Zeitschrift fir Kristallographie, Bd. 134, S. 360—380 (1971)

The crystal structure of vrbaite Hg;T1,As;Sb,S,,*
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Auszug

Dic Kristallstruktur von Vrbait wurde bestimmnt. Vier Formeleinheiten
HgsT14AssSbaS20 sind in der rhombischen Zelle, a = 13,399, b = 23,389,
¢ = 11,287 A, Raumgruppe OQca—O:}_Z, enthalten. Die Struktur wurde mittels
einer Art Superpositionsmethode auf Grund einer dreidimensionalen Patterson-
funktion gefunden; B = 4,89/,.

Die Vrbaitstruktur ist durch unendliche As;SbS;-Ketten parallel ¢ und durch
HgsAssS10-Schichten normal zu b charakterisiert. Die ersteren umgeben (,,sand-
wich®) die Tl-Atome und bilden Schichtbereiche (,,slabs‘‘) normal zur b-Axe.
Diese Schichtbereiche und die HgszAssSio-Schichten, welche die anderen TI-
Atome umgeben, wechseln in der b-Richtung ab. Die gefundene Struktur erklart
gut die gute Spaltbarkeit parallel (010).

Vrbait ist unseres Wissens die erste Struktur mit gemischten (As,Sb)-Ketten,

Abstract

The erystal structure of vrbaite has been determined. Four chemical units
of HgsT14AssSbeSs0 are contained in the orthorhombic unit cell: @ = 13.399,
b = 23.389, ¢ — 11.287 A, symmetry C2ca—C3?. The structure was solved
through a kind of superposition method using the three-dimensional Patterson
function. The final discrepancy index R is 4.80/.

The structure of vrbaite is characterized by infinite As:SbS;s chains parallel
to ¢ and by HgsAssS1p sheets perpendicular to b. The former sandwich the T1
atoms and make slabs perpendicular to the b axis. These slabs and the HgzAs4S10
sheets, sandwiching the other Tl atoms, are arranged alternately along the
b direction. The good cleavage parallel to (010) can be well explained by the
structure. Vrbaite 1s 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. 208a.-Part 58 on sulfides and sulfosalts. Part of thiswork
was presented at the 7th IMA meeting (31st August 1970, Kyoto, Japan) and atthe
Annual Mecting of the Swiss Society for Crystallography, 17th October 1970, Basel.
** Present address: Institut fiir Mineralogie und Kristallographie der Uni-

versitédt, D-34 Gottingen, V. M. Goldschmidtstr. 1
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described its point symmetry as 2/m 2/m 2/m. KREHLIK (1912) made
a chemical analysis of this material and showed its formula to be
TI1As2SbSs. The cell dimensions of vrbaite were determined by Frox-
DEL (1941). He proposed Cmca as the probable space group, taking
account of x-ray and morphological data. Recently Cave, Picor,
PrERrOT and PERMINGEAT (1967) reexamined the chemical composition
of vrbaite with the aid of electron-probe microanalysis, and obtained
a new formula, HgsTl4AsgShoSs. This formula was confirmed by
Nowackr (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 (NowAcCKI,
1968), was used for the present studies. A spherical crystal with radius
0.106 mm was prepared by BoxD’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. JoxEs (unpublished). The results agree well with the values
obtained by FRONDEL (1941).

Present determination \ FroxpEL?
a = 13.399 L 0.001 A ‘ 13.38 + 0.05 A
b = 23.389 L 0.001 | 23.37 + 0.05
¢ = 11.287 + 0.00t | 11.25 - 0.05

The number of formula units, four, was calculated from the cell dimen-
sions obtained and the measured specific gravity, 5.30 (PAavracHE,
BerMAN and FRONDEL, 1944).

The diffraction symbol for vrbaite is mmmCyca, which permits
Cmca and C2ca as possible space groups. Since a piezoelectric test
showed an acentric feature, C2ca—C% 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 Weissenberg counter-diffractometer
(Supper-Pace) using CuK « radiation. One hundred and twenty-four
of these reflections [with I << 2.33 ¢ (I)] were assigned to unobserved
reflections.
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Fig. 1. (a) Patterson section P (0,2,u). Rotation peaks should not exist in the
shaded area. Contours are equal but in arbitrary intervals. (b) The vector set for
equipoints 85. The underlined values indicate weights 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
w-:=n/8 (n =0, 1 and 2). All heavy peaks which correspond to the
vectors between heavy atoms2 are on the sections » = 0 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
C2ca 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 '2¢a 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 85 is illustrated in Fig. 15. 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(0,2,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
diagram). 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(0,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 sinall.
3(0,0,0; £,4,0) + 8b:  x,y,z; 5% b+ y, b —2 wb—y 3oz

da: 2,0,0; z,4.3.
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to two, was superposed on P(0,0,w) and P(4,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 Cmmm, while the others, IT and
IIT, 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 36). 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, IL, IIT 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 6 < 0.7, The
discrepancy index R was about 43°/y. 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 IT
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 eross vectors between the origin and the points in the
general positions. The underlined values indicate weights of points. I, IT and ITI
are directions of the three twofold axes
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Fig. 3. Candidates for heavy atoms. The same diagram as in Fig.1la was used

as the implication diagram. All candidates should be in the arca within the

rectangular sections. (a) * = 0. (b) x = 0.24 =~ }. Independent candidates in
this section are only IIT and IV

interchanged in position. Four arsenic and ten sulfur atoms were found
in the further process. The R index was about 229/, 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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Table 1. Comparison of observed and calculated structure factors for vrbaite
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Table 1. (Continued)
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LARNEA
38 A5
101 97
98 97
95 88
1M1 98
347 302
220 203
9%0 910
738 707
76+ 63
346 318
734 699
244 225
A5 390
570 552
191 190
263 255
251 255
415 392
161 14
435 a1
133 121
M 55
59* 7
366 349
457 427
82 65
373 365
284 40
256 241
163 167
303 309
743 718
137 133
157 152
233 215
715 681
260 247
185 156
702 672
251 231
227 219
160 167
64 63
85 87
373 351
260 258
222 172
197 190
246 235
651 611
219 208
153 141
537 517
316 296
27+ 31
289 287
70 75
458 453
283 275
204 284
168 159
450 430
X438 420
201 181
68% 78
136 13
140 134
394 385
65 69
223 214
6y 41
518 520
236 226
172 150
Lhy 430
128 115
346 335
103 93
149 150
156 159
39 32
96 90
137 129
283 277
74 69
488 476
97 63
212 217
84 77
75 62
253 243
1% 107
259 257
410 406
136 128
302 302
149 141
276 264
100 91
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Table L. (Continued)
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Table 1. (Continued)

b ok 1 ]r°| |Fel bk 1 A |Fel ok 1 AR h ok 1 17, |r¢| h k 1 AL
112 125 102 11 9 8 40 38 12 4 5 225 239 13 5 & 214 223 1% 0 & 11k 125
13 400 380 1" 61 59 6 49+ 21 ? 290 291 2 269 271
15 234 218 11 1 9 186 196 8 133 143 9 11 106 5 185 192
17 147 148 3 93 98 10 222 220 n 246 247 6 125 127
19 96 90 5 110 118 12 34 31 13 13 12 8 172 172
nm o3 218 205 7 148 148 i3 219 224 15 118 11k 10 148 152
3 341 333 9 222 227 16 36 7 1301 5 220 225 12 221 229
5 100 82 12 0 0 1354 1337 12 0 6 729 766 3 200 207 4 2 5 57 59
7 189 181 2 12 106 2 97 107 5 166 181 4 98 99
272 261 4 110 105 4 134 136 7 219 224 6 303 318
1 363 334 6 348 347 6 269 280 9 79 86 8 138 148
13 61 50 8 221 215 8 280 285 1 97 90 10 18 132
15 278 253 10 226 215 10 275 278 13 16 120 1% 0 6 145 147
17 237 237 12 583 568 12 271 284 13 1 6 173 180 2 100 97
19 80 78 14 97 110 1% 54 49 3 274 289 4 123 124
Mo 4 375 379 16 221 219 12 2 7 102 101 5 167 177 3 X8 3%
3 352 362 18 511 516 4 267 271 7 163 170 8 277 291
5 233 229 12 02 1 124 132 6 96 92 9 60 58 o2 7 156 157
7 315 301 4 Shh 337 8 79 81 1 212 225 15 1 1 233 233
9 15 99 6 137 138 10 100 101 301 7 21 221 3 64 60
n 359 339 8 535 520 12 2n 220 3 268 280 5 245 2k
13 210 205 10 379 367 12 0 8 66 56 5 225 233 7 466 471
15 100 88 12 216 213 2 161 166 7 149 155 9 382 388
17 309 317 i\ 62 68 4 157 159 9 103 107 1" 296 300
19 138 140 16 62 41 6 256 261 13 1 8 77 73 15 1 2 78 76
1n 15 533 555 18 166 171 8 178 181 3 53 53 3 280 288
3 204 200 12 0 2 315 316 12 2 9 94 93 0 0 120 88 5 37 376
5 266 266 2 147 140 13 1 1 104 98 2 264 251 7 195 198
7 303 312 & 843 855 3 95 79 & 159 159 9 34% 26
9 479 482 6 102 89 5 28t 272 6 429 419 7 15 116
1 146 148 8 154 163 7 328 329 8 399 391 15 1 3 155 150
13 234 236 10 42% 40 9 336 323 10 122 17 3 282 287
15 88 97 12 153 153 1 174 175 12 50 Ak 5 144 149
17 294 303 1% 364 358 13 244 235 % 154 370 7 16 124
m o106 183 195 16 285 291 15 131 134 w2 1 140 139 9 281 292
3 340 354 18 164 167 17 80 79 4 150 151 15 1 & 402 422
5 307 324 12 2 3 168 165 1301 2 123 116 6 178 176 3 346 359
? 145 145 4 828 838 173 166 8 148 149 5 144 145
9 100 5 6 61% 55 5 215 211 10 17* 22 7 227 236
11 hs5* 42 8 334 315 7 72 89 12 33% 24 i5 1.5 330 346
13 52 5t 10 171 161 9 108 13 i 13 139 3 195 199
15 161 163 12 164 158 11 196 197 1% 0 2 227 239 5 148 152
17 210 212 14 475 465 13 106 13 2 376 368 % 0 0 1141 1169
1Mo 7 343 347 16 304 310 15 125 133 4 112 126 2 91 98
3 260 270 18 3% 26 17 68 74 6 7 68 4 282 285
5 210 216 12 0 & 103 82 13 1 3 70 79 8 132 128 [ 29+ 1
7 290 301 2 135 134 3 325 320 10 346 345 1% 2 1 100 97
9 93 91 4 135 140 5 199 199 12 108 113 4 202 215
11 157 155 6 276 27 7 226 220 14 3% 36 6 103 103
13 292 304 8 603 603 9 234 226 1% 2 3 164 164 16 0 2 146 141
15 247 251 10 243 242 1 174 176 4 186 179 2 102 100
11 8 114 115 12 310 298 13 12 13 6 105 97 4 362 373
3 186 186 14 56 59 15 213 219 8 91 91
5 301 304 16 79 71 1301 4 240 240 10 17 171
7 188 192 12 2 5 52% 28 3 115 118 12 358 375

* unobserved reflection

Several cycles of least-squares refinement in which individual form
factors were used for Hg and Tl atoms and in which isotropic tempera-
ture factors for each atom were varied, reduced R to 110/,. During
these calculations, an equal weight was used for all reflections. Non-
ionized atomic form factors given by IBERS, THOMAS et al., THOMAS and
UmEDA, FREEMAN and WaTsoN, and Dawsox were employed for Hg,
T1, Sb, As and S respectively (International tables, 1962). Additional
cycles of least-squares refinement in which anisotropic temperature
factors were varied, reduced R to 4.89/, 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:

4 2\ 2
where ¢; == peak count, ¢» = background count, ¢3 = (LP)~! and
gs = transmission. At the final stage, the effect of anomalous dis-

7. Kristallogr. Bd. 134, 5/6 24
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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
Hzrar for the IBM 1620 computer, was used in the earlier stages. The
same program, which was adapted and modified for the Bull Gamma
30 S by ExcgEL (1968), was also used in the later stages. Table 1 gives
the Akl, [Fo| and |F.| values.

Desecription of the structure

The atomic coordinates and the temperature factors obtained are
given in Tables 2a and 25b. 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 final atomic coordinates of vrbaite, and their estimated standard deviations

‘ x Y z ‘ o (x) ‘ o (y¥) \ o (z)

|
Hg (1) 0 0 0 — — —
Hg (2) 0.50323 0.05623 0.07614 0.00008 0.00003 0.00007
TlL (1) : 0.25336 0.38707 (.20730 0.00010 0.00004 0.00009
T (2) 0.24997 0.27189 0.43836 0.00009 0.00004 0.00008
As (1) 0.24328 0.05352 0.09991 0.00015 0.00007 0.00015
As (2) 0.26024 (.04862 0.39537 0.00015 0.00007 0.00014
As (3) 0.50620 0.30217 0.40562 0.00017 ; 0.00006 0.00013
As (4) 0.50094 0.29338 0.10902 0.00018 0.00006 0.00013
Sh 0.49086 0.15836 0.28910 . 0.00010 0.00004 0.00009
S (1) 0.1097 0.0906 0.0102 l 0.0003 0.0002 0.0004
S (2) 0.3828 0.4954 0.1801 0.0003 0.0002 0.0004
S 3 0.5030 0.3643 0.2481 ., 0.0007 0.0001 0.0004
S 4 0.1266 0.4996 0.1761 0.0003 0.0002 0.0004
S (5) 0.3916 | 0.1662 0.4783 0.0003 0.0002 0.0004
S (6) 0.3839 | 0.2343 0.1880 0.0003 0.0002 0.0004
ST 0.2577 0.1185 0.2526 0.0005 0.0001 0.0004
S (8) 0.3594 0.4092 0.4777 0.0003 0.0002 0.0004
S M) 0.1160 | 0.1571 0.4772 0.0003 0.0002 0.0004
S (10) 0.1144 0.2349 0.1715 0.0003 0.0002 0.0004
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Table 2b. The final anisotropic temperature-factor coefficients

The values arc the coefficients in the expression exp [— (R2011 + k2f22 - I2fis3
= hkBi2 + hifis + kifes] (all values are multiplied by 103)

l Bt ic(ﬂn) Ba22 | 0(f22) | Paa O’(ﬁaa)} Pz )0(512)‘ p1s ‘U(ﬂw)‘ Pas | o (Pas3)
\

Hg(1)| 95| 7 | 77 2 |483] 11 0 — 0 — — 835 5
Hg(2)| 140 7 [116] 2 |576| 10 | 126 5 |—228 10 |—182 4
TI(1)|334] 7 | 88 2 |731] 1t 18 5 | ——44| 15 102 5
TI(2)]222] 7 |137' 2 |562| 10 82 5 107| 11 201 5
As(1)/101] 10 | 31, 3 223 14 |—14] 9  —25 18 78
As(2)| 530 1o | 47! 3 1195| 14 0 9 i —16| 18 9 8
As(3)| 67, 9 | 33 3 191 13 |26 9 | —45 19 | 5 7
As(4)| 78] 9 | 45| 3 [150| 13 29! 10 34 21 | —6 7
Sh 1891 8 | 45 2 '204| 11 |—32 6 41| 13 86| 5
S (1)) 99 19 | 46] 6 1419| 33 |—12] 20 |—206] 44 | 65 22
S (21 77 19 | 79| 7 |314| 30 | 52| 18 | —19 36 | 10 23
S (3)1238] 19 | 35| 5 [258] 24 | —5 40 | --70 44 26/ 19
S @111 19 | 39| 6 [434| 34 |—16 18 500 39 | —34) 23
S () 98| 19 | 59 7 |245| 28 |—23 19 | —35 37 | —20/ 20
S (6)] 96| 19 | 64| 7 |205| 28 |—22 17 | —11 36 8 20
S (M1152] 17 | 371 5 |295| 24 |—38 30 | —56! 39 1220
S (8)! 89| 19 | 80| 7 |309| 30 | —8 20 —7) 38 |—105 23
S (9139, 21 | 61 7 1369] 32 '—17 19 | 204 41  --92 23
S(oy| 791 19 | 51 6 |281' 29 | —6l 17 =30 38 35 20

atoms and sulfur atoms are in the range of 3.1—3.7 A. Since the former
is one of the typical coordinations of mercury (GRDENIC, 1965), 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
HgsT11AsgSbeSeg proposed by CaYE ef al. Figures 4a and 456 show the
structure of vrbaite parallel to ¢ and « respectively. Vrbaite contains
two kinds of mercury atoms. The first of them, Hg(1) is surrounded
tetrahedrally by four sulfur atoms at distances of 2.570 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)e] (Hg—S = 2.56 A, Scouroupi, 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 = 2.36 A, S—Hg—S = 172°; AurIviLLIUS, 1950), living-
stonite, HgSbsSs (Hg—S = 2.35 A, S—Hg—S = 180°; Nuzekr 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 atoms along the principal axves
of the vibration ellipsoids and direction cosines of these axes with respect to the
crystallographic axes

' Bisotrop. | Axes ] B ]//u—2 Cos x| 1 COS N9 ’ COS N3
Hg(1) 1 1.62 A2 1 0.6842] 0.09341 1.000 b 0 | 0
L2 1.49 0.137 0 0.906 0.421
‘ L3 2.67 0.183 0 ‘ —0.421 0.906
\ | |
Hg2) | 216 1| 063 0.089 0.938 | — 0.311 0.150
| 2 | 178 0.150 0.129 0.720 0.681
I 3 l 407 | 0227 | —0.320 | — 0.619 0.716
|
TI (1) 2.68 t | 242 [ 0.175 | 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 14 0.134 l 0.940 | — 0.336 0.040
2 ' 4.13 0.228 0.228 0.717 0.658
| .3 } 1.90 0.155 } —0.250 | — 0.609 I 0.751
| |
As (1) 0.5 | 1 0.60 0.087 { 0.600 0.799 | 0.023
{ 2 0.78 0.099 | —0.774 0.588 | — 0.233
‘i 3 1.16 | 0.121 {— 0.200 0.121 0.972
As(2) 0.80 1 1 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 J —0.065 | — 0.542 l 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
l 3 1.01 0.113 ‘ ~0.270 | 0.062 0.960
As (4) 0.77 ! 1 0.46 J 0.076 ] 0.887 | —0.327 | — 0.325
|2 1.06 0.116 | 0.351 0.935 0.017
? 3 0.79 0.100 } 0.299 | — 0.130 0.945
Sb 1.28 1 1.28 0.127 ‘ 0.904 0.047 | — 0.423
2 i 0.094 0.172 0.866 0.467
I3 1.85 0.153 0.389 | — 0.496 0.776
S(1) 1.29 1 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 Vm cos X1 oS X3 oS A3
|
S(2) 1.29 1 0.46 0.076 0.965 | —0.251 | 0.065
2 1.82 0.151 0.236 0.954  0.181
3 1.59 0.142 | —0.107 | —0.159 | 0.981
i |
|
8(3) 1.26 1 1.80 0.151 0.907 © — 0.076 | — 0.413
2 0.74 0.097 | —0.028 | 0.970 | —0.241
3 1.25 0.125 0.420 | 0.230 0.877
S(4) 1.29 1 0.73 0.096 0.822 0.568 | — 0.015
2 0.90 0.107 | —0.556  0.811 0.178
3 2.25 0.168 0.114 ; —0.138 0.983
S(5) Loros 1 0.65 0.081 | 0.948 0.236 0.210
2 1.21 0.123 | —0.304 0.507 0.805
3 1.39 0.132 0.083 | — 0.828 0.553
‘ 1
| ‘ |
S(6) 1.05 1| 066 0.091 | 0.980 0.164 0.103
2 1 1.45 0.135 | —0.178 0.973 0.145
30 1.04 0.114 ~0.076 - 0.161 0.983
S(7) 1.13 1 0.67 0.092 0.535 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
S(8) 1.31 1 0.63 0.089 0.993 0.092 0.069
2 1.09 0.118 | —0.112 0.637 0.762
3 2.22 0.167 | 0.026 | —0.764 0.643
|
S(9) 1.40 1 0.64 0.090 | 0.830 | —0.233 | —0.505
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 (T1—TI distance,
International tables) are taken into account, the T1(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. T1(2) is surrounded by three
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5000 |
LS9,

STI2)

(b)

Fig.4. The structure of vrbaite. (a) Projection along the ¢ axis. (b) Projection
along the a axis

S atoms at distances between 3.148 and 3.259 A, and by four S and
two As atoms at distances between 3.322 and 3.622 A. The mean
values of the TI—S distances are 3.32 A for TI(1) and 3.37 A for TI(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 TI(1) [or T1(2)] make a distorted cube which is
similar to the CsCl structure, and two S (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 compounds.

O

O Ti(1)
(8) S(10)

s
Myse ™ se s(v@\5?(3).)“5@"”5%
NSO ~5(10) Qf
N O //Tl(?)\\\\

T() . S6) @{sﬂo) 5(5)@5(9)
sufIs) s >0
As(2)

As(2) ®-

Fig. 5. The environment of thallium atoms. The broken circle indicates the sulfur
atom which has slightly longer distance than 4 A

In TIS, there are two kinds of thallium atoms (ScaTTUuRIN and
Frasson, 1956). T1(1) is at the center of a tetrahedron of four sulfur
atoms and the T1(1)—S distances, being covalent bonds, are 2.59 A.
T1(2) is surrounded by eight S atoms [T1(2)—S = 3.33 A] which form a
square antiprism. The sulfur atoms around (TI, Pb);; in hutchinsonite,
(TL,Pb)2AssSe, (TaxkucHI, GHOSE and NOwAcCKI, 1963) has a similar
configuration to that around TI(1) in vrbaite, but the former lacks one
sulfur atom at a corner of the cube. Hatchite PbTIAgAs,S; (MARUMO
and Nowacxkr, 1967) and wallisite PbTICuAseS; (TakEucur, OHMASA
and Nowackr, 1968), are isotypic and the distances between Tl and
S atoms are irregular. Seven 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 TI—S 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 TI* and 82~ (= 3.32 A; WycKoOFF, 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



Table 4. Interatomic distances in vrbaite [in A]

[ s() | S | si3) | S@ | SG) | S | S | S8) | S(9) | S(10) | Mean| Hg(2)] TI(2) | As(3) | As(4)
He(l) | 2.581 | 2.570 | 2.58 |
(0.004)| (0.004)
He(2) 2.399 2.366 || 2.864 2.38 | 3.142
{0.004) (0.004) (0.004)1 (0.001)
TI(1) 3.086 | 3.417 | 3.152 | 3.416 3.406 | 3.346 3.32 3.749
(0.004) | (0.008) | (0.004) | (0.004) (0.004) | (0.004) (0.001)
3.433
(0.008)
Ti(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)
As(1) | 2.232 2.305 | 2.254 2.26
(0.004) (0.004) | (0.004)
As(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) (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 2.478 | 2.52
] (0.004) | (0.004) | (0.004)

* The distances for the As(3) and the As(4) are taken into account for the calculation of the mean value.

9L
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Table 5. Bond angles in vrbaite

S()—Hg(1)—S(1")  110.6° (0.2°) S(3)—As(3)—S(9)  101.8° (0.2°)
S(1)—Hg(1)—S(2)  110.3  (0.1) S(3)—As(3)—S(10)  98.7 (0.2)
S(1)—Hg(1)—S(2')  110.4  (0.1) S(9)—As(3)—S(10)  95.9 (0.2)
_ —S(2

S(2)—Hg(1)-S(2) 1047 (0.2) .~ e
Mean 109.3

S(3)—As(4)—S(5) 98.7 (0.2
S(4)—Hg(2)-S(8) 1659 (0.8) S(3)—As(4)—S(6) 1004 (0.2)

S(5)—As(4)—S(6) 93.5 (0.2
S(1)—As(1)—S(7) 98.6 (0.2) —
S(1)—As(1)—S(8) 97.2 (0.2 Mean 97.5
S(7)—As(1)—S(8) 98.3 (0.2) ) .

S(5)—Sh—8(6) 918 (0.1)
Mean 98.0 S(5)—Sh—S(10) 98.5  (0.1)

S(6)—Sh—S(10) 873 (0.2)
S(2)—As(2)—S(4) 99.4 (0.2 -
S(2)—As(2)—S(7) 98.0  (0.2) Mean 92.5
S(4)—As(2)—S(7) 95.6 (0.2)

b

5(7) 5(2) 5(8)

5(4)@ V

St U\O Hg2)  _ Asay ~
\ As(2) \/T
O

=0

a

Fig. 6. (a) The As:SbSs chain projected along the a axis. (b) The HgzAs;S;o sheet
projected along the b axis
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Table 6. TI—S distances in various compounds*

vrbaite hatchite
TI(1)—S  3.086 A TI—S 3.05 4
3.152 3.12
3.346 3.46
3.406 3.46
3.416 3.53
3.417 3.61
3.433 3.65
—_— —As  (3.48)
Mean 3.32
Mean 3.41
TI2)—S 3.148 A (3.42)
3.200
3.259 wallisite
3.343 . 1
3.461 r—s 2.99
3.558 ?'14
3.622 3.35
—As (3.415) 3.46
3.51
(3.525)
- 3.57
Mean 3.37 3.64
(3.39) —As  (3.37)
hutchinsonite Mean 3.38
(3.38)
T1—S 3.12 A
3.15 TIS
3.30
3.31 TI(1)—S  2.594%*
3.33 TI(2)—S  3.33
3.37
3.43
Mean 3.29

* TI-S distances in lorandite (T1AsS:, ZEMANN and ZEMANN, 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 As,SbS; chains
parallel to the ¢ axis, and by HgszAssS;0 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. 6. The AssSbS;s chains sandwich T1 atoms and make slabs perpen-
dicular to the b axis. These slabs and HgsAssS;o sheets, sandwiching
the other Tl atoms, are arranged alternately along the & direction.
This characteristic feature of the structure explains well the good
cleavage parallel to (010).
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