diamagnetic
semiconductor which indicates that there are no unpaired electrons
and no conduction electrons. On this basis HULLIGER assumed that
the ideal composition of the compound was RhSez or Rh3/f(Seq)2-.
The actual composition is however RhgSes. If again the presence of
Rh3* and (Seg)?~ ions is assumed and consequently a formula unit
Rh3}, (Sez)2, one electron per unit cell cannot be accommodated within
this bonding scheme.

The structure type of RhsSeg is also observed with IrsSg but
with a rhombohedral angle very close to 90°. RhsSs and IrsSeg are
not isotypic but have RhsSeg-related structures. The results of these
continuing investigations will be published at a later time.
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Table 4. Interatomic distances and octahedron angles in RhsSes

[RhSes] octahedra
centered at the 3e equivalent positions
(estimated standard deviations in brackets)

Rh—Se (1) 2.500 (9) A Se (1)—-Rh—S8e (3) 93.7° (5)
Rh—Se (2) 2.500 (9) Se (1)~Rh—Se (4) 95.6° (7)
Rh—Se (3) 2.492 (11) Se (1)—Rh—Se (5) 86.3° (5)
Rh—Se (4) 2.500 (13) Se (1)—Rh—Se (6) 84.4° (7)
Rh—Se (5) 2.492 (11) Se (2)—Rh—Se (3) 86.3° (5)
Rh—Se (6) 2.500 (13) Se (2)—Rh—Se (4) 84.4° (7)
Se (2)—Rh—Se (5) 93.7° (5)
Se (2)—Rh—Se (6) 95.6° (7)
Se (3)—Rh—Se (6) 93.2° (2)
Se (3)—Rh—Se (4) 93.2° (2)
Se (5)—Rh—Se (4) 86.8° (3)
Se (5)—Rh—Se (6) 86.8° (3)
[Ses] defect octahedra centered at the origin
[]—6 Se 2.464 (YA | 6Se—[1—Se 95.6° (4)
6 Se—[1—Se 84.4° (4)
Tetrahedra
[Se—SeRh2a[1]] ;‘ [Se—SeRhs]

centered at the 6f equivalent positions | centered at the 2¢ equivalent positions

Se—Se 2.416 (16) Se—Se 2.415 (85) A
Se—Rh 2.500 (13) ; Se—Rh 2.500 (9)
Se—Rh 2.492 (11) ‘ Se—Rh 2.500 (9)
Se—[J 2.464 (9) : Se—Rh 2.500 (9)

0 indicates a metal defect at the origin of the unit cell

This study is a contribution of the Laboratory for Research on
the Structure of Matter, University of Pennsylvania, supported by
the Advanced Research Projects Agency, Office of the Secretary of
Defense.
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