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Auszug

Die Kristallstruktur yon Vrbait wurde bestimmt. Vier Formeleinheiten

HgaTI4AssSb2S20 sind in del' rhombischen Zelle, a = 13,399, b = 23,389,
c = 11,287 A, Haumgmppe C 2 ca-q~, enthalten. Die Struktur wurde mittels
einer Art Superpositionsmethode auf Grund einer drcidimensionalen Patterson-
funktion gefunden; R = 4,80/0.

Die Vrbaitstruktur ist durch unendlichc As2SbS5-Kctten parallel c und durch
HgaAs4S10-Schichten normal zu b charaktcrisiert. Die erstercn umgeben ("sand-
wich") dic TI-Atome und bilden Schichtbereiche ("slabs") normal zur b-Axe.
Diese Schichtbcreiche und die HgaAs4S10-Schichtcn, welchc die anderen Tl-
Atome umgeben, wechseln in del' b-Richtung ab. Die gefllndene Struktur erklart
gut die gute Spaltbarkeit parallel (010).

Vrbait ist unseres \Yissens die erste Struktur mit gemischten (As,Sb)-Ketten.

Abstract

The crystal structure of yrbaite has bcen determined. Four chemical units
of HgaTl4AssSb2S20 are contained in the orthorhombic unit cell: a = 13.399,
b = 23.389, c = 11.287 A, symmetry C2ca-C~~. The structure was solved
through a kind of superposition method using the three-dimensional Patterson
function. Thc final discrepancy index R is 4.80/0.

Thc structure of yrbaite is characterized by infinite As2SbSs chains parallel
to c and by HgaAs4SlO sheets perpendicular to b. The former sandwich the TI
atoms and make slabs perpendicular to thc b axis. These slabs and the HgaAs4S1o
sheets, sandwiching the other TI atoms, are arranged alternately along the
b direction. The good cleayage parallel to (010) can be well explained by the
strueture. Vrbaite is the first structure with mixed (As,Sb) chains.

Introduction
Vrbaite is a very rare sulfosalt, found by JEZEK (1912) in a speci-

men from Allchar, Macedonia. JEZEK made morphological studies and

*
Communication no. 208 a.-Part 58 on sulfides and sulfosalts. Part of this work

was presented at the 7th IMAmeeting (31st August 1970, Kyoto, Japan) andatthe
Annual Meeting of the Swiss Society for Crystallography, 17th October 1970, Basel.

** Present address: Institut fiir Mineralogie und Kristallographie del' Uni.
yersitl'it, D-34 Gottingen, V. M. Goldschmidtstr. 1
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described its point symmetry as 21m 21m 21m. KREHLlK (1912) made
a chemical analysis of this material and showed its formula to be
TIAs2SbS5. The cell dimensions of vrbaite were determined by FRO~-
DEL (1941). He proposed Omca as the probable space group, taking
account of x-ray and morphological data. Recently CAYE, PICOT,
PIERROT and PERl\U~GEAT (1967) reexamined the chemical composition
of vrbaite with the aid of electron-probe microanalysis, and obtained
a new formula, Hg3T14AssSb2S2o. This formula was confirmed by
NOWAOKI(1968).

The present investigation was undertaken to elucidate the coordi-
nations of the sulfur atoms around the thallium atoms which show a
quite irregular feature in the structures of sulfosalts, and to examine
whether the antimony atoms and the arsenic atoms are in an ordered
state or not.

Experimental

A specimen from Allchar, Macedonia (Naturhistorisches Museum,
Wien), half of which was being used for chemical analysis (NOWAOKI,
1968), was used for the present studies. A spherical crystal with radius
0.106 mm was prepared by Bo::-m's (1951) method for the determina-
tion of the cell dimensions and intensities. The lattice constants were
obtained from back-reflection Weissenberg photographs calibrated by
powder patterns of silicon. A least-squares best fit of the lattice param-
eters was calculated with the aid of an IBM-1620 program written
by N. D. JONES (unpublished). The results agree well with the values
obtained by FRO~DEL (1941).

Present determination

a = 13.399 ::!::0.001 A
b = 23.389 ~ 0.001
c = 11.287 ::!::0.001

13.38 ::!:: 0.05 A
23.37 ::!:: 0.05

11.25 ::!:: 0.05

The number offormula units, four, was calculated from the cell dimen-
sions obtained and the measured specific gravity, 5.30 (PALAOHE,
BERl\IA~ and FRONDEL, 1944).

The diffraction symbol for vrbaite is mmmO*ca, which permits
Omca and 02 ca as possible space groups. Since a piezoelectric test
showed an acentric feature, 0 2 ca-O~~ was selected as the correct
space group.

1 FRONDEL'S values are converted to Angstrom from kX units.
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Three-dimensional intensity data (1772 independent reflections)
were collected by an automated \Veissenberg counter-diffractometer
(Supper-Pace) using CuKex radiation. One hundred and twenty-four
of these reflections [with I < 2.33 (J (I)] ,vere assigned to unobserved
reflections.
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Fig. 1. (a) Patterson section P (0,'/:,1V). Rotation peaks should not exist in the
shaded area. Contours are equal but in arbitrary intervals. (b) The vector set for

eqllipoints 8b. The underlined values indicate wcights of points
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Determination of the structure and refinement

The Patterson function P(u,v,w), evaluated with the three-dimen-
sional data, showed that all peaks are distributed on the sections
U: n/8 (n = 0, 1 and 2). All heavy peaks which correspond to the
vectors between heavy atoms2 are on the sections U = ° and 1;4.

These features of the diagram suggest that all atoms are arranged
nearly on planes at intervals of 1/8 along the a direction, and all heavy
atoms on every other plane. The only equipoints of the space group
02ca are 4a (on twofold axes) and 8b (points in the general position) 3.

Since there are twelve mercury atoms in the cell and since this
number is not divisible by eight, at least four mercury atoms should
occupy the special positions. A possibility of statistical distribution of
mercury atoms was omitted, because no anomaly of background inten-
sities was observed on the films. As the space group 02 ca has no sym-
metry element to fix the x coordinate of points, the origin of the cell
can be set at one mercury atom of 4a and the positions of at least
three heavy atoms (one Hg and two TI atoms) must be found.

The vector set of equipoint 8b is illustrated in Fig. 1b. These rela-
tions of equipoints and the heights of peaks which are expected for the
vectors between heavy atoms, limit the probable positions of rotation
peaks in the Patterson diagram P(O,v,w), Fig. 1a. It was, however,
impossible to find uniquely the rotation peaks of heavy atoms and
another attempt was made to obtain the heavy-atom positions,
because almost all peaks of the Patterson maps have broadened shapes
and overlap each other.

If one component atom of a structure occupies the origin of the cell,
the Patterson diagram contains the image of the true structure and the
origin of the diagram coincides with that of the cell. If this crystal has
axial symmetry, the image of the structure, being concentrated in one
section, will also be obtained from the Harker section (the implication
didgram). Therefore when we superpose the implication diagram on
each section of the Patterson diagram in such a way that the origin of
the former coincides with one of the symmetry axes in the cell, and
when we note the peaks common in both diagrams, the image of the
true structure should be found in the resultant map. In the present
case, the Patterson section P(O,v,w), which was drawn on a scale of one

2 The word "heavy atoms" will be used for mercury and thallium atoms

hereafter, because the difference of their atomic scattering factors is quite small.
3 (0,0,0; t,t,O) -i- 8b: x, y, z; x,y,z; x,t + y, t - z; x,t -

y, ! --;- z.
4a: x,o,o; x,t,t.
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to two, was superposed on P(O,v,w) and P(i,v,w). The result, however,
showed still too many candidates for the heavy atom positions.

In order to eliminate some of the candidates, the relations of the
cross vectors between the origin and the points in the general positions
were derived. The end points of vectors show special relations as indi-
cated in Fig. 2: these points are related to each other by three twofold
axes. One of them designated as I is a component of the symmetry
elements in the Patterson space group Ommm, while the others, II and
III, being equivalent, are additional ones. When two sets of Patterson
diagrams are superposed according to the additional operations, the
cross vector peaks between the atom of the origin and the atoms of the
general positions can be obtained. This result also includes the image
of the actual structure.

The above procedure eliminated most of the peaks in the Patterson
section. The implication diagram was also superposed on the resultant
maps, and five peaks common in both diagrams were adopted as candi-
dates (Figs. 3a and 3b). In order to eliminate the number of candidates
and to obtain the relative positions of each of the heavy atoms, five
sets of minimum functions were evaluated using the origin atom, each
of the candidates and their symmetrically equivalent positions. Four
minimum-function diagrams drawn with four points I, II, III and IV
(Figs.3a and 3b) were compatible with each other, and these peaks
were considered to correspond to one mercury, two thallium and one
antimony atoms. Position I was regarded as the antimony atom, be-
cause the peak height in the minimum-function diagram is lower. The
relative positions of these peaks, having been impossible to derive
by the operation in Fig. 2, are found from minimum-function
diagrams. The structure factors were calculated with the coordinates
obtained for the reflections which are in the range of sin () < 0.7. The
discrepancy index R was about 430/0. The atomic scattering factor of
mercury was used for both mercury and thallium atoms at this stage.
The remaining atoms were found by successive three-dimensional
Fourier and difference Fourier syntheses. In the course of this pro-
cedure, the antimony atom and one of three heavy atoms (denoted II
in Fig. 3a) revealed an anomaly in the difference map; that is, a deep
depression was found at the position of the latter and an elevation at
the position of the former. Besides, the coordination of sulfur atoms
around them was quite strange: atom I, which was regarded as Sb,
has two nearest sulfur atoms and the coordination of atom II was
a flat trigonal pyramid. Therefore the Sb atom (I) and atom II were
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Fig.2. The relations of cross yeetors between the origin and tlw points in the
general positions. The underlined values indicate weights of points. I, II and III
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Fig.3. Candidates for hcayy atoms. The same diagram as in Fig. la was used
as the implication diagram. All candidates should be in the area within the
rectangular sections. (a) x = O. (b) x = 0.24

"'"
t. Independent candidates in

this section are only III and IV

interchanged in position. Four arsenic and ten sulfur atoms were found
in the further process. The R index was about 220/0 at this stage and
no anomaly was found in the three-dimensional difference synthesis.
The mercury atom was distinguished from thallium atoms by the
difference in the coordinations around them.
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162 156 . 1022 1033 11 '95 J.' 7 79 .2 . 2J6 226

21
'0'

96 10 J6J J35 13 526
"5

9 336 330
'0 '72 '50J , ,67 J55 12 '0. 396 15

"9
131 11 127 115 12 ", "30J '0' 'S "

60" 76
'7

206 20' 13 22. 222

"
12. 115

5 197 '.5 16 '57 I,.
'9 '6'

156
'5 19. '99

,6 ,.6 J35
7 157 157 ,. 209 200 21

""
31

'7
16. '5.

,. IOJ 91
9 350

'"
20 291 '.7 2' "0

,,6 19 J'O J07 20
"9

150
11 90 71 22 7. 61 25 22J 227 5 110 239 227 22 156 151

"
'.0 272

"
29" 20 27 2" 22'

,
20' '95

"
'9 32

'5
,,2 139 26 J09 325 5 , 227 227 5 ," '53 6 0 .. 90

17
'" '"

, 2
""

19 ,
55' 5" 7 227 236 ,

'31 129
'9

259 256 , 39J J.. 5 60' 59' 9 ". "J
, 2.J 277

21
"

67 6 12J
'0 7 69" 52 11 320 JO. 6

"
69, 1 10 '09 JOo . 229 22' 9 ,,, '96 "

,,, 131 . ,.. '76J 257 25' '0 '.7 310 11
"9 239

'5
11. 11. 10 97 63

5 5'
62 12

0" '6
13 2.5 272

'7
136 "0 12 21' 217

7 227 219

"
'07 J'o '5

270 256 5 111 97 .7

"
., 71

9 176 17. 16
'0'

,. 17 107
"

, 190 '.J 16 75 62
11 320 305 ,.

""
52 19 12. m 5 66

7'
,. 25J 2"

"
," '69 20 152 "7

21 22J 220 7 ".
169 '0

,,, 107

'5
125 ,,0 22 66 59 23

'9'
,.. 9 20' 201 22 259 257

17
'"

177
"

70 70 25
'5'

153 11 119 120 6 2 ",0 '06
'9 172 "0

, 0 1386 1391,. 27 20J 20.
"

10J 105 , 1J6 12.,
'" IJ'

"
, ," ," 5 ,

'58 "7 5 '12 '9. '.5 6 JQ2 J02, 191 182 , 196 200 ,
63' 622 J 88 .9 8 "9 '"5

" 5' 6 "J "7 5 25' '32 5 120 12, 10 276 ,..
7 208 209 8 '50 "6 7 ". 2'" 7 88 79 12 '00 9'
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Table 1. (Continued)

b . IF,I IF,I IF,I IF,I IF,I IF,I b . IF,I IF,I b k IF,I I',j
6 14

'"
410 9 547

5"
4 nit? 111t2 11 257 2}1 1{) 111, 17' 155

16 93 71 11

"'
78 6 116 112 11 198 188 16 420 405

18 112 111

"
'97 '92 8 543 506 15 200 184 18 109 118

20
'"

128
'5

187 '88 '0
276 257 17 97 107 20 205 20S

22 68 65 17 "29
1,12

'2
90 105

'9
121 ," 22 84 87

6 0 2" 252
'9

365 371 14 701 650 2'
185 185 10 0 351 152,

'" 386 21 274 278 16 408 }82
2'

104 110 2 507 510
4 j34 322 23 1'12 145

"
52" 4 9 , 302 ;00 4 224 227

6
8'

75 7 1 220 229 20 '97
,,6 ; 358 35; 6 67" 78

8 539 5"
; 424 424 22 197 '97 5 127 102 8 65" 42

10 451 445 5 228 221 24 177 381 7 '32 122 10 459 439
12 45" 35 7 no 158 8 0 115 115 9 446 410 12 '40 '"14 '59 152 9 79 17 2 71"

"
11 361 327 14 124 109

16 65 47 11 214 201 4 465 459
'3

72 71
"

437 427
18 26" 24 1; 91 90 6 }'3 294

'5
164 161 18 218 227

20 152 148
'5

289 279 8 721 691 17 167 158 20 207 20S
6

, 449 406 17 247 ZItO 10 267 248
'9 '75 '71 22 221 23.\

4 '72 168
'9

77 74 12 557 525

"
m t7J 10 2 162 168

6 250 zr.o

"
217 225 14 27" 27 23 224 ,2' 4 220 219

8 121 127 7 1 )24 329 16 17' 171 9 1 447 44' 6 125 87
10 99 ., ; 389 }86 18 167

'54 3 '97 '9t., 8 108 98
12

'59 '52 5
4)) 427 20 213 218 5 3'5

312 10 128 127
14 '02 100 326

3'7
22 57 59 7 498 484 12 502 474

16 214- 211 9 '0, 192 8 2 86
8'

9 155 140 14 235 228
18 80 n 11 275 261 4 260 255 11 43' 416 16 148 140

6 o 10 229 214 1; 450 417 6 84 48 13 161 155 18 344 341
187 371 15 3&9 362 8 419 406

'5
90 .4 20 212 211

4 317 ;00 17 343 337 10 422 416 17
'95

190
'0

0 135 135
6 279 27} 19 109 113 12 90 72

'9
271 275 2 ;2' 35'

8 60 56 21 208 209 14 285 '72
21 197 202 4 114 10\

10 256 '54 7 1 '01 '84 16 55" 75 9 1 48} 500 6 127 114

"
146 '35 1 265 ,61 18 158 160 , 171 172 8 120 10\

14 27' 267 5 471 46, 20 105 ,OS 5 133 ", 10 170 152
,. m 169 7

'"
18 22

'7" '8
7 271 27' 12 4;0 408

6 2
6'

64 9
""

10 8 0 496 511 9 245 '16 14 141 126
4 159 147 11 ..' 11 2 164 16, 11 251 250 16 O' 31
6 615 599

"
231 229 4 62" 51

"
187 '76

18
'65

161
8 ,61

'56
15 181 174 6 450

"7 '5
142 1;6 20 101 98

'0
97 ,4 17 179 174 8 6SO 614

'7
292 295 10 ,

27' 281
12 237 2'8 '9

195 IB6 10 477 455
'9

236 247 4 117
'"6 0 12 '65 '59

, 200 '97 12 722 697
2' '5J '55 6 117 315

2 185 1i6 J 1;' 137 14 61 80 1 ,B8 190 8 ISO 137, 79 72 5 174 ,.. 16 92 98 3
'8'

299 10 85
5'6 70 70 7 255 250 IB 109 96 5 '01 307 12 277 275

8
'"

J6 9 '25 217 20 79 82 7 16' 150 14 '57 '58, 288 292 11 ,,,
3'9 8 2

"" 5' 9 49" .. ,6 217 "0J 1:;n Bo
"

'59 255 4 553 551 11 274 27J 18

"
77

i '35 40' 15
'5'

2lt7 6 B8 ..
"

115 11O 20 146 151
857 823 I, '02 196 8
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11O

'5
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9 673 6;0 ItO

"
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'7
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"
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41
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4 2\5 260
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'"'7 176 ,,, 9

"
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'9
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21 '14 '07
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5'
35
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""
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Taule 1. (Cun/ill/wl)

b k 1'.1 1',1 b k IF.I IF,I IF.I I F,I 1'.1 1',1 IF.I 1',1
11 11 '25 102 11 ,

'0 J8 '2
, 225 2J' lJ 5 2" 22J

"
0

'"
125

IJ '00 J80 11 61 59 6 ,,- 21 7 2,0
2"

2 26, 271
15 2J' 218 11 1 186 196 8 1JJ 14J , 111 '06

, 185 192

'7 ''7 "8 J 9J ,8 10 222 220 11 "6 "7 6 125 '2719 ,6 ,0 5 110 118 .2 J'- Jl lJ 11J 112 8 172 172
11 1 218 205 7

""
"8

"
21, 22' 15 118

"'
10

""
'52J J" JJJ , 222 227 16 J6 17 lJ 1 220 225 12 221 22,

5 100 82 12 0
135'" 1337 12 0 72, 766 J 200 207

"
2 57 5'7 18, 181 2 112 106 2

'7
107 5 166 181 ,

'8 99
9 272 26. , 110 '05

,
13' lJ6 7 21, 22' 6 JOJ J18

11 J6J JJ' 6 J'8 J'7 6 269 280 , 7, 86 8 138 "8IJ 61- 50 8 221 215 8 280 285 11
'7 '0 '0 118 lJ2

'5
278 25J 10 226 215 10 275 278 13 116 120

"
0 145 147

17 2J7 2J7 12 58' 568
'2

271 28' 13 1 17J '80 2 100 '7
"

80 78 14
'7

110 14

" "
J 27' 28, , 12J 120

11 1 J75 J7' '6
221

2" '2
2 102 10' 5 167 '77 6

'8 J5
J J52 J62 18 511 5'6

, 267 271 7 16J 170 8 277 291
5 2JJ 229 12 2 m 132 6 96

'2 9 60 58 14 2 156 '577 J15 J01 ,
'"

JJ7 8
7'

81 11 212 225
'5

1 2JJ 2J), "5 99 6 137 138 10 100 101 lJ 1 211 221 J
6'

60
11 J59 J39 8 515 520 12 211 220 J 268 280 5 "5 2"lJ 210 205 10 J7' J67

'2
0 66 56 5 225 2JJ 7 '66 '71

'5
100 88 12 216 2'J 2 161 166 7

'"
155 , J82 J88

17 JO' J17 14 62 68 4 '57 '5'
, IOJ 107 11 2,6 JOo

I,
"8 "0 16 62

"
6 256 261 13 1 77 7J

'5
1 78 76

11 1 5JJ 555 18 166
'7'

8 '78 '81
J 5J 5J J 280 288

J 204 200 12 0 J15 J16 12 2
9'

OJ 14 0 120 88 5 J71 J76
5 266 266 2

''7
140 lJ ,

10' ,8 2 26, 25' 7 "5
,,8

7 JOJ J12 , 843 855 J 95 7'
,

'5' '5'
, ,,- 26, '7, '82 6 102 8, 5 281 272 6 42,

'"
11 115 116

11 146 "8 8
'5'

16, 7 J28 32' 8 J99 J91
'5

1 155 '50
'J 2"

2,6 10 42- 40 , JJ6 J2J 10 122 117 J 282 287
15 88

'7 '2
15J 15J 11 174 175 12 50

"
5

'" '"17 29' JOJ 14 J6' J58 13 24' 2J5

" '5' J70 7 116 120
11 1 'OJ "5

16 285
2"

15 131 '34
"

2 140 '39
, 281 2,2

J 340 J5' 18 16, 167 17 80
7'

, 150 '5' '5
, 402 422

5 J07 J" '2
2 168 165 lJ ,

'2) 116 6 178 176 J 346 J5'7 145 145 , 828 8J8 J 113 166 8 "8 '" 5 14' "5, 100 95 6 61- 55 5 215 211 10 '7- 22 7 227 2J6
11 '5- 42 8 JJ' J15 7 72

8'
12 ,,-

"
15 1 "0 3'6

'J
52 51 10 17' 161 , 108 11J

"
14J '39 J '95 '99

'5 '61 '6J 12 '64 158 11 196
"7 "

0 227 239 5 148 152
17 210 212

"
475 '65 13 106 11J 2 J76 J68 16 0 11111 1169

11 1 34' 347 '6
J04 Jl0

'5
125 'JJ

, 112 126 2
" '8J 260 270

'8
JI- 26 17 68 74 6 71 68 , 282 285

5 210 216 12 0 IOJ 82 13 1 70 7, 8 132 128 6 2,- 11
7 2'0

J01 2
'J5 13' J J25 J20 10 346 345 '6

2 100 '7, OJ
"

,
'35 140 5 199 199 12 108 11J , 202 215

11 '57 '55 6 276 271 7 226 220 14 34 J6 6 IOJ IOJ
13 292 J04 8 60J 60J 9 234 226

"
2 ,6' 16' 16 0 146

'"'5 2'7 251 10 243 242 11 174 176 , 186 17, 2 102 100
11 1

'"
115 12 JIO 298 13 112 11J 6 105

'7
, J62 J13

J '86 '86 14 56 59
'5

213 219 8 91 91
5 J01 J04

'6
79 71 lJ 1 240 240 10

'7'
171

7 188 192
'2

2 52- 28 J 115 118
'2

J58 J75

. unobllerTedreflection

Several cycles of least-squares refinement in which individual form
factors were used for Hg and '1'1atoms and in which isotropic tempera-
ture factors for each atom were varied, reduced R to 11%. During
these calculations, an equal weight was used for all reflections. Non-
ionized atomic form factors given by IBERS, THOMASet al., THOMASand
Ul\IEDA, FREEMAN and \VATSON, and DAWSON were employed for Hg,
'1'1, Sb, As and S respectively (International tables, 1962). Additional
cycles of least-squares refinement in which anisotropic temperature
factors were varied, reduced R to 4.80/0 for all 1772 reflections. In the
course of these calculations, individual weights calculated by the modi-
fied formula of GABE (1966) was used for each of the reflections:

1
= 4Fo2/i~ I(OFo2

r a2 (q;) },W a2 (F) l Oqi

where q1 = peak count, q2 = background count, q3 = (LP )-1 and
q4 = transmission. At the final stage, the effect of anomalous dis-

",. Kristallogr. Bel. 134,5/6 24



a; y z (J (x) a (y) a (z)
I I I

Hg(t)

I

0 0 0 - - -
Hg (2) 0.50:32:3 O.05G2:3 O.07GI4 0.00008 0.0000:3 0.00007

Tl (t) 0.25:3:3G 0.:38707 0.20730 0.00010 0.00004 0.00009

Tl (2) 0.24997 0.27189 0.4:38:3G 0.00009 0.00004 0.00008

As (1) 0.24:328 0.05352 0.09991 0.00015 0.00007 0.00015

As (2) 0.2G024 0.048G2 0.39537 0.0001.'; 0.00007 0.00014,
As (:)) 0.50G20 0.30217 0.405G2 0.00017

I

O.OOOOG 0.00013

As (4) 0.50094 0.29:3:38 0.10902 0.00018 O.OOOOG 0.00013

Sb 0.4908G 0.1583(j 0.28910 0.00010 0.00004 0.00009

S (1) 0.1097 0.090G 0.0102 0.0003 0.0002 0.0004

S (2) 0.3828 0.4954 0.1801 0.0003 0.0002 0.0004

S (3) 0.5030 0.3G43 I 0.2481 0.0007 0.0001 0.0004

S (4) 0.12GG 0.499G 0.1761 0.0003 0.0002 0.0004

is (5) O.391G 0.1G62 0.4783 0.0003 0.0002 0.0004

is (6) 0.:38:39

I

0.234:3 0.1880 0.0003 0.0002 0.0004

is (7) 0.2577 0.118;") 0.2526 0.000;") 0.0001 0.0004

is (8) 0.:3594
I

0.4092 0.4777 0.000:3 0.0002 0.0004

I

is (9) 0.11GO 0.1571 0.4772 0.000:3 0.0002 0.0004

S (10) 0.1144 0.2349 0.1715 0.0003 0.0002 0.0004
I
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persion was taken into account for each atom, but no significant
difference was found between enantiomorphic pair.

A block-diagonal least-squares program written by D. VAN DER
HELM for the IB.:\I 1620 computer, was used in the earlier stages. The
same program, which was adapted and modified for the Bull Gamma
30 S by ENGEL (1968), was also used in the later stages. Table 1 gives
the hkl, lFal and [Fel values.

Description of the structure
The atomic coordinates and the temperature factors obtained are

given in Tables 2a and 2b. The root-mean-square displacement of the
atoms along the principal axes of the vibration ellipsoids are given in
Table 3.

The difference in the atomic scattering factors being very small,
it is not possible to distinguish mercury from thallium by x-ray dif-
fraction measurements. However, the three heavy atoms in the general
positions show two kinds of environments: the first heavy atom has
two nearest sulfur atoms at about 2.4 A, and the angle between these
two bonds is about 166°, while the second and the third heavy atom
have quite irregular coordinations and the distances between heavy

Table 2a
The jinal atomic coordinates oj vrbaite, and their estimated standard deviations



I

(311
I

a ((311) (322
I

a ((322) (333 a ((333) (312 a ((312) (313' a((313)1 (323 a ((323)

I

I

!
I 1- 851Hg(l) 9-1 7 771 2 483 11 0 - 0 - ;")

Hg(2) 14~ ! 7 116. 2 .576 10

I

12fj 5 1-228 10 ,-182 4

Tl (1) 3341 7 881 2 731 11 18 ;")
1

--44 15
I

102 ;")

Tl (2)
2221

7 137 : 2 562 10 82 oj ,
107 11

I

201 5i

As (1) 101 10 :31' :3 223 14 -141 9 ---25 18 7 8
As (2) 53 i 10 47 :3 i 195 14 0 9 i -16 18 I 9 8
As (3) f7 I 9 :33 3 I 191 13 -')61 9 -45 19 1 -;") 7)

I !150
- I

,
I ,

As (4) 78 I 9 45 :3 1:3 29! 10 34 21 1 -G 7I I ,
Sb 189 8 4.5 2 '294 11 -32: G 41 1:; -8G, ;"),

-121S (1) 99 19 4G G 1419 :3:3 20 -20G 44 G;")I 22
S (2) 77 19 79 7 1314 :30 521 18 -19 :3G 10' 2:3
S (3) 2:38 19 :36 6 268 24 -5i 40 --70 44 2G 19
S (4) 111 19 39 G ' 434 34 -wi 18 60 :39 --:34 2:3
S (5) 98 19 59 7 24.5 28 -231 19 -36 :37 -20 20
S (6) 9G 19 G4 7 206 28 -2')1 17 -11 :36 8, 20
S (7) 152 17 37 5 296 24 -:3~1 30 -;")(j :39 12: 20
S (8) 89 I 19 80 7 309 30 -81 20

71
38 -1051 2:3

S (9) 1:39! 21 Gl 7 I :3G9 , 32 -17, 19 204 41 --92 2:3
S (10) -9' 19 51 6 1281 i 29 -(jl 17 -:30, :38 :3;") 20I I ,

The crystal structure of vrbaite 3i1

Table 2b. l'he final anisotropic temperature-factor coefficients

The values are the coefficients in the expression exp [- (h2(311 + 1.'2(322 -:- 12(333

-2- hk(312 + hl(313 + 1.'1(323](all values are multiplied by 1(P)

atoms and sulfur atoms are in the range of 3.1-3. i A. Since the former
is one of the typical coordinations of mercury (GRDE~I(~, H)65), the
former is concluded to be the mercury atom and the latter to be thal-
lium atoms.

The structure thus determined confirms the chemical formula
Hg3Tl4AssSbzSzo proposed by CAYE et al. Figures 4a and 4b show the
structure of vrbaite parallel to c and a respectively. Vrbaite contains
two kinds of mercury atoms. The first of them, Hg(1) is surrounded
tetrahedrally by four sulfur atoms at distances of 2..'5iO and 2.581 A.
Examples of this coordination are found in the structures of meta-
cinnabarite, HgS (Hg-S = 2.55 A, BUCKLEY and VERNON, 1925),
mercury tetrathiocyanate-copper diethylene-diamine [Hg(SCN)4]-
[Cu(en)2] (Hg-S = 2.56 A, SCOULOUDI, 1953) and some other mate-
rials. Hg(2) has two nearest S atoms at distances of 2.38 A and forms
a bent bond (S-Hg-S = 166.0°). This kind of coordination is the
most common configuration of mercury and is found in cinnabarite,
HgS (Hg-S = 2.36A,S-Hg-S = 1i2 0; AURIVILLIUS, 1950), living-
stonite, HgSb4Ss (Hg-S = 2.35 A, S-Hg-S = 180 c; KIIZERI and

24*
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BUERGER, 1957) and many other compounds. The angles between two

Hg-S bonds are variable in the different compounds.

Table 3. The root-mean-square displacements of the atomg along the principal axes

of the vibration ellipsoids and direction cosines of these axes with respect to the
crystallographic axes

Bisotrop.
1-

Axes B VU2 COS !Xl COS !X3

Hg(1) 1.62AZI 1 0.68 ;\2 0.093 ;\ 1. 000
I

0 0

i
2 1.49 0.137 0

I

0.906 0.421

I :{ 2.67 0.183 0 - 0.421 0.906
I

Hg(2) 2.16 0.63 0.089 0.938 - 0.311 0.150

2 1. 78 0.150 0.129 0.720 0.681

3 4.07 0.227 - 0.320 - 0.619 0.716

'1'1 (1) 2.68 2.42 0.175

I

0.972 0.232 0.003

2 1.75 0.149 - 0.222 0.936 - 0.271
:3 3.88 0.221 - 0.066 0.263 0.962

TI (2) 2.48 1.42 0.134 0.940 - 0.336 0.040

2 4.1:3 0.228 0.228 0.717 0.6;38

3 1.90 0.155 - 0.250 - 0.609 0.751

As (1) O.GO 0.087
I

0.600 0.799 0.02:30.8.5 I
2 0.78 0.099 - 0.774 0.588 - 0.233
:3 1.16 0.121 - 0.200 0.121 0.972

As (2) 0.80 0.:37 0.068 0.997 - 0.009 0.071

2 1.07 0.116 - 0.031 0.840 0.541

3 0.96 0.110 - 0.065 - 0.542 0.837

As (3) 0.72 1 0.35 0.067 0.874 0.434 0.217

2 0.80 0.100 - 0.403 0.898 -0.172

3 1.01 0.11:3 - 0.270 0.062 0.960

As (4) 0.77 0.46 0.076 0.887 - 0.327 - 0.:32.5
2 1.06 0.116 0.351 0.935 0.017

3 0.79 0.100 0.299 - 0.130 0.945

8b 1.28 1.28 0.127 0.904 0.047 - 0.423

2 0.70 0.094 0.172 0.866 0.467

:3 1.85 0.153 0.:{89 - 0.496 0.776

8(1) 1.29 0.47 0.077 0.924 - 0.096 0.367

2 0.94 0.109 0.176 0.966 - 0.188

3 2.44 0.176 - 0.336 0.239 0.910
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Table 3. (Continued)

Bisotrop. Axes B -VU2 COS"l
I

COS"'2 COS"'3

8(2) 1.29 0.46 0.076 0.9G,5 I 0 ')"1 O.OG.5
1-

.-.)
2 1.82 0.1.51 0.236 0.954 0.181
:3 1..59 0.142 0.107 i - 0.159 0.9Hl

8(3) 1.2G 1 1.80 0.151 0.907 - 0.07G - 0.413
2 0.74 0.097 - 0.028 0.970 - 0.241
3 1.25 0.12.5 0.420 0.230 0.877

8(4) 1.29 1 o.n 0.09G 0.822 0..56H - 0.l)!5
2 0.90 0.107 - 0.55G 0.811 lU78
:3 2.25 lU6H 0.114 0.1 :38 0.98:3

8(5) 1.08 0.65 0.091 0.948 0.236 0.210
2 1.21 0.123 ~- O.:W4 0..507 0.805
3 1.39 0.132 0.08:3 - 0.828 0.5,5:3

8(6) 1.0.5 1 0.66 0.091 0.980 0.164 0.10:3
2 1.45 0.135 - 0.178 0.9n 0.145
3 1.04 0.114 - 0.076 - 0.161 0.983

8(7) 1.1:3 1 0.67 0.092 0.5:3,5 0.842 0.056
2 1.12 0.119 - 0.738 0.499 - 0.452
3 1.60 0.142 - 0.409 0.200 0.890

8(8) 1.:31 1 0.63 0.089 0.99:3 0.092 0.069
2 1.09 0.118 1-0.112 0.637 0.762

I
3 2.22 0.167 I 0.026 - 0.764 0.643

8(9) 1.40 1 0.64 0.090 0.8:30 - 0.23:3 -0.50.5
2 1.15 0.120 0.399 0.882 0.248
3 2.42 0.175 0.388 - 0.408 0.826

8(10) 1.04 1 0.56 0.084 0.994 0.011 0.104
2 1.03 0.114 0.032 0.913 - 0.405
3 1.54 0.139 - 0.099 0.406 0.908

The two thallium atoms show irregular coordinations; that is, the
interatomic distances between thallium and sulfur atoms have a wide
range (Table 4). When distances shorter than 3.75 A (Tl-Tl distance,
International tables) are taken into account, the Tl( 1) atom is surrounded
by two S atoms at distances of 3.086 and 3.152 A, and by five S atoms
at distances between 3.346 and 3.433 A. Tl(2) is surrounded by three
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(a)

Fig.4. Tho strueture of \Tbaito. (a) Projeotion along tho c axis. (b) Projection
along the a axis

S atoms at distances between 3.148 and 3.259 A, and by four Sand
two As atoms at distances between 3.322 and 3.622 A. The mean
values of the Tl-S distances are 3.32 A for Tl(1) and 3.37 A for Tl(2).
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The environment of both the thallium atoms are, however, somewhat
similar, when the longer distances (:::; 4 A) are included, Fig.5. Eight
sulfur atoms around '1'1(1) [or '1'1(2)] make a distorted cube which is
similar to the CsCl structure, and two 8 (or two As) atoms are situated
in the direction perpendicular to one of the three sets of opposite faces.
A few structures of sulfides and sulfosalts which contain thallium have
so far been investigated (Table 6), and the coordination around thal-
lium shows diversity in these kinds of compouncls.

Fig. ;,. The environment of thallium atoms. The broken eir('le indicates thc sulfur
.

atom which has slightl~' longer distance than 4 A

In '1'18, there are two kinds of thallium atoms (8CA'l'TURIX and
FRASSON, 1956). '1'1(1) is at the center of a tetrahedron of four sulfur
atoms and the '1'1(1)-8 distances, being covalent bonds, are 2.59 A.
'1'1(2) is surrounded by eight 8 atoms ['1'1(2)-8 = 3.33 A] which form a
square antiprism. The sulfur atoms around ('1'1,Pb)rr in hutchinsonite,
(Tl,PbhAs58g, (TAKEUCHI, GHOSE and NOWACKI, HJ65) has a similar
configuration to that around Tl( 1) in vrbaite, but the former lacks one
sulfur atom at a corner of the cube. Hatchite PbTIAgAs285 (MARU:\IO
and NOWACKI, 19(7) and wallisite PbTICuAs285 (TAKEUCHI, OHl\IASA
and NOWACKI, 19(8), are isotypic and the distances between '1'1 and
8 atoms are irregular. 8even sulfur atoms make a distorted pentagonal
bipyramid, but one arsenic atom is also located close to the thallium
atom (3.4 A). The mean values of the '1'1-8 distances of the above
materials are in the range of 3.3-3.4 A. This is close to the sum of the
ionic radii of '1'1+and 82- (= 3.32 A; WYCKOFF, 1948) and suggests that
the bonding of thallium should be ionic in these structures. If a thallium
atom is surrounded by isolated anions, the arrangement of anions is



I
S(l) S(2)

I

S(3)
I

S(4) S(5) S(6) S(7) S(8)
I

S(9) S(10)
I

Mean Hg(2)
I

'1'1(2) As(3)
I

As(4)

2.581
I

2.570
I

I I
I

I

I I I
Hg(1) 2.58 I

I I
(0.004) (0.004) I

I

I

Hg(2) 2.399
I

2.366
[

2.864
]'

2.:38 3.142
(0.004) (0.004) (0.004) I (0.001)

I
TI(l) 3.086 :3.417 3.152 3.416 3.406 3.:346 3.32 :).749

(0.004) (0.008) (0.004) (0.004) (0.004) (0.004) (0.001)

I 3.433 I
1(0.008)

Tl(2) 3.148 3.461 3.558 3.259 :3.622 3.37 3.525 :3.415
(0.004) (0.004) (0.005) (0.004) (0.004) (0.002) (0.002)

3.343 3.200 3.39*
(0.004) (0.004)

I

As(1) 2.232 2.305 2.254 2.26
(0.004) (0.004) (0.004)

IAs(2) 2.228 2.273 2.295 2.27
(0.004) (0.004) (0.004)

As(3) 2.297 2.195 2.310 2.27
(0.004)

I

(0.005) (0.004)

As(4) 2.284 2.283 2.272 2.28
(0.004) (0.004) (0.004)

Sb 2.522 2.551

I

2.478 2.52

I (0.004) (0.004) I (0.004)

Tab1e 4. Interatomic distances in vrbaite [in A]

* The distance's for the As(3) and the As(4) are taken into account for tho ca1cu1ation of the mean va1ue.



(l)-Hg(l)-S(l') 110.6° (0.2°) S(3)-As(3)-S(9) 101.8° (O.:n
(1)--Hg(1)-S(2) 110.3 (0.1) S(3)-As(3)-S(10) 98.i (0.2)
(1)-Hg(1)-S(2') 110.4 (0.1) S(9)-As(i))-S( 10) 9;";.9 (0.2)

S(2)-Hg( 1)-S(2') 104. i (0.2)
~Ican 98.8

Mean 109.:)
S(:3)-As(4)-S(5) 98.i (0.2)

S(4)-Hg(2)-S(S) 165.9 (0.8) S(:3)-As(4)-S(6) 100.4 (0.2)
S(5)-As(4)-S(6) 93.5 (0.2)

S(l)-As(l)-S(i) 98.6 (0.2)
S(1)-As(1)-S(8) 9i.2 (0.2) Mean 9i.:;

S(i)-As(1)--S(8) 98.3 (0.2)
S(5)-Sb-S(6) 91.8 (0.1 )

Mpan 98.0 S(5)-Sb-S(10) 98.5 (O.l)

S(6)-Sb-S(10) 8i.3 (0.2)
S(2)--~~s(2)--S(4) 99.4 (0.2)
S(2)-As(2)-S(i) 98.0 (0.2) Mean 92.5

S(4)-As(2)-S(i) 95.6 (0.2)

~If'an 9i.i

"yP-'

;4
~AS(4)b

5(6)

5(])
Sb c

The cr~'stal structure of vrbaitc

Table 5. Bond angles in vrbaite

a

Fig.6. (a) The AszSbS5 chain projected along the a axis. (b) The Hg3As4S10sheet
projected along the b axis
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Tl(l)-S 3.086 A Tl-S 3.05A
3.152 3.12
:).346 3.46
3.406 3.46
3.416 3.53
3.417 3.61
:3.433 3.65

-As (3.48)
Mpan 3.32

Mean 3.41
Tl(2)-S 3.148 A (:3.42)

3.200
3.259 wallisi to
3.343

2.99A3.461 Tl-S

3.558
3.14

3.622
:3.35

-As (3.415)
3.46

(3.525) 3.51
3.57

Mean 3.37 3.64
(3.39) -As (3.37)

hutchinsonite Mean 3.38

3.12 A
(3.38)

Tl-S
3.1.5 T1S
3.30
3.31 Tl(1)-S 2.59A **
3.33 Tl(2)-S 3.33

3.37
3.43

Mean 3.29
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Table 6. Tl-S distances in various compounds*

*
Tl-S distances in lorandite (T1AsS2, ZE"IANN and ZE"IANN, 1959) were

excluded from this table, because the refinement is not sufficient and As-S
distances in lorandite deviate from normal values.

**
This bonding may be covalent.

mainly affected by the ratio of the radius of an anion to that of a
cation and bond distances between the cation and the anions are uni-
form. The thallium atoms in sulfosalts have an environment of rigid
groups in which all atoms are bound by covalent bonds. Therefore,
the distances between thallium atoms and anions are not kept uni-
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form, and the arrangement of sulfur atoms around thallium atoms are
variable in each compound.

The polyhedra formed by the sulfur atoms around the antimony
and arsenic atoms are flat trigonal pyramids, which are quite common
in the structures of sulfosalts (NOWACKI, 1969, 1970). The mean
distances of Sb-S and As-S bonds are 2.52 A and 2.27 A respectively.
The temperature factors of both atoms, baving normal values, suggest
that Sb and As atoms are in an ordered state.

The structure of vrbaite is characterized by infinite As2SbS5 chains
parallel to the c axis, and by Hg3As4S10 sheets perpendicular to the
b axis. The former consists of one Sb pyramid and of two pyramids of
As atoms, Fig. 6a. This is the first example of chains composed of both
Sb and As pyramids. The latter is composed of one mercury tetra-
hedron, two nonlinear groups of mercury and four arsenic pyramids,
Fig. 6b. The As2SbS5 chains sandwich TI atoms and make slabs perpen-
dicular to the b axis. These slabs and Hg3As4SlO sheets, sandwiching
the other TI atoms, are arranged alternately along the b direction.
This characteristic feature of the structure explains well the good
cleavage parallel to (010).
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