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Auszug

Die Kristallstruktur des Emplektits, CuBiS;, wurde auf Grund von drei-
dimensionalen Réntgendaten verfeinert. Die Raumgruppe ist Prnma und die
Gitterkonstanten betragen: a = 6,1426(3), b = 3,9189(4) und ¢ = 14,5282(7) A;
Z = 4. Intensitdten wurden mit Hilfe eines Supper-Pace Autodiffraktometers
unter Verwendung von CuK«-Strahlung gemessen. Fur die 375 unabhédngigen
Reflexe ist der endgiiltige R-Wert gleich 0,063.

Die erhaltene Struktur stimmt mit derjenigen von HormMann (1933) und
Kurpéik (1965) uberein. Die kiirzesten (Bi—S)-Abstédnde [2,536(4) und 2 mal
2,653(2) A] spannen eine trigonale Pyramide mit Bi als Spitze auf. Die BiSs-
Pyramiden sind iiber gemeinsame Ecken zu endlosen Ketten verkniipft, welche
die Zusammensetzung BiSs und die Periode b haben. Cu ist von vier S-Atomen
[mit den Absténden 2,304(5), 2,317(5) und 2 mal 2,343(3) A] in Form eines fast
reguléren Tetraeders koordiniert. Die BiSz-Ketten bilden zusammen mit den
CuB;-Tetraederketten Schichten | (001). Wegen der endlosen BiS:-Ketten mufl
die Emplektitstruktur dem Typ IV.as der Klassifikation von Nowackt (1969)
zugeordnet werden.

Die bekannten Strukturen der Cu,Bi-fihrenden Sulfosalze CuBisSg,
CuzyzBig-sSs(x = 1,21), Hodrushit, CusBisSe und Emplektit weisen gemeinsame
strukturelle Einheiten, die als Doppelketten von viereckigen BiS;-Pyramiden
beschrieben werden koénnen, auf. Solch eine Pyramide wird von den funf
ndchsten S-Nachbarn des Bi-Atoms gebildet, wahrend das Bi-Atom selber dem
Zentrum der Basisfliche naheliegt. Jede BiSs-Pyramide besitzt zwei gegen-
iiberliegende Basiskanten, die mit angrenzenden Pyramiden gemeinsam sind,
wodurch eine erste endlose Kette entsteht, und zwei Pyramidenkanten, die
zu anderen angrenzenden Pyramiden gehoren, welche eine zweite, mit der
ersten parallele und édquivalente Kette bilden. Die Doppelkette hat eine Zu-
sammensetzung von BisS4 und dine Periode von 4 A, die mit der kleinsten
Gitterkonstanten der genannten Strukturen iibereinstimmt.

* Communication no. 263b.—Part 78 on sulfides.
** Present address: Laboratoire de Cristallographie aux Rayons X de
1'Université, 24 Quai Ernest Ansermet, 1211 Genéve 4.
*%*% CH—3012 Bern, Sahlistrasse 6.
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Abstract

The crystal structure of emplectite, CuBiSz, has been refined with the aid
of three-dimensional x-ray intensity data. The space group is Pnma and the
lattice dimensions are: ¢ = 6.1426(3), b = 3.9189(4) and ¢ = 14.5282(7) 4;
Z = 4. The intensities were measured by means of a Supper-Pace autodiffrac-
tometer using CuK« radiation. The final R value for the 375 independent
reflections is 0.063.

The resulting structure corresponds to the structures of Hormany (1933)
and Kurdix (1965). The three smallest Bi—S distances [2.536(4) and two of
2.653(2) A] span a trigonal pyramid with Bi at the vertex. The BiS; pyramids
are coupled by corner sharing to endless chains with composition BiS; and b as
period. Cu is coordinated by four S atoms [at distances 2.304(5), 2.317(5) and
two of 2.343(3) A] in a nearly regular tetrahedron. The BiS; chains join with
chains of CuS, tetrahedra to form sheets parallel to (001). Because of the endless
BiS; chains emplectite belongs to type IV.as of Nowackr’s (1969) classification.

The known structures of the Cu,Bi-bearing sulfosalts CuBisSs, Cug+.Big-2Sg
(x = 1.21), hodrushite, CusBisSy and emplectite have in common structural
units which can be described as double chains of BiS; square pyramids. Such
a pyramid is formed by the five nearest S neighbours of the Bi atom, while the
B itself lies near the center of the basal plane. Each BiS; pyramid shares two
opposite edges of the basal plane with adjacent pyramids in one endless chain;
two side edges are shared with pyramids belonging to the second chain, which is
parallel and equivalent to the first chain. The double chain has a composition
of BixS4 and a period of 4 A corresponding to the shortest lattice dimension of
the structures mentioned.

Introduction

The crystal structures of the sulfosalt minerals wolfsbergite CuSbS,
and emplectite CuBiS,, which are isotypic, were determined by
Hormany in 1933. His atomic coordinates were obtained by trial
and error methods on the basis of photographic intensity data.
Kupéix (1965) refined the emplectite structure, using photographic
data, and showed that HoFmaNw’s (1933) structure is correct. At
present a refinement of emplectite is reported in which diffractometer
data are used. The resulting geometry is essentially the same as the
previous ones, but more accurate.

Experimental

For this investigation a crystal was selected from a sample originat-
ing from Schwarzenberg in Germany. The crystal had the shape of
a short needle with one naturally rounded-off end. It had an anthracite-
like appearence and dimensions 0.085 X 0.094 x 0.127 mm. The
longest dimension was along the needle axis [010].

Because of the systematic absences 2k0 for - odd and 0% for k 4-1
odd the diffraction symbol is mmmPn-a. Pnma (D3) and Pn2ia
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(C3,) are the possible space groups. The centric space group was adopt-
ed and this proved satisfactory.

The lattice parameters were determined with the aid of zero-level
Weissenberg photographs of the specimen rotated about [001] and
[010]; the camera radius was 57.29 mm Superposed Si powder lines
were used for the calibration. The parameter values were calculated
(T. Ito, unpublished) from 78 6 values between 50 and 80°. In Table 1
some diffraction data are given.

For the collection of the intensities the ecrystal was mounted on
a Supper-Pace autodiffractometer for rotation around [010]. 1406
dependent reflections, comprising all accessible ones with this mount-
ing, were measured with the w-scan technique using Ni-filtered Cu
radiation.

An ellipsoidal absorption correction according to JoENsoN (1963)
was applied and structure amplitudes, ¥, were derived as mentioned
earlier (PORTHEINE and NOWACKI, 1975). 375 independent! amplitudes,

n

F,, were obtained by averaging Fo, = (1/n) X F;, where n is the
i=1

number of equivalent ones. 11 reflections were not significant at the

19/g level.
The discrepancy between equivalent reﬂections< 2|\ Fi—Fo|| X F,> ,
=1 =1

averaged over all, amounted to 0.073. This discrepancy is a measure
for the inaccuracy of the absorption correction which implies
rotational symmetry about [010]. The error in the average F, due
to absorption is probably smaller than 7.39/,.

Table 1. Diffraction data of emplectite
Composition CuBiSz, M = 336.6 g - mole?,
space group Pnma, Z = 4, F (000) = 576 electrons,
A= 154178 A, p = 1125 em™1.

l Hormany (1933) Kupdix! (1965) | present workIl | Dana (1944)
a 6.14(1) A (from kx)| 6.15(1) A 6.1426(3) A
b 3.90(1) 3.92(1) 3.9189(4)
¢ 14.54(1) 14.55(2) 14.5282(7)
Qc 6.43g-cm3 6.37g-cm™3 6.393g-cm3| 6.38g-cm™3

1 Kurdik’s unit cell has been transformed aceording to {100, 001, 010} and
the origin has been moved towards the equivalent centre at 030.
II. Quoted errors are twice the calculated standard deviations.

1 The number of possible independent reflections in the Cu sphere is 456.
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The statistics of the normalized structure amplitudes, ¥, indicate
the presence of a center of symmetry (see Table 2).

Refinement

The structure was refined by Fourier and least-squares methods
using programs adapted for the IBM 370/155 by T. ITo2. The quantity
2w(Fo). (Fo— |F¢|/k)® was minimized, where w(F,) is the weight
of F,, |F.| the calculated structure amplitude and & the scale factor.

As a start atoms at HoFmaNN’s (1933) positions for wolfsbergite
(Sb replaced by Bi) were refined isotropically in space group Pnma.
Unit weights were used and all measured reflections were included.
The scattering factors for neutral atoms of DovyLe and TURNER (1968)
were employed and the anomalous dispersion terms were taken from
CroMER and LiBerMaN (1970). In three cycles the conventional
R value, J'|Fo — | F¢|/k|/2F,, dropped to 0.0793. A difference map at
this stage indicated that the structure was correct. The only significant
features were negative regions at the atomic sites (see below). There
was also evidence for anisotropic vibration of the Bi atom with
highest amplitude in the [100] direction.

The parameters varied in this refinement were: ¢ and for each
of the four atoms the isotropic temperature factor and the positional
parameters & and z. One could have accepted the results of a sub-
sequent refinement in Pn21a at a 0.005 significance level if R had
dropped below 0.0793/M4, 358, 0.005 = 0.07773. On the basis of the
resulting value of 0.0790 however, the centric space group was retained.

Analysis of |Fo— |[Fc|/k| as a function of F, prompted us to
consider the weighting scheme: w (F << 49.52) = (3.94 - 102 F,
+ 2.198)2and w (Fo > 49.52) = (9.65 - 10~4 X Fo2 + 4.61 - 10-2 X F,

Table 2. Distribution of normalized structure amplitudes observed for emplectite
compared with the theoretical distribution for the ceniric case

theor. l obs. T theor. obs.
<K2> 1.000 1.002 E >1 32.09/y 28.99/,
<|Bz—1|> 0.968 1.018 E>2 5.0 6.0
<H> 0.798 0.789 E >3 0.3 0.0

2 Now in Tokyo.
3 In this case: the indices of R are the number of additional parameters
varied in Pn2;a (y’s of the four atoms), the number of degrees of freedom in

the refinement and the significance level.
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— 0.50)72, which effected independence of w(Fy). (Fo — |Fe¢|/k)? on Fo
over most of the F, range. After two cycles of refinement with this
weighting scheme R and Ry = [Zw(Fo) - (Fo— | Fe|/k)?/ 2w (Fo) - Fo?]M2
both amounted to 0.095.

Introduction of anisotropic thermal parameters lowered the values
of R and Ry to 0.067 and 0.071 respectively. Comparison of the
Ry values of the isotropic and the anisotropic refinements shows that
the results of the latter are significantly better (s, 350, 0.00s = 1.030).

In the subsequent difference map the regions at the atomic sites
proved to have virtually the same minima as before: —18, —10, —3.6
and —3.2 e - A-3 for Bi, Cu, S(1) and S(2) respectively. In addition it
was found that for the strong reflections |F¢| was systematically
larger than k- Fo. From the ratios (| Fc|/kF,), averaged for different
groups of Fy, a value of 2.34 - 10-6 was derived for the extinction
parameter g in the relation of STouT and JENSEN (1968): | Fe| = kFo.
(1 + g Lp | Fc), where L and p are the Lorentz and polarization
factors, respectively. Corrected structure amplitudes were obtained
from the above expression after replacing | F¢|/k by Fo(corr).

Further refinement with the aid of the Fy(corr) values resulted in
the final parameters of Tables 3 and 4. The parameter shifts were less

Table 3. Positional coordinates for emplectite in fractions of the cell edges
o in terms of the last digit is added in parentheses

X 2
Kuptix | this work Y Kurdix | this work
Bi 0.2290 | 0.23156(11) 1 0.0636 | 0.06304(4)
Cu 0.7495 | 0.7509(4) 3 0.1692 | 0.1719(2)
S(1) 0.6367 | 0.6362(6) 1 0.0970 | 0.0980(2)
S(2) 0.1235 | 0.1258(6) 3 0.1786 | 0.1777(2)

Table 4. Thermal parameters and associated o’s for emplectite
The Debye-Waller factor is defined as:
exp {— 2n2 (Unnh2a*2 + Usk?b*2 4 Ussl2c*2  2Ujghla*c*)}

Un Uss Uss } Uis Bt
Bi 0.0259(4) A2{ 0.0223(5) A2| 0.0141(4) A2| —0.0010(2) A2| 1.64 A2
Cu 0.0329(14) | 0.0331(18) | 0.0209(14) | —0.0006(9) 2.29
S(1) | 0.0255(18) | 0.0226(18) | 0.0132(16) | —0.0014(13) 1.61
S(2) | 0.0277(19) | 0.0222(18) | 0.0134(15) 0.0010(14) 1.66

1 The equivalent isotropic temperature factor, B.
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Table 5. Final list of structure amplitudes for lectite

F.is the calculated structure amplitude on twice absolute scale and Fo is equal to 2x1.2064 Fo, corr,
where 1.2064 is the final value of the scale factor

F,F b ¥ F n F F u F F b F F b F F b F F b P F_ h F F b P F
5 177 185 3 73 75 5 267 283 2 52 50 4 145 148 2 170 167
0 0 b 0 6 b 012 B 12 . 6 33 31 4 65 63 6 9 S5 3 28 27 5 11 10 3 12 9
o 216 201 0 151 153 1 77 8 4 88 84
868 694 1 339 359 1 344 365 2 157 150 B 1 8 h 115 b 25 b 212 B34 ko312
279 315 2 196 188 2 83 83 3 14 12 1 17 16 0 17 18 1 54 56 1 4 48 1 65 6
193 210 3 192 195 3 274 282 4 101 110 2 23 22 3 22323 2 4 43 O 119118 2 25 25 2 6 3
h 1251290 % 11 10 5 1316 3 17 18 2 52 53 3 25 26 1 285296 3 92 93 , .,
o1 5 106 109 5 178171 6 61 64 & 126123 3 122121 & 109 112 2 6k 62 & 11 10 33
57 29 6 59 59 7 123 5 1N ' 6 5 8k 83 3 235232 5 93 88 0 23122
210182 7 @& 80 h 013 6 155150 B 6 129 121 & 6 1103 100
M 12 1 21 g B 13 1035 36 6 B33
68 71 h 07 2 31 31 o 785620 b 19 2 w0 7 b2 ho213 o 337363 A0
137 W9 127 27 3 33 3 1 N8B 08 0 127135 L, 0 168 170 1 8 7 1 63 2 o244 250
12 7 2 35 36 & 78 78 2 430 442 1 408 443 7 1263277 2 27 26 2 262k .,
135 130 3 98 96 5 54 50 3 32 33 2 NM5119 0 75 78 2 159 161 3 30 28 3 59
L 3301 4 206225 3 318352 1 209 210 3 156 158 & 68 63 & 186 183 1 16 15
e 2 5 132137 b 0w 5 26 23 & 73 75 o112 113 5 50 48 2 66 68
334206 6 38 38 O 85 B2 6 139 141 5 205211 b 2 O 5 94 g1 B 21 6 5 47 48
272 232 1 237248 7 35 31 6 37 36 2 478502 6 58 53 0 73 72 B 3 2
293262 b 0 8 2 134 139 L 217 24 1203202 1 24 o5 b &
182 179 0 565 583 3 167 168 b 1 4 B o110 6 174169 M 27 2 121120 2 118 119 0 139 123
174 186 1 30 26 & 155159 1 86 BO 1 16 1k 1023 22 3 144138 3 60 60 1 109 11§
113 125 2 426 465 2 4 4 2 1 g b 2 2 28 29 21 L7975 2 118123
87 89 3 17122 h 015 3 137 & 3 3% 36 1 33 30 3 77 77 B 215 5 70 6k 3 95 9
67 62 4 263285 1 42 &)k 15 15 4 63 65 2 125126 k 28 27 1 34 34
5 86 90 2 41 43 5 121129 5 111109 3 82 88 5 M7 13 2 36 36 b 37 h 43
o3 6 1751726 3 87 89 6 12 12 6 95 88 & 53 57 6 33 32 2 16 0 50 49 1 9 9
38 31 X 20 21 7 126 115 5 117 122 ho21 1 2152, 2 68 68
181171 B 09 LR 6 7 6 h 28 0 198188 2 33 32 3 10 8
25 18 1 112111 b 016 h 15 0 216 225 0 W11 44y 3195 195
149 161 2 112 112 0 228 232 o 661625 1 1j9 123 b 2 2 114 12 h 30 ¥ 93 @y A
72 78 3 155165 1 50 50 1 81 78 2 226 234 0 221213 2 340 363 2 64 68 o 57 58
04 108 4 62 65 2 213217 2 468 486 3 17 15 1 185186 3 91 92 4 17 nz B 3 8 1 208 211
58 55 5 82 82 3 60 59 3 72 75 k 192197 2 197 207 k 223208 . 11 10 2 22 20
o & 6 17 17 o L 260288 5 25 21 3 143151 5 74 71 3 2 15 W 3 237 2n
B 010 7 5 57 61 bow3ass L, 1270280 3 W 2
206 185 159 60 6 174 175 5 104 108 9 2 51 53 & 89 B4 5
655580 0 24213 2 W 3 7 30 27 1 8 91 & 81 77 1 88 88 3 zh2 2w 132 3
75 73 1 208210 L s 16 2 5 4 L, 3 2 93 91 4k 47 48 9 2 26 23
531 571 2 238 243 3 139 143 3 135135 5 197 194 0 92 93 3 18 15
6 15 3 106107 2 119 112 1 37 k0 4 14 v 19 17 & 55 54 1 270 277
299 352 4 210225 4 148 169 2 183186 5 79 76 2 123126 5 73 68 B 3 2 2 86 g3 h 4 6
8 8 5 67 68 6 137 142 3 Bg 91 3 1% 15 1 32 33 3 236 227 0 110 110
132123 6 2w T 4 108 131 b 113 y 123129 h 210 2 86 90 & 58 55 1 160 155
0 5 b o0 1% 5 91 93 0 312 334 5 63 64 0 165 169 3 " 9 310 2 107 104
0 33 27 6 &40 39 1 141146 6 96 90 1 174 180 & 72 73 N
8 82 1 15 7 1 62w s 2 281296 o, 2 195195 5 104 100 1 11 10 47
58 53 2 64 61 2 62 55 5 85 87 397 95 2 W o5 1 12m
35 34 3 36 33 3 416 465 0 104 107 4 215 216 0 117 19 4 189 185 303 3 26 24 2 18 16
130 139 & 102 101 & 49 54 1 329 341 [N 1 416 428 5 63 61 0 343 359
94 100 5 45 Ak 5 247 201 2 31 27 B 2 49 49 2 1 1 79 sy B3N LI IR
143 145 & 18 16 3 271286 1 41 43 3 391437 B 2 251273 0 162 159 0 251 240
94 88 7 1B I06 4 11 115 2 59 57 & 18 16 1 6 5 3 W 12 1 96 93 1 3 &

than 1 o, the estimated standard deviation. The final list of structure
amplitudes is given in Table 5. Corresponding R values are B = 0.063
and Ry = 0.067.

The most pronounced minima in the final difference map are at
the Bi and Cu positions, amounting to —4.0 and —2.4 e - A—3 respec-
tively. The largest maxima (about 4 and 2e- A-8) occur as positive
spherical shells around these positions. Since the crystal in question
had strong reflections even at the edge of the limiting sphere, which is
demonstrated by the fact that only 11 reflections were not significant,
these extremes may be due to the effect of series termination.

Discussion of the structure

It can be seen from Table 3 that our structure of emplectite cor-
responds to that of Kupdix (1965), but there are differences in param-
eter values. The distances between the atomic positions in the two
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Table 6. Interatomic distances and associated o’s in emplectite

393

Bi—8(1)
—8(2)
—S(2)’}

Average

Bi—8(1y
_S(l)//}
'S(l)/ll

Bi—Cu’
__Cull ’
—Culv

Cu—S(2)”
—S(2)"’
—8(1)v
—S(1) }

Average

Cu—Culv

' 2.536(4) A
2.653(2)
2.614

3.158(3)
3.692(4)
3.415(3)

3.881(2)
4.322(3) 2 x

2.304(5)
2.317(5)
2.343(3)

2.327

3.819(4) 2 x

S(1)—Cu
_Cu/l
—Bi

8(2)—8(2)""

2.343(3) A
2.536(4)

3.158(3)
3.692(4)

3.772(5) 2 X
3.804(4) 2 X

2.304(5)
2.317(5)

2.653(2)

3.721(5) 2

Table 7. Interatomic angles and associated o’s in emplectite

X

S(1)—Bi—S(2)
—s(1y
_S(l)l/l

S(1y —Bi—8(2)
__S(l)//
_S(l)//l

8(2)—Bi—S(1)"”
—8(2)’

S(2)’—Cu—S(1)
__S(2)// ’

S(1)IV—Cu—S8(1)
_S(2)// ’

96.57(10)° 2 x

84.03(9) 2X
160.57(9)
94.00(7) 2x
76.71(6)
110.90(8) 2 X
70.80(9) 2 X
95.24(8)
108.50(12) 2 x
107.28(17)
113.50(16)
109.43(12) 2 x

Bi"’'—S(1)—Cu

Bi""—8(1)—Bi’
—Bi

Bi’'—8(1)—Cu

Bi'—S(1)—Bi”
—Bi

Cu—S8(1)—Bi

Cu—=S(1)—Cu”’
Culv—8(2)—Bi
Culv—§(2)—Culll

Bi—8(2)—BilV

Bi—8(2)—Cu””’

76.41(11)°

69.10(7)
160.57(13)

75.12(8)

76.71(8)
95.97(9)

112.73(11)
113.50(17)
120.74(10)
111.47(18)

95.24(11)

102.82(12)

2%

2%

2 x

2 X

2 X
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7IV
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B/'/V
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ad C

Bi" S(1) S(2)

Fig. 1. Atomic coordinations in emplectite. For Bi and S(1) the square pyramids
are indicated with broken lines. The three nearest S neighbours of Bi are marked
by hatching

structures are 0.013, 0.036, 0.015 and 0.022 A for Bi, Cu, S(1) and S(2)
respectively.

The interatomic distances (Table 6) and angles (Table 7) are cal-
culated with the aid of the program BDS (P. ENGEL, unpublished).
Numerals of equivalent atoms are illustrated in Fig.1 in which the
coordinations of the atoms are drawn. In Fig.2a the (010) projection
of the structure is given.

Usually the Bi atom in sulfosalts has three S neighbours at approx-
imately orthogonal distances smaller than 2.85 A, spanning a trigonal
pyramid4. This is also the case in emplectite and the average Bi—S
distance of 2.614 A lies near the lower limit of the range of averages
2.59—2.79 A, observed in other sulfosalts. Each BiSs group shares
corners with two adjacent groups in such a way that endless chains
are formed running along b, having b as period and BiS;.1 ; 1 = BiS;
as composition.

The Cu atom is surrounded by four S atoms in a nearly regular
tetrahedron. The average Cu—S distance of 2.327 A lies well in the

4 Exceptions to this rule are the atoms Bi(1) in cosalite (PbaBisS;, WrITz
und HeELLNER, 1960 and SRIXRISHNAN and Nowacki, 1974) and in CuBisSs
(OrMAsA and Nowackr, 1973). In cosalite Bi(1) has five S atoms nearer than

2.86 A forming a square pyramid and in CuBisSs Bi(1) is coordinated octahedral-
ly by six S atoms within this distance.
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M !\w

z S Cu B
w (O O o

%» O O o

%J %J Fig.2a

Fig.2a. (010) projection of the emplectite structure. Bi—S distances inside the
BiS; pyramids are fully drawn while those outside are broken. Cu—S distances
are dotted. Double distances represent different distance vectors which are
projected above each other. Hatched areas indicate the Bi»S; double chains

Fig.2b. Sheet of composition CuBiSz in emplectite perpendicular to ¢

range of 2.304—2.365 A for Cu in tetrahedral coordinations not
strongly distorteds. In the same way as the BiS3 pyramids the CuS,
tetrahedra are joint together into endless chains along b; they have
the composition CuS;. Lr2= CuSs.

By means of corner sharing between the elementary tetrahedra
and pyramids the two kinds of chains are joint in sheets perpendicular
to ¢ with a thickness of }c¢. The composition of these sheets as seen
in Fig.2b is CuBiS,. The sheet representation of the emplectite struc-
ture is in accordance with the principal cleavage along (001).

Within a distance of 3.2 A the coordination of S(1) consists of
three Bi and two Cu atoms in the form of a square pyramid. The
farther Bi”’ atom (see Fig.1) completes a distorted octahedral coor-
dination similar to that of Bi. The thermal parameters of Bi and S(1)

5 Coordinations with S—Cu—S angles of more than 115° are excluded.
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are virtually equal which is consistent with this similarity. The thermal
parameters of Cu and S(2) show the same trend, specifically Uyj(Cu)
~ 1.4 U;{S8(2)}, but in view of the high symmetry of the coordina-
tions involved it is not clear why in each case Uss << Uiy ~ Ups.

Emplectite belongs to clags IV in Nowackr’s (1969) classification
since the atomic S/Bi ratio is equal to 2. The complete specification is
IV.ag because of the endless chains of BiS; pyramids (of composition
BiS;).

Comparison of the struetures of Cu,Bi-bearing sulfosalts

The structures of emplectite and the other Cu,Bi-bearing sulfo-
salts: CuBisSs (OHMASA and NowacKT, 1973), Cug,Bis—Se (x = 1.21,
Oumasa, 1973), hodrushite (CugBiiaS20%, Kupréik and MAKOVICKY,
(1968 and Kop#ra, Kuptik and MarovickyY, 1970) and CuyBisSy
Ozawa and TAkfUcHI, 1972) have in common Bi-containing struc-
tural units which are easily visualized if one takes into account
neighbours more distant from Bi than the three nearest S atoms.

The five nearest S neighbours of Bi in sulfosalts are arranged in
a square pyramid? with Bi near the centre of the basal plane8, Dis-
tances towards the fourth and fifth nearest S atoms range between
2.86 and 3.16 A.

Two types of Bi coordinations can be distinguished when further
S neighbours are considered. Either there is one additional S at
a distance between 2.99 and 3.45 A completing an octahedron (type «)
or there are two additional ones comprizing a split vertex of an octa-

6 This is an idealized composition. The one resulting from microprobe
analysis (KoD#RA et al., 1970) is Cus.12Bii1.54Fe€0.20822.00-

7 There are four examples where the square pyramid is not formed by the
five nearest S atoms. The square pyramids of Bi(1) in bismuthinite (BisSs,
Kurlik and VESELA-NOVAKOVA, 1970), Bi(1) in CusBisSy and Bi(5) in hodrushite
are formed by the three nearest S atoms together with the fifth and sixth
nearest. For Bi(2) in galenobismuthite (Ittaka and Nowacki, 1962) the square
pyramid is realized within the six nearest S atoms if the third is omitted [see
Fig.3d].

8 The “square pyramid” for Bi in wittichenite CusBiS3 (Kocmaw and
NurrieLp, 1973) has an exceptional form. The three nearest S neighbours are
arranged at virtually equal distances (2.57, 2.60 and 2.61 &) and constitute
a side face which is nearly perpendicular to the ‘“‘basal plane’. The fourth and
fifth S atoms lie at unusual large distances 3.43 and 3.56 A (normal value
= 3.0 £ 0.15 A). The BiS; pyramids oceur as isolated units in the structure
and consequently wittichenite, with its atomic S/Bi ratio of 3, belongs to type
IL.a; of Nowackr’s (1969) classification.
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Fig.3a Fig.3b

Fig.3a. Schematic projection of two adjacent BixS; chains in emplectite. In

nuffieldite (KorATSU and WUENSCH, 1973) a similar constellation of two chains

is found. In the latter case M(4) (= Bi) corresponds to Bi(I) in the figure and

M(1) (= Pb -} Bi) to Bi(II). Distances are given in A; upper values apply to
emplectite

Fig.3b. Fragment of the sheet which contains the type-f Bi atoms in CuBisSg

and Cugzy:Big-,Ss. The square (on the twofold axis) and the crosses are the

projections of the Cu atoms in the two structures respectively. Distances are
given in A

Fig. 3¢ Fig.3d

Fig.3¢. Schematic projection of the four-membered chain in hodrushite. Dis-
tances with two values indicate the three-membered subchain in CusBisSg

Fig.3d. Projections of the BizSs chain in galenobismuthite (IrTaka and NowAckr,
1962) and aikinite. The lower distance values correspond to aikinite (left:
Onmasa and Nowacki, 1970; right: Korarsu and WUENscH, 1971)

hedral coordination (type ). The octahedral coordination of Bi in
emplectite will be characterized as type #, with one atom of the split
vertex missing, because of the large deviation from regularity. The
same coordination is found for M(4) (= Bi) in nuffieldite (KorATSU
and WUENSCH, 1973; see Fig.3a).
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Fig.4. Projections of the structures of (a) hodrushite and (b) CusBisSy on the
plane perpendicular to the axis of 4 A. Thick lines are the boundaries of the
buckled sheets which consist of Bi atoms with type-f coordinations and CuS4

tetrahedra. Broken lines with wavy ends mark the eight-membered chain
which the two structures have in common. See also legend of Fig.2a

The emplectite structure can now be described in another way.
The basal planes of the BiSs pyramids, which are parallel to b, share
edges perpendicular to b, thus forming endless chains with b as period
and BiS;. pr1= BiS; as composition. Two of these chains are joint to a
double chain, BisS4, with the same period, by side-edge sharing of the
elementary pyramids. The two single chains are related by an internal
2; axis (see Fig.2a). The chains of CuSy tetrahedra, already mentioned,
link the double chains in a three-dimensional structure by means of
edge and corner sharing. Additionally there are Bi—S interactions of
the sixth-nearest-neighbour type between the double chains (Fig.3a).

Similar BizS; double chains are found in the structures of CuBi;S,
Cus+¢Big—S9, hodrushite and CuyBisSy. In all cases the chain periods
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Fig. 4 (b)

correspond to the shortest lattice periods which are equal to 4.025,
3.993, 3.93 and 3.95 A respectively. As in emplectite the Bi atoms in
these chains have coordinations belonging to type f. The structures of
hodrushite (Kupéir und Marovicky, 1968) and CuyBisSy (Ozawa and
TartucHI, 1972) are given in Fig.4 as projections on the plane per-
pendicular to the lattice translation of 4 A.

In CuBisSg and Cugy,Bis—,Se the double chains are connected by
parallel chains of distorted CuS; tetrahedra?® in sheets (Fig.356) with
compositions of CuBizSs and CusBixS,. The sheets are packed together
alternatingly with parallel layers having a structure similar to PbS
(OmMasa, 1973). In these layers there are only type-a-coordinated Bi
atoms.

9 The chains in CuBisSs consist of tetrahedra which share edges perpendi-
cular to an internal twof;old axis. The tetrahedra are far from regular because
of a compression of 0.7 A along the chain axis. In Cuz4+;Bis--Sy there are two
interwoven double chains of CuS; tetrahedra, with Cu oeccupancies of 1, in

between consecutive BisSs chains. The CuS; tetrahedra share corners within
a single chain and a double chain is formed by edge sharing.
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The BixSs chains in CuyBisSe (along ¢) have attached to them
a parallel single chain of Bi atoms which have a type-8 coordination
as well. The resulting three-membered chains (Fig. 3¢) form, together
with parallel chains of corner-sharing CuSs; tetrahedra and CuS;
triangles, buckled sheets perpendicular to b. In the structure these
sheets are stacked anti-parallel to each other with double chains of
BiSg octahedra and CuS, tetrahedra in between them.

The Bi atoms with type-f coordinations in hodrushite are found
in four-membered chains (Fig.3c), which consist of a central BiyS,
double chain and two flanking single chains. Together with double
chains of CuS; tetrahedra these four-membered chains form buckled
sheets [parallel to (100)] similar to those in CusBisSs. In the structure
PbS-like layers with type-« Bil® atoms are sandwiched by pairs of
such sheets and the resulting triple layers are stacked parallel to each
other with double chains of CuS; tetrahedral! and single chains of
BiS¢ octahedral? in between them.

There is another similarity between the structures of CusBisSs and
hodrushite which will be pointed out now. All Bi atoms in CusBisSy
are found in eight-membered chains with internal distances smaller
than 3.2 A and a composition of BigSis. These eight-membered chaing
consist of two of the three-membered chains already mentioned at
opposite sides of a double chain of octahedrally coordinated Bi atoms.
The chains are stacked in a zig-zag way in the structure. In hodrushite
these chains are found as subunits of sheets parallel to (302), which
corresponds to the best developed crystal face (Kop#ra, Kupéik and
MaxoVICKY, 1970).

For CuBi;Ss, Cugs,Big—4Se, hodrushite, CusBisSe and emplectite the
ratio of Bi atoms with type-f coordinations and the total number
of Bi atoms increases monotonously as follows: 0.40, 0.42, 0.69, 0.75
and 1.00. The given order corresponds to an increase® of the atomic

10 One third of the corresponding atomic positions is occupied for about
4 by Bi and contains possibly the additional Fe in the structure (KoDERa,
Kurdix and MakovickyY, 1970).

11 The four independent Cu atoms in the structure have four S neighbours
within 3.0 A, which form a distorted tetrahedron in such & way that the Cu is
near the centre of a side face. A similar coordination is found for one of the
Cu atoms in CusBisSs.

12 The central atoms have the partial occupancies mentioned in footnote 10,

13 The Cu content of CusBisSy is probably a little lower than the formula in-
dicates. Ozawa and TaxEucHI (1972) mention as a possible explanation for the
high temperature factor (B = 7.2 A2) of Cu(4) a partial occupancy of this atoms.
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ratio Cu/(Cu + Bi)4. In the same order the distortions of constituent
CuS4 tetrahedra or the percentage of distorted ones decreases until
in emplectite a near regularity is reached.

It seems that the geometries of the two Bi coordinations are in-
compatible. In all structures discussed there are endless chains con-
sisting of Bi atoms with the same coordination type. The type-g Bi
chains are joint together in multimembered chains with up to four
chain units while the type-x« Bi chains tend to form layers with
a PbS-like structure. Together with single or double chains of CuS4
tetrahedra the multimembered chains form sheets which in CuBisSg
and Cugy,Big-;Ss occupy about 459/, of the cell volume and in hodru-
shite and CusBisSy about 809/y. Emplectite is a three-dimensional
array of type-f Bi (double) chains and CuS4 chains and consequently
its structure comprises the limiting case of the mentioned structures
which contain sheets. _

In the sulfosalt structures known thus far it appears that the
BisS4 double chain is specific for the Cu,Bi-bearing sulfosalts. When
additional Pb is present in the structure four-membered Pb,Bi-mixed
chains occur (KoraTsu and WUENScH, 1973) which are similar to the
four-membered chains in bismuthinite. Just as in the case of the
BixS; double chains the end members of these four-membered chains
are single chains of Bi atoms with type-f# coordinations. In galenonbis-
muthite and aikinite (PbCuBiSs;, Ommasa and Nowackr, 1970;
Konatsu and WuENscH, 1971) another type of double chain
Fig. 3d) is found which consists of Bi atoms with type-8 coordinations.
This chain has the composition BizSs.
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