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Auszug

Die vollstédndige Kristallstruktur von Hutchinsonit wurde bestimmt. Die
neuen chemischen Analysen des Minerals zeigen, daBl Ag und Cu keine wesent-
lichen Bestandteile sind. Sie ergeben eine Idealformel (T1, Pb),As,S, statt wie
friiher angegeben (T1,Pb),(Ag,Cu)As;S;,. Die Raumgruppe ist DI3-Pbca und
die Gitterkonstanten sind @ = 10,81 + 0,014, b = 35,36 - 0,04A und ¢ = 8,16
+ 0,01 A mit 8 Formeleinheiten pro Zelle. Die direkte Interpretation der drei-
dimensionalen Patterson-Funktion lieferte durch Anwendung geometrischer
Beziehungen zwischen ,,cross vectors‘* fur die gegebene Raumgruppe die Lage
der schweren Atome. Sukzessive dreidimensionale Fourier-Synthesen ergaben
die Orte der anderen Atome. Die Strukturverfemerung wurde mittels Dif-
ferenz-Fourier-Synthesen und schlieBlich mittels dreidimensionaler Least-
square-Methoden vorgenommen.

Die erhaltene Struktur bestétigt die neue chemische Formel. Die Struktur
besteht aus zwel Arten von Schichtpaketen parallel (010). In dem einen befinden
sich parallel ¢ As,S;-Spiralen, welche — seitlich durch andere AsS;-Pyramiden
miteinander verbunden — eine komplexe Schicht parallel (010) bilden. Im an-
deren treten endliche As,S.-Gruppen auf. Die c-Projektion dieses Paketes dhnelt
einem verzerrten PbS-Gittertyp. Die TI- und Pb-Atome sind von sieben Schwe-
felatomen koordiniert. Die gefundene Struktur gibt eine Erkldrung fir die gute
Spaltbarkeit parallel (010).

Abstract
The crystal structure of hutchinsonite has been determined. The new
chemical analyses of the mineral showed that Ag and Cu are not essential com-
ponents, and give an ideal formula (T1, Pb),As,S, instead of previously assigned

1 Contribution no. 150. Part 17 of papers on sulfides.
* Present address: Mineralogical Institute, University of Tokyo, Tokyo,
Japan.
** Present address: Institut fiir Kristallographie und Petrographie, E.T.H.,
Zurich, Schweiz.
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(TLPb)y(Ag, Cu)As,S,,. The space group is DL}—Pbca, and the lattice constants
are a = 10.81 + 0.01 A, b = 35.36 - 0.04 A, ¢ = 8.16 & 0.01 A. There are
8 formula units in the cell. Using geometrical relationships among cross vectors
for the space group under consideration, a direct interpretation of the three-
dimensional Patterson function yielded the locations of the heavy atoms.
Locations of other atoms were found by successive three-dimensional Fourier
syntheses. The refinement of the structure was performed by difference-Fourier
trials, and finally by the three-dimensional least-squares method.

The structure obtained confirms the new chemical formula. The bulk of the
structure consists of two kinds of slabs, both running parallel to (010). In one
kind of slab, there are As,S, spiral chains along the ¢ axis. These chains are
joined together laterally by other AsS, pyramids, forming a complex layer parallel
to (010). In the other, As—S groups form a finite group As,S;. The ¢ axis pro-
jection of this slab resembles a distorted PbS-type structure. The TI and Pb
atoms are coordinated by seven sulfur atoms. The proposed structure explains
well the good cleavage parallel to (010).

Introduection

Based upon the ratio As:Pb, the series of sulfosalts whose chemical
formulae are approximately of the type zPb(TI)S - yAs,S; may be
classified into three groups. Contained in the first group are jordanite,
gratonite (RoscH, 1963) and lengenbachite. The As:Pb ratios of these
minerals are in the range ~ 0.44 — ~ 0.67, and show a high content
of Pb (cf. Nowacki, 1964). The structures of these sulfosalts are
characterized by marked PbS substructures. To the second group
belong rathite, dufrenoysite (LEBIHAN, 1962; NOWACKI et al., 1963a,b),
baumhauerite (LEB1HAN, 1962; NOWACKI ef al., 1964) and scleroclase
(NowacCKI et al., 1961). For this group the ratio varies from 1.29
(rathite I) to 2.00 (scleroclase). The structures of these minerals are
built up of layers which have the periodicities 8.4 A (or a multiple
of 4.2 &) and 7.9 & in the directions of two-dimensional extension.
The ways of stacking these layers, and slight changes in the chemical
composition of the layer, differentiate various structures.

The mineral hutchinsonite belongs to the final group, showing
the highest ratio, 2.50. Hutchinsonite is thus the richest in arsenic
among these sulfosalts, and x-ray photographs of this mineral show
neither a PbS substructure nor evidence of the layer structure as in
the minerals of the second group. Accordingly a different structural
scheme than that found in other minerals of this series can be expected
for hutchinsonite. The crystallographic description of the mineral has
been presented by NUFFIELD (1947). A brief account of the present
work has already appeared (TAKEUCHI ef al., 1964). i
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Experimental

Specimens used for the present investigation are those from Lengen-
bach in the Binnatal, Valais, Switzerland. Short, prismatic, single
crystals were separated from dolomite, and good crystals were selected
for x-ray investigation; the rest was used for the chemical analyses.

The lattice constants previously reported (TAKEUCHI ef al., 1964)
were re-examined by taking zero-level Weissenberg photographs on
which calibration powder patterns of KCl were recorded. The unit-cell
dimensions obtained for the orthorhombic cell are as follows:

0= 10.81 -+ 0.01 &, b — 35.36 4 0.04 &, ¢ = 8.16 - 0.01 A.

For the lattice constant of KCI the value 6.2931 A (Swansox and
TATGE, 1953) was used. These values are in good agreement with
those of NUFFIELD. The space group Dj; — Pbca assigned by NUFFIELD
(1947) was confirmed. The observed conditions limiting reflections
hkO with A = 2n, A0l with | = 2n and 0%l with & = 2n only, are unique
for the space group Dj; — Pbca. There is no possibility of other space
groups of lower symmetry unless some special arrangements of atoms
are assurmed.

A spherical specimen with radius 0.118 mm was prepared for the
intensity determinations. The three-dimensional intensities were re-
corded on multiple films by an integrating Weissenberg camera, using
CuK« radiation, and they were measured with the help of a Joyce-
Loebl microdensitometer. Intensities were corrected for Lorentz,
polarization and absorption factors, using I1TAKA’s program written
for the Bull-Gamma-A.E.T. computer.

Chemical eomposition

Two chemical analyses have been reported for hutchinsonite from
Binnatal (SvitH and PrIior, 1907). In his crystallographic investi-
gation, NUFFIELD suggested that the above chemical analyses lead
to an ideal formula (Pb,Tl),(Ag,Cu)As;S;, by assuming d = 5.18,
in contrast to the observed value d = 4.6 g cm—3 (SMITH and PRIOR,
1907). Although the assumption of the specific gravity made by
NUFFIELD seems to be reasonable, our new chemical analyses show
somewhat different results. The several analyses are compared in
Table 1, from which it can be observed that the contents of Ag and Cu
are exceedingly small in the new analyses. To confirm this, a spectro-
scopic analysis was performed by S. GRAESER using the fragments of

21*
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Table 1. Chemical analyses of huichinsonites

SmrtH and Prior New analysis Ideal formula
1 |2 3 4 I 1T

Ph 12.5%, | 169, 18.929/, 17.3%, | 17.06%, | 19.289,
Tl 25 18 21.03 20.0 16.83 19.02
Ag 9 2 ca. 0.11 — 8.88
Cu — 3 0.96 —
Fe — 0.5 — —
As 30.5 29.5 31.66 36.8 30.84 34.86
Sb — 2 — -
S 26 26.5 27.32 26.5 26.39 26.84
Total | 103.0 97.5 100.0 | 100.6  [100.00 | 100.00

3. Ordinary microchemical analysis. Original analysis contains 4.63¢/, H,0,
< 105°C. The values in the table are normalized to 100°/, (Fresenius, Wiesbaden)

4. Electron-microprobe chemical analysis (Nowackr and BAHEZRE, 1963).

I. (T1,Pb), AgAs,S,,, d = 5.18.

II. (T1,Pb), As,S,, d = 4.58.

Table 2. Number of atoms in the cell

calculated from the results of four chemical analyses as given in Table 1

TI + Pb | Ag(4Cu) | As(+8Sb) | S
1 17.7 8.16 39.6 79.0
2 16.0 6.4 40.0 80.4
d = 5.18 3 18.9 1.6 411 82.8
4 18.1 - 47.8 80.4
1 15.4 6.4 35.2 70.6
2 14.6 5.8 36.24 73.2
d= 4.6 3 16.72 1.4 36.4 73.8
4 15.7 - 42.2 71.0

the single crystals used for intensity determination. The result showed
only traces of Cu, Ag and Zn in addition to the other main components.

The calculated numbers of atoms in the unit cell are compared in
Table 2 for d = 5.18 and d = 4.6 g cm—3. Since it would be reasonable
to assume that all the atoms are distributed over the general positions
of the space group Dj2 — Pbca, the number of atoms is expected to
be a multiple of 8. It is seen in Table 2, that for d = 4.6 the results
of our new analyses give a unit-cell formula which is close to an ideal
form, (T1,Pb),4A8,45:2. If we adopt d = 5.18, our results show some
deviation from the formula given by NUFFIELD, especially in the
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number of Pb+ Tl atoms. On the other hand, the results by SmiTH
and PrIOR show better agreement with the formula suggested by
NurrieLD for d = 5.18. Because of this ambiguity, it did not seem
possible to draw a definite conclusion from these results. We therefore
proceeded with the structure analysis, bearing both possibilities in
mind. In either case, there are two T1(Pb) atoms in the asymmetric
unit. Accordingly, if the positions of these atoms could be found, it
was expected it would be possible to determine the structure regardless
of the ambiguity in the chemical formula.

Strueture analysis

Preliminary

The three-dimensional Patterson map P(uvw) was obtained from
the F2(hkl)’s. It was observed from the map that most of the heavy
peaks are distributed on the sections z = 0, } and }, suggesting that
the z parameters of the heavy atoms are roughly % or ¢. Two sections,
w =} and §, are shown in Fig.1. Since the origin peak of the map
has the weight 1800, the expected single weight in the map is ~ 80
for Pb(Tl) — Pb(T1), ~ 35 for Pb(Tl) — As and ~ 15 for Pb(T1) — 8.
The Patterson map is also characterized by heavy peaks arranged

nearly at the intersections of the net% b X % -a, where n and m

are integers. As a matter of fact, F(0,16,0) and F(400) are out-
standingly strong reflections. From geometrical relations among
a symmetrical set of atoms for the space group D} — Pbca [Fig. 2 (b)],
the possible candidates for the c-screw satellites of the Pb(T1) — Pb(T1)
symmetrical pairs were derived. They are indicated by 8, D, E and
H in Fig. 1. Since there should be only two c-screw satellites in a quar-
ter of the cell, some of them must be spurious. Inversion peaks were
derived from each satellite, and then finally eight possible combina-
tions of two Pb(Tl) atoms were obtained. It should be noted that all

these combinations give positive signs for F(0, 16, 0), U = 0.41, and
negative for F(400), U = 0.55, suggesting that most of the heavy
peaks are nearly in the shaded areas shown in Fig. 3. The U values
are the averages of those obtained from the two possible chemical
compositions.

Among these combinations, only two are consistent with the vector
map P(3vw). They are listed in Table 3. These two possible sets of Pb
(T1) atoms may be used to find the correct structure by refining the

structures which would be derived from each set. However, in view of
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Fig.1. Patterson sections, z = § and z = %, of hutchinsonite. Peaks in the
section z = 1 are shown by solid eontours and those in the section z = } by
broken. Numbers indicate heights of peaks
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Fig.2. {a) Two independent sets of atoms in the space group D18—Pbca (a glide
and screw axes are not shown) (b) Geometrical relationship between an inversion
peak, I, and its screw (single circle) and glide-reflection satellites (double circle)
in the Patterson diagram having the symmetry DL, —Pmmm. The example
corresponds to the set of white atoms in (@). The 2 coordinates for cach peak are:
I Sa Sb Se Ga ab Ge
2z 2z 122 ¥ 3—22 0
(¢) An example of peaks due to cross vectors between a set equivalent to the white
atom z,¥y,z and a set equivalent to the black atom x’,y’,2’. The 2z coordinates are:
|1 and Alﬁ:z’—z, |3 and IS: 1—(z +2),
[2and  [5:% + (2" —2), J4+and [7:2 4 2.
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Fig.3. Shaded area indicate common area for -+ F(0,16,0) and -- F (4,0,0). The

final atomic positions are indicated. Big solid circle: Pb(Tl); small solid circle:
As; cross: S

Table 3. Possible combination of (T, Pb) locations

Com. Ph(T1), ] TI(Pb),y Corresponding
o — C-8CTewW
bination x ‘ y l z l x l Y ' z satellite
A .1525 | .1878 125 L1525 | .1878 | .625 D
B .37 .25 .125 .336 123 125 S,H

the difficulty encounted with the chemical composition, it was strongly
desired to derive the structure by some straightforward means. It was
then found that a unique solution of the Patterson function could be
obtained if we applied the geometrical relationships among cross
vectors — the vectors occurring between independent symmetrical
sets of atoms.

Use of cross vectors to find inversion peaks

In Patterson space, some rules exist regarding the distribution of
points due to cross vectors. For axial symmetries the relationships
have been discussed in some detail by BUErGER (1959, pp. 115). For
glide planes, relationships among cross vectors may offer a possible
criterion with which to select the correct inversion peaks. An example
of the distribution of points due to cross vectors is given in Fig.2(c)
for the space group D}; — Pbca. Since the space group has the a glide,
in the c-axis projection, the Patterson map has a pseudotranslation
a/2, giving rise to a mirror plane at £,  of the actual unit cell. Although
in three dimensions, the mirror plane is missing, for each point «,v,w
due to a cross vector A — B occurring between independent sets of
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atoms {r,} and {r}, there is always a “pair point” } — u,v,w due
to a second vector 4 — B. This point has the same weight as that of
the first, and it is related to the first by a mirror operation across the
plane 1,y,2, plus some component, w’' —w, along the ¢ axis. Although
a similar geometrical relation exists between an inversion peak and its
c-screw satellite peak, they have different weight, the weight of the
latter being twice that of the former. So, even if the peaks due to
cross vectors occur in the same plane or line where satellite peaks are
expected, they can in principle be distinguished by searching their
“pair peaks”, i.e. peaks having the same weight at the locations
indicated above. Similar relations can be observed for other sets of
glide planes in D} — Pbca. However, consideration of the pair peaks
due to one convenient set of glide planes, i.e. the glide planes perpendi-
cular to the shortest axis, may generally offer conclusive results.
A thorough investigation by listing all possible 4 — B vectors will
not be necessary to find acceptable inversion peaks.

Table 4. Number of peaks due to TI(Pb)—TI(Pb) vectors

. Equivalent Equivalent
Weight sot T set TI
Inversion 1 8 8
Screw satellite 2 12 12
Glide satellite 4 6 6
Cross vector 2 64

As seen in Table 4, in the unit cell of hutchinsonite there are 116
discret peaks due to Pb(Tl) vectors, among which 2 26 are those
due to symmetrical vectors and 64 are the peaks due to cross vectors.
These cross vectors have the same weight as those of the screw satel-
lites. By using the above rule among cross vectors, they can be easily
distinguished. In Fig.1, it can be observed that, among possible
candidates for the c-screw satellites, D and £ have well defined pair
peaks D" and £’ respectively in the section z = 1, suggesting that they
are the cross vectors. Accordingly, they can be immediately rejected.
It is now clear that the peak S is one of the c-screw satellites, because
it has no pair peak with the same weight in any other sections. The
inversion peak [ is then found as indicated in Fig. 1. The peak H then
should be the c-screw satellite of the other (T1,Pb). However, this peak
is multiple with some other peaks, and also in the section w = } there
is an elongated multiple peak at the place where the inversion peak
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is expected. Therefore, it was not possible to determine the accurate
position of the inversion peak in the map. The location of this (T1, Pb)
was found by forming a minimum function based upon the inversion
peak I of the first (T1,Pb) in Fig.4. It was confirmed that the peaks
D and E are the cross-vector peaks of the two sets of (T1,Pb) atoms.
Among them, peak D is a cross-vector peak which is called a “con-
jugate peak” (BUERGER, 1959, pp. 275) (Fig.5). The final structure
revealed that the peak D is actually a multiple of (Pb, Tl); — (T1,Pb)y;
and (Pb,Tl); — Asyy; cross vectors.

OTDO W@ {b/z
1O PG g X

2 B e o!

Y2

Fig. 4. Minimum function, M,(x,y, ), based upon the inversion peak, I, showing
the location of the second Pb(T1) at H’

|

| , I o]
a/2
Fig. 5. Inversion peaks of two independent Pb(Tl) atoms and their conjugate
peaks D’ (in the section z = }) and €’ (in the section z = 0)

Based upon the principle given above, an automatic search of in-
version peaks may be possible by computing a difference function

D(u,v,n) = P(} —u,v,%) — P(u,v,n)

for each section n. In a favourable case, where serious overlapping
of miscellaneous peaks does not occur, the cross-vector peaks, if any,
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in the section w = } will become zero in D(u,v,n) for some section #,
while the c-screw satellite peaks will not become zero, but show a min-
imum value corresponding to the weight of the inversion peak for

0 -

0/2

Fig.6. The difference function D (u,v, ). Possible positions of inversion peaks
obtained from the relationship as shown in Fig.2 (b) are indicated by solid
circles. The correct inversion peaks I and H’ are indicated

some section n where the inversion peak
occurs. An example of such a function
is given in Fig. 6.

The above method of correctly iden-
tifying satellite peaks can readily be
applied to any other centrosymmetric
space groups which have at least a set of
glide planes.

0 b/4 o

@Q

Fig.7 Fig.8
Fig.7. Composite diagram of the first three-dimensional Fourier synthesis.
Contours for Pb(T1) atoms are omitted

a2

Fig.8. Composite diagram of the second three-dimensional Fourier synthesis,
showing the range y = 0/240 to y = 20/240 along the b axis. The final As—S
bonds are indicated
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Three-dimensional Fourier series and difference-Fourier trials

It was not likely that the locations of As and S atoms could be
clearly found in the 3D minimum function because the weights of
the peaks due to T1(Pb) — As and TI(Pb) — 8 vectors are of the order
of the background heights of the Patterson function. Accordingly,
a 3D Fourier series was computed based upon the calculated signs
from the T1(Pb) atom locations (Fig. 7). Unfortunately, the coordinates
of two T1(Pb) atoms are close to special positions. Therefore, the signs
of the F(hkl)’s with h-|-1/2 = 2n and | = 2n, could not be determined.
Because of this restriction, acceptable signs of only about 1200
F(hkly's were obtained out of about 2900 reflections. The ill-shaped
peaks (; and G, in Fig. 7 are certainly ghost peaks due to the omission
of the above special reflections. In the Fourier map, locations of five
As and five S atoms were found with no ambiguity. They were then
used to determine the signs for the second 3D Fourier synthesis, in
which four further S atoms were found. Part of the composite Fourier
map is shown in Fig.8. For the second synthesis, 1684 acceptable
reflections were used. At this stage R values were found to be 0.199
for F(hk0) and 0.313 for F(0kl). The R value for F(0kl) was reduced
to 0,225 by a first 2D difference synthesis. Between the two 3D Fourier
syntheses, difference synthesis were computed using F(hk0)’s. Results
of these steps of analysis are tabulated in Table 5. The 3D Fourier
syntheses were performed at the Computing Center of Oxford Univer-
sity using the program written by O. S. MiLLs.

Least-squares refinement

The initial stages of the 3D least-squares refinement were performed
using the program written by Irraga for the Bull-Gamma-A.E.T.
computer. This program minimizes the function

2w (hkl) [F 2 (RKl) — F 2 (RED)T?

and uses the diagonal matrix approximation. The weighting scheme
chosen was

w(hkl) = 1/F (hkl) if |F, (hkl)| = 4 |F

o] min]

w(hbl) = 1128 F 2 if |F, (hkl)| < 4 |F

(o} min‘

w(hkl) = 0 if |F, (hkl) | < F*
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Table 5. Atomic coordinates obtained by various methods

| 1 2 3 4 5 6

x | 0.36 | 0.3648 | 0.3648 | 0.3565 | 0.3580

(Pb,T1), y | 025 | 0.2445 | 0.2445 | 0.2445 | 0.2458 | 0.2458
z | 0125 | 0.1234 0.118 | 0.105
© | 0.336 | 0.3360 | 0.3360 | 0.3360 | 0.3360

(TLPb);, y | 0123 | 01250 | 0.1243 | 0.1240 | 0.1229 | 0.1229
z | 0.625 | 0.6250 0.630 | 0.637
@ 0.104 | 0.104 | 0.104 | 0.107

As, y 0.192 | 0.192 | 0.196 | 0.1937 | 0.1934
z 0.70 0.70 0.70
@ 0.104 | 0.104 | 0.104 | 0.100

Asy y 0.192 | 0.192 | 0.192 | 0.1875 | 0.1875
2 0.125 0.133 | 0.133
@ 0.4376 | 0.4376 | 0.4376 | 0.4374

Asiy y 0.1112 | 0.1112 | 0.1112 | 0.1145 | 0.1145
z 0.1330 0.133 | 0.142
@ 0.146 | 0.139 | 0.139 | 0.144

Asyy y 0.046 | 0.0483 | 0.0483 | 0.0471 | 0.0471
z 0.230 0.220 | 0.220
@ 0.375 | 0.375 | 0.3742 | 0.377

Asy y 0.0292 = 0.0292 | 0.0285 | 0.0291 | 0.0291
z 0.950 0.950 | 0.950
@ 0.375 | 0.385 | 0.385 | 0.385

S, y 0.188 | 0.188 | 0.188 | 0.189 | 0.189
z 0.375 0.375 | 0.374
@ 0.383 | 0.393 | 0.400 | 0.400

S y 0.188 | 0.188 | 0.188 | 0.1873 | 0.1872
z 0.875 0.875 | 0.875
@ 0.128 | 0.128 | 0.120 | 0.127

St y 0.25 0.250 | 0.250 | 0.2521 | 0.2521
z 0.375 0.368 | 0.368
@ 0.125 | 0.120 | 0.120 | 0.106

Siv y 0.140 | 0.144 | 0.144 | 0.1415 | 0.1415
2 0.375 0.333 | 0.333
@ 0.130 | o124 | 0.124 | o0.108

Sy y 0.145 | 0.146 | 0.146 | 0.1460 | 0.1460
z 0.875 0.90 0.90
@ 0.411 | 0.411 | 0.411

Sor y 0.009 | 0.009 | 0.009 | 0.009
z 0.685 | 0.685
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Table 5. (Continued)

t | 2 3 4 5 6
x 0.219 0.219 0.200
Syur y 0.056 | 0.056 | 0.0582 | 0.0582
z 0.950 0.950
x 0.482 0.482 0.44
Svint Y 0.0868 | 0.0868 | 0.083 0.069
2 0.36 0.37
x 0.0093 | 0.0093 | 0.020
Six y 0.0767 | 0.0767 | 0.075 | 0.075
z 0.60 0.60
(hk0) | 0.47 0.34 0.271 0.206 0.199 0.181
B (Okl) 0.62 0.313 0.225
(hET) 0.295
1. From Patterson diagram.
2. From first 3D Fourier synthesis.
3. From first difference Fourier projection //c.
4. From second difference Fourier projection //c.

13

. From second 3D Fourier synthesis.

6. From first difference Fourier projection //a.

Overall temperature factor B = 2.0 was used for structure-factor calcula-
tions.

where, F, ., the minimum observable F -value, was taken as 50,
and a value of F* = 25 was used. Three cycles of refinement reduced
the initial B = 0.295 as follows: 0.295 — 0.257 — 0.224 — 0.193 for
all F(hkl)’s including non-observed ones. This smooth convergence
indicates that the structure with the chemical formula (T1,Pb),As,S,
is basically correct. Up to this stage, atomic form-factor approxima-
tions by VAND ef al. (1957) were used, but were later changed to the
values given by ForsYTH et al. (1959). Atoms were assumed to be
unionized throughout the refinement, including the successive stages.

Mainly because of the comparatively slow calculating speed of
the Bull-Gamma electronic computer, the successive refinement was
performed on an IBM 7090 computer using a full-matrix, least-squares
program, SFLSQ3, written by C. PREwirT. For the final stages of
refinement, form factors based upon the Thomas-Fermi-Dirac statisti-
cal method were employed for Pb and Tl, and those given by FREEMAN
and Warsox, and Dawsox were used for As and S respectively
(International Tables, vol. I11, pp. 201 to 212). The weighting scheme



Table 6. Final atomic parameters of hutchinsonite, and their estimated standard deviations

x y | 2 | B olw) X107 | o(y) X104 | o(z) x 10-* o(B) x 10-2
(Pb,Tl); 0.3581 0.2469 | 0.1056 1.92 1.3 0.5 2.1 2.7
(TLPb)y 0.3361 0.1223 0.6351 2.85 1.7 ' 0.5 2.4 3.0
As, 0.1081 0.1948 0.7040 1.84 3.9 1.1 5.4 7.5
As,, 0.0994 0.1848 0.1261 2.00 4.0 1.2 5.7 7.1
Asypy 0.4362 0.1153 0.1344 1.86 3.9 1.1 5.5 7.2
Asy 0.1364 0.0480 0.2151 1.94 4.0 1.2 5.5 7.2
Asy 0.3814 | 0.0288 0.9545 1.91 4.0 1.2 5.6 7.3
S, 0.3934 1 0.1899 0.3644 \ 1.82 9.4 2.8 13.3 17.8
Su 0.4090 |  0.1906 0.8628 1.61 8.9 2.6 12.7 20.4
Sor 0.1123 | 0.2540 0.3704 1.46 8.2 2.5 12.7 13.1
Siv 0.1289 l 0.1377 0.3247 1.64 9.0 2.7 12.9 18.7
Sy 0.1128 |  0.1466 0.8953 1.55 8.8 2.6 12.7 17.3
Svr 0.3878 |  0.0151 0.6838 2.27 10.3 3.0 14.4 17.4
Svir 0.1942 { 0.0573 0.9521 2.41 10.7 | 3.1 15.0 18.9
Symr 04390 | 0.0672 0.3275 1.99 9.7 ‘ 2.9 13.8 20.8
Six 0.0086 | 0.0799 0.5859 1.70 o1 2.7 13.0 16.2
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recommended by CRUICKSHANK et al. (1961) was adopted. This has
the form

w=1/(a + F -+ cF?).

For a and ¢, 90 and 0.002 were used, respectively. Since the F,’s were
collected around the ¢ rotation axis from { = 0 to I = 7 and the F s
for each level have different scale factors, the refinement of scale
factors was carried out as the first step. In the following steps, re-
finement of the coordinates and the isotropic temperature factors
was performed seperately. After four such cycles the E value went
down to 0.145 for all F’s and to 0.123 for the observed reflections
alone.
0 b/

AsprAsy . 9

2Sm

2(T1,Pb),

%)

Fig. 9. Final electron-density projection along the ¢ axis. The contours are drawn
at equal, but arbitrary, intervals except for Pb(T]); where the interval is doubled:
the zero contour is dotted

The final atomic parameters are given in Table 6, with estimated
standard deviations, The comparison of F’s and F/s is given in
Table 7. The final Fourier projection ¢ (xy) is shown in Fig.9.

Discussion of the refinement

The effects of dispersion were not taken into account in the above
steps of refinement. With CuKx the effect is negligible for As and S,
but for Pb (and TI) it is appreciable, A" and Af" being — 4 and 10~ 9
respectively. Since the isotropic temperature factors of the Pb (TI)
atoms are slightly larger than those of the lighter As and S atoms,
and it appeared that this might be due to the neglect of dispersion
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Table 7. Comparison of the |Fo(hkl)| and the + F(hkl) values of hutchinsonite

-170.13

0.
68,60 69,75
81.31 83.91

Bk o1 ¥, F, B k1 F, A Bk 1 ¥, ¥, bk
613 o 0 6 1 3 6 11
614 o 08 1 3 612
615 0 010 1 3 613
616 o 012 1 3 6 1h
6§17 0 014 1 3 615
618 0o 016 1 3 6 16
6195 o 018 1 3 617
620 0 020 1 3 618
621 o 022 1 3 619
622 0 024 1 3 6 20
623 0 026 1 3 6 21
626 0 028 1 3 6 22
625 o 030 1 3 6 23
626 0 032 1 3 6 24
627 0 [T 3 6 25
628 0 03 1 3 6 26
629 a 038 1 3 6 27
630 0 0o 1 3 6 28
631 0 042 1 3 6 29
632 0 111 3 630
633 0 121 3 631
63k © 131 3 6 32
635 0 1 04t 3 633
636 o 151 3 6 34
637 0 16 1 3 635
638 o 171 3 6 36
639 0 181 3 637
640 0 191 3 6 38
8 0 0 110 1 3 639
810 1111 5 6 40
8 2 0 112 1 4 71
8 3 0 113 1 4 72
8 4 0 114 1 4 73
8 5 q 115 1 4 7 4
8 6 0 116 1 L 75
8 7 0 117 1 % 7 6
8 8 0 118 1 4 77
8 90 119 1 4 78
810 o 120 1 N 7 9
811 0 121 1 5 710
812 o 122 1 . 7 14
813 0 123 1 Iy 715
81k 0 124k 1 N 716
815 0 125 1 4 717
816 0 12 1 5 7 18
817 0 127 1 4 719
818 o 128 1 4 720
819 0 129 1 4§ 72t
820 © 130 1 4 7 22
821 0 131 1 4 723
822 0 132 1 4 7 2k
823 0 133 1 4 725
82k 0 134 1 4 726
825 0 135 1 4 727
826 0 136 1 4 7 28
827 0 137 1 ) 729
828 o 138 1 & 7 30
829 0 139 1 4 731
830 0 140 1 4 732
831 o 141 1 4 733
832 o0 142 1 4 7 34
833 0 143 1 4 735
834 o 141 4 736
835 0 211 P 737
836 0 2 2 1 & 8 1
10 0 0 2 3 1 4 8 2
10 1 0 2 4 4 8 3
10 2 o 2 5 1 & 8 4
w0 3 0 2 6 1 4 8 5
0 4 0 2 7 1 4 8 6
to 3 0 2 B 1 4 8 7
10 6 o 2 91 5 8 8
w0 7 0 210 1 3 8 9
10 8 0 21 1 5 8 10
10 9 0 212 1 5 8 11
1010 0 213 1 5 812
1011 0 211 5 813
10 12 0 215 1t 5 8 14
1013 © 216 1 5 813
10 1% 0 217 1 3 8 16
1015 ¢ 218 1 5 817
10 16 o 219 1 5 8 18
10 17 © 220 1 5 8 19
10 18 © 221 1 3 8 20
10 19 0 222 1 5 821
1020 0o 223 1 5 8 22
1021 0 228 1 5 8 23
10 22 ¢ 225 1 3 8 24
1023 0 226 1t 5 8 25
10 24 0 227 1 5 8 26
10 25 ¢ 228 1 5 8 27
10 26 0 229 1 3 8 28
10 27 0 230 1 H 8 2
10 28 0 231 1 3 8 30
1029 © 232 1 5 8 31
1030 0 233 1 3 8 32
12 0 0 23 1 5 833
12 1 0 235 1 5 8 34
12 2 ¢ 236 1 5 835
12 3 0 237 1 3 9 1
12 4 0 238 1 5 9 2
12 5 0 239 1 5 9 3
12 6 0 240 1 5 9 &
12 7 0 241 1 3 9 3
12 8 0 242 1 5 9 6
12 9 0 243 1 3 9 7
12 10 © 2 4% 1 5 9 8
1211 0 30101 3 9 9
12 12 0 3 21 5 9 10
1213 0 331 3 911
12 1k 0 3% 1 1 912
1215 0 351 6 913
1216 0 361 6 9 1k
1217 0 371 6 913
12 18 0 38 1 6 916
1219 ¢ 391 H 917
1220 o 310 1 6 918
1221 0 3111 16,33 ¢ 919

1 3 1 6 9 20

1 3 1 6 921
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The crystal structure of hutchinsonite

Table 7. (Continued)

ko1 F, ¥, B ok 1 7, r, Bk o1 F, r, B ok X 7,
922 1 118 2 2 711 2 119.43
923 1 119 2 2 712 2z 77.14
92 1 120 2 2 713 2 81.07
925 1 121 2 2 71k 2 22,97
9926 1 122 2 2 715 2 123.92
927 1 125 2 2 716 2 40.45
926 1 126 2 2 717 2 151.06
929 1 125 2 2 718 2 21.57
930 1 126 2 2 719 2 80.35
93 1 127 2 2 720 2 70.89
932 1 128 2 2 721 2 66.29
01 1 129 2 2 72 2 6243
10 2 g 130 2 2 723 2 69.96
1003 1 132 2 724 2 61,68
0 E1 132 2 2 725 2 76.52
1051 133 2 2 72 2 32.48
06 1 13 2 2 727 2 70.32
1071 135 2 2 72 2 18,36
08 1t 13 2 2 729 2 39.80
1009 1 137 2 2 730 2 16,60
1010 1 138 2 2 731 2 76,26
1111 139 2 2 732 2 3447
1012 1 140 2 2 733 2 7774
1013 1 141 2 2 734 2 38.95
1014 1 2 0 2 2 735 2 22.9%
1045 1 2 1 2 2 73 2 2032
1016 1 2 2 2 2 8 0 2 0,
1017 1 25 2 2 8 1 2 0.
1018 1 2 ko2 2 8 2 2 o,
1019 1 25 2 2 8 3 2 9.
1020 1 2 6 2 2 8 4 2 0,
1021 1 2 7 2 2 8 5 2 358,96
102 3 2 8 2 2 8 6 2 39.84
023 1 2 9 2 2 8 7 2 28,09
[LETEN] 210 2 2 B 8 2 7300
1025 1 211 2 2 8 9 2 58,70
1026 1 212 2 2 810 2 o,
1027 1 213 2 2 811 2 68.23
1028 1 21k 2 2 812 2 63.58
oo 215 2 2 813 2 o.
1021 216 2 2 814 2 3443
31 217 2 2 815 2 31,34
41 218 2 2 816 2 43,77
151 219 2 2 B17 2 25,99
16 1 220 2 2 818 2 k249
17t 221 2 2 819 2 0.
18t 222 2 2 820 2 62.77
19 1 223 2 2 821 2 34.05
110 1 224 2 2 822 2 61.19
[TRTENY 225 2 2 823 2 254k
1112 1 226 2 2 824 2 0.
113 1 227 2 2 825 2 45.73
ko1 228 2 2 826 2 .
115 1 229 2 2 827 2 2168
16 1 230 2 2 a28 2 5032
117 1 231 2 2 829 2 31,45
118 1 232 2 2 830 2 16,18
119 1 233 2 2 83t 2 o.
11920 1 23 2 2 832 2 31.28
a1 235 2 2 9 0 2 119.71
122 1 236 2 2 9 1 2 137.55
123 1 237 2 532 2 9 2 2 8oL
12 1 1 238 2 553 2 93 2 82,84
12 2t 239 2 531 2 9 &4 2 122,92
12 3 1 250 2 535 2 95 2 76.h1
12 41 241 2 536 2 9 6 2 126.7
12 5 1 30 2 537 2 9 7 2 4522
12 6 1 31 2 538 2 9 8 2 69,81
12 7 1 3 2 2 539 2 %9 2 36.03
1208 1 33 2 540 2 910 2 117.14
12 9 1 3 4 2 6 0 2 911 2 135.35
1210 1 35 2 6 1 2 912 2 91.54
1211 1 36 2 6 2 2 913 2 0.
1212 1 37 2 6 3 2 914 2 74.58
1213 1 308 2 6 & 2 915 2 139.83
12 1a 1 392 6 5 2 916 2 95.11
12 15 1 310 2 6 6 2 917 2 67.60
1216 1 311 2 6 7 2 918 2 57.41
1217 1 312 2 6 8 2 919 2 50.40
1218 i 313 2 6 9 2 920 2 93.45
1219 31k 2 610 2 921 2 5u.85
02 2 315 2 611 2 922 2 66.82
0y o2 316 2 612 2 923 2 70.76
¢ 6 2 317 2 613 2 92 2 81,24
0 8 2 318 2 614 2 925 2 32.89
010 2 319 2 615 2 926 2 49.32
012 2 320 2 616 2 927 2 76.13
o1y 2 321 2 617 2 928 2  18.24
016 2 322 2 618 2 929 2 0.
818 2 323 2 619 2 930 2 57.80
020 2 32k 2 620 2 931 2 #3.89
022 2 325 2 621 2 10 0 2 o,
02 2 326 2 622 2 10 1 2 59.52
0326 2 327 2 623 2 102 2 BL.73
028 2 3028 2 62k 2 1003 2 3499
030 2 329 2 625 2 10 4 2 40.87
632 2 330 2 626 2 10 5 2 49.04
034 2 331 2 627 2 106 2 2584
036 2 332 2 G628 2 107 2 40,98
038 2 333 2 629 2 108 2 29,32
040 2 33 2 630 2 10 9 2 43.50
042 2 335 2 631 2 1010 2 s0.12
10 2 336 2 632 2 10 11 2 24,49
11 2 337 2 633 2 1012 2 44,05
12 2 338 2 634 2 10 13 2 0.
13 2 339 2 635 2 10 t4 2 24,50
14 2 340 2 636 2 10 85 2 48.63
15 2 341 2 637 2 10 16 2 o,
16 2 o2 638 2 10 17 2 o,
17 2 512 70 2 1018 2 53.20
18 2 4 2 2 71 2 10 19 2 0.
19 2 4 3 2 7 2 2 10 20 2 0.
110 2 X ko2 73 2 1021 2 o,
111 2 45 2 7k 2 10 22 2 o,
112 2 5 6 2 75 2 10 23 2 0.
113 2 7 2 76 2 10 2% 2 0,
114 2 4 8 2 772 10 2 122,75
115 2 4 9 2 7 8 2 8 111 2 112,41
116 2 510 2 7 9 2 120.37 123.26 11 2 2 47,88
117 2 41102 5045 40,4k 710 2 42,75 29,70 11 3 2 97,86

Z. Kristallogr, Bd. 121, 5

O 19 02 10 19 9 10 19 19 10 3 N K069 8 IS N3 10 10 10 13 19 10 10 12 80 19 13 N9 12 15 10 19 19 10 10 13 1 14 1+ 1 1t 1t ik m 1t e 1 1 1 i bt it e b b e R R R R R R R R R MR AR 86 00C0000R0000a000a
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°
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48,79
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Table 7. (Continued)

Pxl 7, LR b ok 1 F, B, Bk i F, ¥ B ko1 F, Fy h k1 ¥, F,
89 & 163.66 -149.93 026 5 124.15 -140.79 3 5 713 5 3na2 35.62 0 6 6 89.00 95.09
810 &  90.46 86,14 028 5 3 5 714 5 &2 37.74 08 6
811 & 33,57 33.22 030 5 A 5 715 5 50.5 -49.18 010 6
112 & 032 5 4 5 716 5  47.59  -43.57 012 6
813 & 034 5 4 5 717 5 9.71 01k 6
B14 4 036 5 4 5 718 5 46,37 -42,89 016 6
815 & 038 5 4 5 719 5 . -11,38 01B 6
416 A 115 4 5 72 5 40,22 36.82 020 6
B17 A 125 4 5 721 5 " 71,25 70,42 022 6
018 4 135 & 5 72 5  33.80 -34.66 024 6
819 4 1 k5 4 5 723 5 o, 0.58 026 6
820 4 155 4 5 726 5 18,13 17,73 028 6
821 & 165 4 5 725 5 25.70 29.52 030 6
822 & 175 A 5 726 5 -12.30 032 6
823 4 185 4 5 727 5 29.07  -36.59 03 6
82 4 195 & 5 726 5  19.53  -24.37 036 6
825 4 110 5 & 5 729 5 th.i? 18,08 10 6
826 4 111 5 & 5 730 35 14,57 15.66 11 6
827 4 112 5§ 4 5 731 5 53.50 56,46 1.2 6
820 & 113 5 4 5 871 5 2z 32.24 13 6
829 & 114 5 4 5 8 25 0 8.80 146
830 4 115 5 & 5 8 3 5 27.35  -18.90 15 6
(S 116 5 & 5 8 4 5 4350  -34.59 166
90 & 117 5 4 5 8 5 5 81.47 =71.71 176
91 4 118 5 4 5 B & 5 6.75 186
924 119 5 A 5 8 7 5 60,51 53.21 196
93 4 120 5 4 5 8 8 5 32,00 26,36 110 6
9 b8 121 5 13 5 8 9 5 64.53 65,46 111 6
95 & 122 5 4 5 810 5 28,23 25.26 112 6
9 6 4 125 5 4 5 811 5 54.83 -51,39 113 6
97 4 124 5 4 5 812 5  4z.3 38.30 1% 6
9.8 4 125 5 4 5 813 5 32,96 -23.81 115 6
99 4 126 5 4 5 81k 5 2015 15.99 116 6
910 & 127 5 1 5 815 5 0. 11.45 117 6
st 4 128 5 4 5 816 5 au13 42,40 118 6
912 & 129 5 & 5 817 5 14,36 15.00 119 6
913 4 130 5 & 5 818 5 0. 9.84 120 6
91k 4 131 5 4 5 819 5 13,51  -17.23 121 6
915 & 132 5 s 5 B20 5  60.24  -62.15 122 6
916 & 133 5 5 5 B2l 5 7117 -67.h2 123 6
917 & 13 5 5 5 822 5 31.93 -36.84 126 6
918 & 135 5 5 5 823 5 14.88 16,17 125 6
919 & 13 5 5 5 824 5 13.45 -12.68 126 6
920 4 137 5 5 5 B25 5 36,34 44,4y 127 6
921 & 138 5 5 5 826 5 1457  -16.40 128 6
922 4 139 5 5 5 827 5 1074  -15.80 129 6
923 4 271 5 5 5 828 5 1454 -19.48 130 6
924 & 2 25 5 5 8129 5 9.73  =10.63 131 6
925 & 235 5 3 9 1 5 -~ 5.93 132 6
926 4 2 4 5 3 5 9 2 35 38.08 =32.97 133 6
927 4 25 5 5 5 9 3 5 5301 53.78 13 6
1000 & 2 6 5 5 5 9 4 5 28.45 ~21.89 135 6
1001 & 27 5 5 5 9 5 5 55.54 -51.26 2 0 6
0 2 & 28 5 5 5 9 6 5 39.22 -28.85 2 1 6
10 3 4 2 9 5 5 5 27 5 30.01 24,10 2 2 6
104 & 210 5 5 5 9 8 5 21,72 -14.73 236
105 & 211 5 5 5 9 9 5 28,22 25.32 2 4 6
106 4 212 5 5 5 910 5 28,87 25.7% 2 5 6
10 7 & 213 5 5 5 911 5 25.17 -16.99 2 6 6
10 8 & 214 5 5 5 912 5 364t -33.18 2 7 6
10 9 & 213 5 2 5 913 5  23.61 19.66 2 8 6
1010 & 216 5 5 5 914 5 47.58 51.88 2 9 6
1011 4 217 5 5 5 915 5 1,71 -13.24 210 6
10 12 % 218 5 5 5 916 5 11.71 6.03 211 6
1013 & 219 5 5 5 917 5 11,71 12,13 212 6
101k & 220 5 5 5 918 5  18.19 20,02 213 6
1015 & 221 5 5 5 919 5 12,67 11.12 214 6
1016 4 222 5 5 5 920 5 1506  -15.95 215 6
1017 4 2235 5 5 5 92t 5  6h.2z7  -55.14 216 6
1018 4 224 5 5 5 922 5 20,92 21.0t 217 6
1019 & 225 5 3 5 923 5 59.71 55.08 218 6
10 20 & 226 5 3 5 924 5 23.77 23,34 219 6
102 & 227 5 5 5 925 5 10.67 10,69 220 6
1022 4 228 5 5 5 926 5 12,7y 11,72 z2t 6
023 4 229 5 & 5 1001 5 3411 -36,37 222 6
1024 4 230 5 6 5 10 2 5 k2,04 38,84 223 6
10 4 231 5 6 5 103 5 0, - 3.8 22 6
114 232 5 6 5 10 45 o - 0,65 225 6
1oz 4 233 5 1 5 105 5 1377 -15.28 226 6
13 4 23 5 6 5 106 5 11.79 143 227 6
1ok oA 235 5 6 5 16 7 5 11,66 - 8.30 228 6
11 5 4 236 5 6 5 10 8 5 21,47 17.18 229 6
16 4 237 5 6 5 10 9 5 0, - 1.58 230 6
117 & 238 5 6 5 10 10 5 0 2.08 23t 6
1n 8 & 3715 6 5 1011 5 26.82 27.47 232 §
19 4 325 13 5 10 12 5 21.89 20.15 233 6
110 4 3355 6 5 1013 5 37.17 43.48 23k 6
[T 3 435 6 5 1018 5 3580  -38.35 235 6
1112 4 355 6 3 10 15 5 16,00 11.10 30 6
1113 4 365 [ 5 1016 5 10,32 - 6.2% 316
11 th & 375 6 5 1017 5 13.80 ~ 6.16 32 6
1115 & 38 5 6 5 1018 5 20035 15.02 336
116 & 395 1 5 1019 5 29.67 28.99 30406
1117 & 310 5 6 5 1020 5 16,13 -17.04 35 6
12 .0 4 31805 6 5 1021 5 0 6,04 366
21 4 312 5 6 5 1022 5 21,47 -21.75 376
12 2 & 313 5 6 5 o105 2521 -23.21 38 6
12 3 & 314 5 6 5 1 2 5 30.00 30.76 3 9 6
12 4 4 315 5 (] 5 1 3 5 14.85 10.56 310 6
12 5 4 316 5 [3 5 1 & 5 34.71 ~39.61 311 6
12 6 & 317 5 6 5 1 5 5 22,88 -21.08 312 6
12 7 4 318 5 6 5 116 5 1044 - 4,67 313 6
12 8 4 319 5 6 5 17 5 2143 21.34 31k 6
12 9 4 320 5 6 5 18 5 1371 16.57 315 6
1210 & 321 5 6 5 1 9 5 o 5.50 316 6
1211 4 322 5 6 5 110 5 13.77 13.85 317 6
1212 4 323 5 6 5 15 1405 18,32 318 6
1213 & 326 5 6 5 112 5 1545 17.3% 319 6
¢ 25 325 5 7 5 1113 5 29.32 25.77 320 6
[ 326 5 7 5 11k 5 25,13 -27.49 301 6
¢ 65 327 5 ? 5 1115 5 6,75 13.21 322 6
08 5 328 5 7 3 1116 5 20,46 25,44 323 6
010 5 329 5 7 5 12 1 5 08,95 23.28 324 6
012 5 330 5 7 5 12 2 5 40.97  -41.43 325 6
014 5 331 5 7 5 12 3 5 0. - 8.84 326 6
616 5 332 5 7 5 12 4 5 [N - 2,01 327 6
018 5 33 5 7 5 12 5 5 0 - 6,47 328 6
020 5 33 5 7 5 12 6 5 17.95 20,93 329 6
022 5 33 5 7 5 . 02 6 3t.81 59.17 330 6
924 5 336 5 712 5 40,65 -3.11 © 4 6 128,20 -124.25 331 6
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Table 7. (Continued)

k1 F, F B ok 1 F, F B ok 1 F, F, h ok 2 ¥, ¥, B ok 1 ¥, r
32 6 45.93 34,29 617 6 50.55 5544 918 6 99.23 82,73 2 9 7 5 6 7
336 3955 33.91 618 6  40.53 41,60 919 6 95,95 79.24 210 7 5717
34 6 55.24 45.73 619 6 37,08 32,51 $2 6 16,35 16,01 211 7 5 8 7

0 6 13.47 7.50 620 6 39.58 -36.31 921 6 26,49 -19.48 212 7 5 9 7

1t 6 35.16 32.59 62t 6 27.86 26.00 922 6 45.19 54,40 213 7 510 7
2 6 60.75 -55.89 622 6 29.13 29.23 10 6 6 29.25 15.95 214 7 511 7

36 27.14 -23,20 623 6 51.21 -50.70 0 1 6 49.52 -39.09 215 7 512 7

4 6 77.5% 87,10 624 6 10.38 - 6,65 10 2 6 66.61 ~49.38 216 7 513 7

5 6 42,00 42,33 625 6 25.30 21,44 10 3 6 0 8,00 217 7 51k 7
6 6 6031  -61,05 626 6 13.74 10.35 10 4 6 81,69 69:40 218 7 515 7

7 6 20.69 -15.54 627 6 57.78 =50.21 10 5 6 21.37 -5.24 219 7 516 7

8 6 42.67 46.09 628 6 26,47 -27.42 10 6 6 23,46 -14.86 220 7 517 7

9 6 3.02 629 & 23,84 16,08 10 7 6  46.55 37.23 22t 7 518 7
10 6 91.36 -95.30 630 6 26.13 22,87 10 8 6 26,33 20,76 222 7 519 7
116 46,20  -45.8% 70 6 107.92 102,08 10 9 6 39,84  -30.27 223 7 520 7
12 6 57.86 57.50 7 1 6 115.98 -105.72 1010 6  32.2% 22,54 224 7 521 7
13 6 36.42 34.66 72 6 4197  .3k.39 1011 6 3.55 223 7 522 7
1h 6 68,93 66,61 7 3 6 40.85 37.82 1012 6 42,49 35.50 226 7 523 7
15 6 0. - 4,61 7 & 6 55,85 -56.03 1013 6 0 -2.29 227 7 52 7
16 6 0. 11.05 75 6 88,97 -91.03 10 14 6 54.61 ~49.44 228 7 325 7
17 6 38.40 32.74 7 6 6 22,31 2122 1015 6 4034 39.29 229 7 526 7
18 6 26.15 -18.92 7176 16.29 .79 10 16 6 26.12 27,45 230 7 527 7
19 6 17,71 -21.77 7 8 6 40.1h 3450 1017 6 21,95  ~20.80 231 7 528 7
20 6 70.80 76.35 796 80,06 -85.98 1 0 6 92,27 ~78.82 301 7 6 1 7
21 6 37.00 37.25 710 6 21,71 18.96 11 1 6 70,11 57.6% 3 2 7 6 2 7
22 6 42.73 -4k, 20 711 6 49.84 56,87 1 2 6 57.36 50,16 303 7 6 3 7
23 6 - 9.00 712 6  62.40 56,42 11 3 6 34,00 236,97 3 & 7 6 & 7
2 6 31.10 30.75 713 6 30.28 3384 11 & 6 37.10 3097 3 5 7 6 5 7
25 6 o, -10.7% 71t 6 12,72 8.88 1t 5 6  64.A4h 63.07 3 6 7 66 7
26 6 48,39 -i3.10 715 6 99.85  100.88 11 6 6 27,94 26,53 3 7 7 6 7 7
27 6 38,48 ~30.61 716 6  85.39 93.07 11 7 6 12,91 1050 3 8 7 6 8 7
28 6 4B.55 51.86 717 6 61.19  -60.94 02 7 6.05 827 3 97 6 9 7
26 6 23,67 28.73 718 6 8,60 0 4 7 9,08 =16.31 310 7 610 7
30 6 24,91 -25.98 719 6 65.82 66.76 06 7 88,60 119.65 311 7 611 7
316 . 0,67 720 6 37.36 34.79 o 8 7 13,94 14.23 312 7 612 7
32 6 37.44 31.94 72t 6 26.88 -22,78 e10 7 19,23 20,03 313 7 613 7
33 6 20.35 12,79 722 6 30.95 -30.11 012 7 85.40 88,18 314 7 614 7
36 0.66 - 5.90 725 6  37.20 33.49 014 7 33.66 30,12 315 7 615 7

0 6 85.07  ~79.41 728 6 2495 27.08 016 7 46.58  -49.33 316 7 616 7

16 21,15 16.66 725 6  69.04  -59.71 018 7 35.25 30.27 317 7 617 7

2 6 71.07 71.76 726 6 55.46 35.15 020 7 29,40 -32,31 318 7 618 7

3 6 19.18 1.33 727 6 15.06 14 022 7 65.77 53.78 319 7 619 7

4 6 29.36 -26.42 728 6 70.23 62,34 024 7 58.35 42,09 320 7 620 7
5 6 100.48 108.21 729 6 18.49 ~19.28 026 7 a 10.57 321 7 621 7
6 6 52,07 50,94 8 0 6 66,38 -64.26 028 7 37.49 -29.41 322 7 622 7
7 6 14.41 - 6,51 8 1 6 33.82 -30.57 030 7 12,28 - 3.16 323 7 623 7
8 6 136.90 -137.85 8 2 6 21.73 13.98 032 7 46,59 -40,03 3 24 7 624 7
9 6 71.32 70,01 8 3 6 58.89 58.86 117 13,96 18,94 325 7 625 7
10 6 49.38 51,01 8 4 6 16.30 -11,27 12 7 37.80 56.89 326 7 717
11 6 37.79 -37.12 8 5 6 40.83 ~-35.90 13 7 42,26 -56,97 327 7 7 27
12 6 30.91 -32.80 8 6 6 66.87 63,11 1507 59,36 76.69 328 7 737
13 6 0 477 8 7 6 22.5% 15.72 15 7 2915 35.55 329 7 708 7
1% 6 5312 53.80 8 8 6 2231 -23,05 16 7  39.98 ka3 330 7 757
15 6 16.79 10,94 8 9 6 37.39 -32,58 17 7 18.8% -12.54 331 7 7 6 7
16 6 69.40 -73.04 810 6 38.83 37.01 1.8 7 32.96 34,31 41 7 77 7
17 6 28,40  -25.56 811 6 h7.49 k3.78 197 142 0.7 b 207 7 87
18 6 82.60 83.19 812 6  31.51  -28.75 110 7 71,38 78.93 4 3 7 797
19 6 65.67  -66.79 813 6 48,57  -kk.4b 1117 647 41,83 4 4 7 710 7
20 6 M0 34.57 81k & 29,67 28,54 112 7 3905 -39,32 4 3 7 717
2t & 68.47 67.76 815 6 11.95 13.94 113 7 21,07 -15.87 4 & 7 712 7
22 6 63.34 65.31 816 6 3143 -30.16 11h 7 48,57  -50.68 4 7 7 713 7
23 6 58,17  -52.43 817 6 3.7 314k 115 7 37,35 36.37 & 8 7 71 7
2h 6 7426 -70.69 818 6  10.80 14.01 116 7 40,35 -36.43 4 97 715 7
25 6 6.14 819 6  40.69 TR 117 7 12,17 -10.49 416 7 716 7
26 6 47.12 50,31 820 6 12,72 - 8,80 118 7 14.38 16,32 4117 717 7
27 6 38,33 -35.22 821 6 uh.7h -A1.06 119 7 7812 8737 k12 7 718 7
28 6 18.27  -16.78 822 6  53.27 43.36 120 7 22,70 22,64 413 7 719 7
29 6 20,28  -11.51 823 6  13.66 . 1.61 12t 7 11,77 -35.83 4147 720 7
30 6 12,40 7.96 824 6 33.96 -33.60 122 7 54,36 -56,80 4 15 7 721 7
31 6 11.19 9.05 825 6 19.17 -12.99 123 7 13.30 -12,35 k16 7 722 7
32 6 88.05 -88.75 9 0 6 35.20 29,01 124 7 18,89 1k.92 k17 7 72 7

[ 64.37 -58.13 9 t 6 45,28 43,42 125 7 21.01 20,27 418 7 72 7

1 6 60.57 63.64 9 2 6 76,26 -71.05 126 7 42,56 46.06 419 7 725 7

2 6 27.37 26.43 93 6 5133 4h.61 127 7 1133 -3.39 20 7 817
3 6 36,50 -3u5 9 4 6 54.74% 50.90 128 7 12,78 3.36 W21 7 a2 7

& 6 59.15  -63.12 9 5 6 59.33  -61.k9 129 7 113 -6.01 h22 7 8 3 7

5 6 5439 53.06 9 6 6  41.26  .33.27 130 7 30,8 2379 423 7 8 4 7

6 6 52.99 52,34 9 7 6 65.56 -63.13 131 7 42.23 38,88 4 24 7 8 5 7

7 6 67,80 -67.67 9 8 6 8446 7h.08 132 7 28,00 22,91 425 7 8 6 7

8 6 21,27 17.75 9 9 6 15.60 - 1.90 133 7 29.14 27.86 426 7 8 7 7

9 6 43.35 40,11 910 6 23.5% -20.90 21 7 25.72 26,83 & 27 7 8 8 7
10 6 28.4% 19,96 911 6  43.36 40,43 2 2 7 9. 7.60 428 7 8 9 7
1 6 55.50 ~54%.14 912 6 54.13 54,20 2 3 7 52,24 -45.33 429 7 810 7
12 6 62,78 -64.48 913 6 14.16 -14.86 2 4 7 27.59 29,05 5 ! 7 811 7
136 33.41 31.21 914 6 %0.0%  -31.93 2 5 7 17.8 621 5 2 7 10 1 7 37,12 -9
1 6 2h.56 27,24 915 6  79.36  -72.71 2 6 7 28,60 26,5 5 3 7 027 5.7 18,46
15 6 h9.78 46,96 S16 6 32.45 27.39 2 7 7 56,38 5437 5 4 7
16 6 38.60 -33.50 917 6 38.79 26.29 2 8 7 6,53 5 3 7

effects, test least-squares computations were performed using atomic
form factors of (T1,Pb) corrected for dispersion. The result turned out
to give B=1.35 for (Pb,Tl); and B=2.32 for (T1,Pb); as shown in
Table 8. However, no appreciable improvement of R value was ob-
tained, R being 0.121 for observed F(hkl)’s. And atomic coordinates
agree well with those of Table 6 within the estimated errors. The
atomic coordinates listed in Table 6 were, therefore, accepted as
final ones and they were used to calculate bond lengths and bond
angles.
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Table 8
Results of least-squares refinements using dispersion corrections for Pb and T1
Appreciable differences from the values in Table 6 are observed only for B’s of

(T1,Pb)
z ‘ Y I z B
(Pb,T1), 0.3581 0.2469 0.1056 1.35
(TLPb), 0.3361 0.1223 0.6350 2.32
As, 0.1082 0.1948 0.7040 1.87
Asyp 0.0994 0.1848 0.1261 1.96
Aspgg 0.4361 0.1153 0.1343 1.85
Asy 0.1365 0.0480 0.2151 1.92
Asy 0.3814 0.0288 0.9545 1.89
Sy 0.3933 0.1898 0.3640 1.73
St 0.4092 0.1906 0.8628 1.57
St 0.1123 0.2541 0.3704 1.42
Sy 0.1289 0.1377 0.3244 1.67
Sy 0.1129 0.1466 0.8956 1.58
Syt 0.3877 0.0150 0.6839 2.31
Sviz 0.1942 0.0573 0.9521 2.36
Sy 0.4390 0.0671 0.3276 2.03
Six 0.0087 0.0800 0.5856 1.70

Description of the structure

The interatomic distances and bond angles are tabulated in Table 9
and Table 10. A diagrammatic representation of the structure is
given in Fig. 10, from which it can be observed that the structure
consists of two kinds of slabs, 4 and B, parallel to (010). The 4 slabs

sy 5, R —D ~Q
ey
. - >
; s
X O e O
o} /. i .‘ 0

' . o _
L VY .

Fig.10. The c-axis projection of the structure of hutchinsonitec. Large open
circle: Pb (T1), solid circle: As, and small open circle: 8. The slabs 4’ and B’ are
related respectively to 4 and B by the b-glide or b-screw operations




Table 9. (71, Pb)—S and As—S distances in huichinsonite

|

|
' Sy } Sir St Sy Sy [ Svi T Svir [ Svrrr Six mean a(l)
‘ |
Pb(Tl); | 294A| 2864 2774
’ 3.00 3.10 3.43 3.054
3.28 =+ 0.01,
TIPb); 3.31 3.15 3.43A | 3.334 (3.79A] 337 A] 3304
3.12 3.20*
As; 2.30 2.26 2.31 2.29
Asyy 2.24 2.35 2.32 2.30
As 2.25 2.32 2.33 2.30 -+ 0.01,
Asgy 2,26 2.26 2.27 2.26
As, 2.26 2.27 2.29 2.27

* Excluding Pb(T1);;—Sy,;; distance.
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Table 10
Bond angles and S—S edge lengths of As-S pyramids in hutchinsonite

As; pyramid

S—Sy 3.52 A S, —As—Sy 105.9°
Sir—Su 3.66 S —As—Sy 106.3
Sy—Sq1 3.59 Sy—As—S;; 102.1
mean 3.59 104.8
As;; pyramid
Syv—Sy 3.52 Sy—As—Sy 97.9
Siv—S; 3.50 Sv—As—S; 99.7
Syv—S; 3.44 Sy—As—S; 97.9
mean 3.49 98.5
Aspy; pyramid
Syir—S1x 3.49 Sviir—As—S 97.2
Syir—S1y 3.46 Syir—As—Sy 98.2
Six—Siv 3.23 Six—As—S v 89.6
mean 3.39 95.0
Asyy pyramid
Svir—Syr 3.30 Syir—As—Sy; 93.9
Svir—Svin 3.31 Syi—As—Syi 94.1
Svr—Svin 3.46 Svi—As—Syin 99.7
mean 3.36 95.9
Asy pyramid
Svi—Svir 3.38 Syi—As—Syq, 96.6
Svi—Six 3.24 Syi—As—S ¢ 90.6
Svin—Six 3.50 Syir—As—S, ¢ 100.6
mean 3.37 95.9
o(l) = + 0.01, A a(f) = + 0.5°

are composed of infinite spiral chains of As-S pyramids around the
two-fold screw axes. These chains are extended along the ¢ axis, a con-
figuration which is somewhat similar to that found in lorandite T1AsS,
(ZEMANYN and ZEMANN, 1959). The chains in hutchinsonite are, however,
laterally bonded together by additional AsS; pyramids to form
a complex layer parallel to (010), Fig. 11. The bond lengths and angles
of these spiral chains are shown in Fig.12.

The B slabs are composed of Pb(T1), As and S, and the structure
of these slabs is somewhat similar to a distorted PbS-type structure.
Accordingly, the As atoms in the B slabs (As;, As;;) have six neigh-
bouring sulfur atoms at distances As;: 2.30, 2.26, 2.31, 3.43, 3.50,
3.83 A; As;p: 2.24, 2,32, 2.35, 3.16, 3.22, 3.72 A. If account is taken
of the nearest neighbours only, each Asatom has a pyramidal coordi-
nation of three sulfurs, just as in an 4 slab. These As-S groups form
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Fig.11. The b-axis projection of the slab A. Large circle: As, small circle: S. The
shaded large circle indicates As;;;. The c-screw axis and center of symmetry
are shown

Fig.12 Fig. 13

Fig.12. As-S spiral chain, as viewed along the b axis

Fig. 13. As,S; groups in the slab B, as viewed along the « axis
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a finite group As,S; which is shown in Fig.13. The 4 and B slabs are
joined together by (T1,Pb); and Asy; atoms, and thus they build
up the bulk of the structure. This nature of the structure explains
well the good cleavage parallel to (010). The configuration of the
Asy-S group is given in Fig. 14.

The unit cell contains 72 S, 40 As and 16 (T],Pb) atoms, giving
the chemical formula (T1,Pb),As,S,. In Table 2, it is observed that,
for d = 4.6, the total number of Ag - Asis close to 40 for the analyses

Fig. 14. As[;;-S pyramids, as viewed along the ¢ axis.

1,2 and 3. This fact suggests that Ag may replace some sites of As.
Though such an example has not been reported, it is conceivable
because examples have been reported where Ag has trigonal pyramidal
coordination.

In miargyrite, AgSbS, (KNowLEgs, 1964) and smithite, AgAsS,
(HErinER and BURZLAFF, 1964), Ag has six neighbours of S atoms,
of which the three nearest form a pyramidal coordination as for As in
AsS;. An attempt was made to prove the above hypothesis by examin-
ing Wiesloch hutchinsonite which is reported to be rich in Ag, though
a complete chemical analysis is not given (SEELIGER, 1954). The in-
tensity distribution of the (h£0) reflections does not show any differences
from that of the Binnatal specimens which we used. A calculation
showed that even if there are 8 Ag atoms in the unit cell and they are
distributed over the 40 As sites, the electron number for each site
will be increased to 34.4, which is higher only by 1.4 than that of
As. If this is the case, it is hardly possible to detect the difference.

Tt should be noted that the As—S bond lengths in the As,S; spiral
chains are nearly equal, and they give a mean value 2.27 4+ 0.01 A,
which shows good agreement with the value 2.28 + 0.007 A for the
As"_§ single-bond length (CamerRMAN and TROTTER, 1964). On the
other hand, each of the Asy;-, Asy- and As;-S pyramids is characteri-



346 Y. TagktucHt, SUBRATA GHOSE and W. NOwACKI

zed by having one short As—S bond length of about 2.25 A and two
longer ones of around 2.32 A. The contents of Cu as shown in the
chemical analyses 2 and 3 in Table 1, are not essential to the structure.
A discussion of the possible locations of this atom is beyond the scope
of the present investigation. '

The chemical analyses show that there are about the same numbers
of Pb and TI atoms in the unit cell. Calculation of interatomic dis-
tances shows that the mean (TL,Pb);—S distance is bigger than the
(Pb,Tl);—S distance, and also the temperature factor of the former
is somewhat higher than that of the latter. The configuration of seven
sulfur atoms coordinated to a (Pb,T1); atom is similar to the con-
figuration of Pb in other sulfosalts, while the irregular configuration
for (TL,Pb);; (coordination number = 7 + 1) is uncommon for Pb.
An irregular configuration of sulfur atoms around T1 has been reported
in lorandite (ZEMANN and ZEMANK, 1959). This fact may suggest that
the (Pb,Tl); site is mainly occupied by Pb and the (TI,Pb),; site by
T1. Since, for the structure-factor calculation, the mean of the form
factors of these atoms was used, a possible ordering of these atoms
was tested using F(hk0) data. If we assume complete ordering by
placing Pb at the (Pb,TI), site and Tl at the (T1, Pb)y; site, the B value
for the F(hk0) data improves by 0.4°/,. If we use fp, for both sites,
the temperature factor of (Ph,Tl); decreases by only 0.01, while that
of (T1,Pb);; increases by 0.2. Although the changes are very small
and may not be significant, they are consistent with the assumption
that (Pb,Tl), sites are mainly occupied by Pb and (T1,Pb); by TL

In the B slabs, each Pb(TI) atom and its neighbouring S atom build
up a chain along the ¢ axis. These chains are joined laterally by
sharing a S atom to form the framework of B slabs. This kind of
linkage of Pb—S is common to most of the sulfosalts which have so
far been investigated (ITTaka and NowAcCKI, 1962; LEINEWEBER, 1956;
N1zekr and BUERGER, 1957 ; NOWACKI ef al., 1961, 1963a; WEITZ and
HELLNER, 1960).

The Pb-S chains have a periodicity of around 4 A. The S—S dis-
tances in the SbS; pyramids are close to 4 A. Therefore, in the sulfosalts
containing Pb and Sb, SbS; pyramids may form a chain or a group
which fits to the 4 A period of the Pb-S chain. On the other hand,
the S—S distances of the AsS, pyramids are around 3.5 A. Accordingly,
the AsS; pyramids do not fit to the Pb-S chain, and they tend to
form a complex group, causing the complexity of the structure. It was
reported by LEBIHAN (1962) that the xPbS - yAs,S; sulfosalts of the
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second group mentioned in the introduction have infinite AsS, chains
along the Pb-S chains. However, refined structures (NowaAckr et al.,
1963a) have proved that every four AsS; pyramids form a complex
finite group in these structures. This fact explains why the short
axis (4 A) does not occur in the sulfosalts containing As, as compared
to those containing Sb. It is interesting to note that the above situation
observed in sulfosalts is somewhat similar to the structures of silicates
where a misfit between octahedral and tetrahedral configurations
causes complexity of the structure (TAKEUCHI, 1964).
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