Zeitschrift fur Kristallographie, Bd. 125, S. 459—488 (1967)

The crystal structure of marrite, PbAgAsS,

By B.J. WUENSCH

Ceramics Division, Department of Metallurgy
Massachusetts Institute of Technology, Cambridge, Massachusetts

and W. NOWACKI

Abteilung fir Kristallographie und Strukturlehre, Universitit Bern *
Dedicated to Prof. Dr. G. Menzer on the occasion of his 70th birthday

(Received April 17, 1967)

Auszug

Marrit aus dem Binnatal (Schweiz) der Zusammensetzung PbAgAsS, kristal-
lisiert monoklin mit @ = 7,2705, b = 12,6319, ¢ = 5,9853 A, p = 91°13,7, in
der Raumgruppe O3, — P2, /a. Die Struktur ist eine Uberstruktur des PbS-Gitters.
Sie wurde durch eine systematische Untersuchung aller méglichen Anordnungen,
welche sich aus der Beziehung Sub-Superzelle ergaben, gefunden. Die Verfeine-
rung wurde bis zu B = 10,9%/, getrieben, einem Wert, welcher durch die Zuver-
lassigkeit der MeBdaten gegeben war.

Die Struktur gleicht nur in sehr bedingter Weise der PbS-Struktur. As hat
wie ublich drei nidchste S-Nachbarn (2,26—2,28 A) in trigonal-pyramidaler Koor-
dination. Ag weist drei néchste Nachbarn in Absténden zwischen 2,47 und 2,68 A
bei fast ebener Anordnung auf. Ein viertes S-Atom befindet sich ungefdhr normal
zur Dreiecksebene im Abstande 2,91 A. Pb ist von sechs Schwefelatomen unregel-
m#Big-oktaedrisch (2,80—3,26 A) umgeben. Die S-Atome sind bis zu 1,09 A aus
den idealen Substrukturlagen verschoben. Dies bedingt eine tetraedrische Koor-
dination von zwei der drei S-Atome im asymmetrischen Fundamentalbereich.

Abstract

Marrite, a rare sulfosalt from the Binnatal, Switzerland, has been shown to
have composition PbAgAsS;. The phase is monoclinic, space group P 2,/a, with
a = 7.2705,b = 12.6319, ¢ = 5.9853 A, p = 91°13.7°. The structure is a super-
structure based upon a PbS-like arrangement of atoms. The structure was solved
through systematic consideration of all possible arrangements permitted by the
subcell-supercell relationship. Refinement was carried to B = 10.9°/,, a valuo
which was shown to represent a limit imposed by reliability of the data.

* Structural investigations of sulfides and sulfosalts, part 34; contribution
No. 175 from the Abteilung fur Kristallographie und Strukturlehre.
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The structure only superficially resembles the PbS arrangement. Arsenic has
but three nearest S neighbors at distances between 2.26 and 2.28 A, which
together form the usual trigonal pyramid. Ag has three nearest neighbors
between 2.47 and 2.68 A with which it forms a group which is nearly planar,
A fourth S atom is at an intermediate distance of 2.91 A. Pb has six S neighbors
at distances between 2.80 and 3.26 A, which form an irregular octahedron. The
S atoms are displaced by as much as 1.09 A from the ideal substructure positions, -
This results in tetrahedral coordination for two of the three S atoms in the
asymmetric unit.

Introduetion

Marrite is an extremely rare sulfosalt known only from the
Lengenbach quarry in the Binnatal, Canton Wallis, Switzerland.
Fifteen small crystals were discovered by SoLry (1905). Insufficient
material was available to permit a chemical analysis, but the crystal
morphology indicated that it was probably a new species. SorLy
(1906) later reported additional forms, but the mineral received no
further study until recently (WuENscE and Nowack1, 1963).

At the time this work was begun, marrite was the only well-
established phase which had not been rediscovered since the reopening
(Nowacki, 1960, 1963) of the Lengenbachl. One of the original crystals
obtained by SoLrLy?, approximately 1 mm in diameter, was kindly
provided by Dr. G. F. CLARINGBULL. The present study was performed
with two chips removed from this crystal.

Chemical composition

A chemical analysis of one fragment was performed at the Bureau
de Recherches Géologiques et Miniéres, Paris, with the aid of electron-
microprobe fluorescence analysis. The analysis (WuENscH and

Table 1. Chemical composition of marrite

Microprobe analysis

Ideal PbAgAsS
(WuENscH and NowAckr, 1963) ea. gASDs

|
|

As it 17.9 £ 0.5
|

Pb

Ag 23.74-1.5 22.19
15.41

S 18.8 4+ 1.0 19.78

z 101.4 100.00

J
41.0 = 1.0 wt 9/, ‘ 42.62 wt 9,
\
[
|
t

! Crystals of marrite were subsequently identified among specimens obtained
from the Lengenbach during the summer of 1963 (NowAcCKi, et al., 1964).
2 British Museum Catalogue No. 87130.
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Nowacki, 1963), Table 1, indicated < 1
that the phase had composition % - -
PbAgAsS,. No other Pb—Ag arseno- <2 3
sulfide has yet been discovered. A '; i ow w|°
= e =
X-ray examination E) E TET g e
Precession photographs obtained '% @ §
from the second fragment indi- e
cated that the phase was mono- ~
clinic. Systematic absences were
observed for A0l reflections with -
b # 2n and for 0kO reflections with o B é;“%
k # 2n. The diffraction symbol is § & - i
thus 2/m P 2,/a. This unambiguously ;ﬁ % o T R o
specifies P 2,/a — (%, as the correct -3 & g s |2
space group. ::* SR 2
Precise lattice constants were de-  § S
termined from back-reflection Weis- =
senberg photographs (BUERGER, 3 -
1937). A least-squares extrapolation i % g
based on 29 Okl and 32 hOl reflec- 5 | | S g T X
tions, in which parameters charac- .§ E g Z 228 = g
terizing systematic error due to film  § | % | & F ol HHH H |z
shrinkage, eccentricity and absorp- 3 2 '% ; = § g § e
tion were refined, was performed ¥ § S % RS ?5 E
with the aid of the IBM 7094 pro- = |~ | & & =
gram LCLSQ3 (BURNHAM, 1962). o =3
The lattice constants which were ob- ;cé ”
tained, Table 2, confirm preliminary % >
values obtained from precessison Z_ g2z 2
photographs (WuexscE and No- St 888 &%
WACKI, 1963), and are in excellent E [ T ?H 2-
accord with the morphological data 3 S loes w2
reported by SorLy (1905). The den- sE | REE =18
sity calculated for ideal PbAgAsS, is - T 2
5.876 g/em3. Insufficient material E
was available for a density measure-
ment with pycnometer techniques. o
Table 2 further indicates that s o @S
the lattice constants of marrite are ®
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quite similar to those reported for freieslebenite, PbAgSbS, (HELLNER,
1957). Marrite appeared to be, perhaps, the As analogue of freieslebe-
nite. A crystal-structure determination of marrite was undertaken
to confirm the suspected isomorphism, and to permit comparison
of the details of the two structures.

Substructure relationship

Diffraction patterns obtained from marrite indicated a marked
superperiod of strong reflections when

(@) I =2p, k= 6q, and A = 4r or
k=6g-+3,andh=4r 1 2
Byl=2p+1, k=6q, and A = 4r + 2 or

k=6q-+ 3,and b = 4r

¢, A,

4

Fig.1. Relation between the subcell and supercell of marrite

where p, ¢, and » are integers. This implied the presence of a face-
centered  pseudo-cubic subcell? with |4,] = |4,] = 5.5628 4,
|4;) = 5.9853 A, &« = B = 90°48.1", y = 98°23.3".

The relation between the true unit cell and subcell, Fig.1,is given by

a=A, + A,
b=—3A +34A,
e =A;.
3 Alternatively, a body-centered subcell (HELLNER, 1957) or primitive sub-

cells may be defined, but this obscures the pseudo-cubic, PbS-like nature of the
substructure.
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The pseudo-cubic nature of the subcell and the similarity of its
lattice constants to PbS (¢ = 5.96 A) suggested that marrite was
a superstructure based upon the PbS structure. A similar relation
was deduced for freieslebenite by HELLNER (1957).

Intensity collection

The high linear-absorption coefficient of marrite (x;, = 1033 cm™1)
necessitated an accurate correction for x-ray absorption by the
specimen. The limited amount of material available precluded an
attempt to grind a spherical specimen. The shape of the fragment
of the crystal which had been removed for x-ray analysis, however,
could be very satisfactorily approximated by a collection of six plane
faces. This fragment, with overall dimensions .103 X .064 X .064 mm
(WTmax = 6.72, wrum = 3.21), was employed for the collection of
intensities.

The intensities were recorded with an integrating equi-inclination
Weissenberg camera employing the multiple-film method. The inten-
sities were measured with the aid of a double-beam recording micro-
densitometer. Of the 1254 independent reflections contained within
the CuKo sphere, a total of 1039 were measured. Many superstructure
intensities were very weak, however, and only 804 reflections were
detectable. Of these 99 were substructure reflections. This provided
13.2 observations per parameter in a subsequent least-squares refine-
ment which employed anisotropic temperature-factor coefficients and
separate scale factors for the individual levels. An attempt was made
to measure each of the undetectable reflections. These were assigned
magnitudes equal to one-half the minimum detectable value at that
position on the film. Such values were usually determined by the level
of background radiation recorded on the film.

The intensities were corrected for Lorentz and polarization factors
with the aid of the program FINTE2 (ONKEN, 1964) appropriately
modified to permit processing of data recorded on both the upper
and lower portions of the films. Corrections for absorption were made
with the program ACACA (WuEeNscH and PrEwITT, 1965).

Reliability of the data

The recorded intensities required a large correction for absorption
effects. Several tests were therefore performed to assess the reliability
of the final set of structure factors:



464 B. J. WuExsca and W. NOwWaCKT

(2) Measurement of a number of reflections was repeated to
determine the reproducibility of the intensity measurement.

(b) Intensities on neighboring films in the pack were compared
(following scaling of the smaller intensity by a film attenuation factor
obtained by least-squares methods from all such pairs).

(c) Equivalent reflections on upper levels, and reflections related
by Friedel symmetry on the zero-level were compared. This com-
parison provided a measure of any additional error introduced in
the correction for absorption.

In each test the deviation from the mean value of ¥, was found
to be a function of ¥, and increased as ¥ decreased {see Fig.3
below). The deviations on neighboring multiple films were independent
of the level being recorded, but decreased slightly with the depth of
the film pair in the pack due to a decrease in background intensity.
The deviation from the mean value of ¥, for equivalent reflections
decreased slightly for upper levels, presumably because of the decrease
in the magnitude of the absorption correction required at higher
diffraction angles.

Table 3. Tests performed to assess reliability of set of structure factors

Number of ' Average rms
Test . deviation
observations
from mean F,
Repeated measurement of same reflection 39 4.369%/,

Comparison of reflections on neighboring mul-
tiple films 253 3.599/,

Comparison of equivalent reflections requiring
different absorption corrections 200 10.40°/,

The results of these comparisons, summarized in Table 3, suggest
that the accuracy of the intensity measurements limited the reliability
of a typical structure factor to 4+ 4°,. An additional error of roughly
4+ 69/, was introduced through error in the absorption correction.

The overall reliability of the entire set of measurable structure
factors was estimated by first plotting the root-mean-square percentage
deviation from the average structure factor of test (¢) as a function,
A(F), of the magnitude of these structure factors. The mean value of
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A for the entire set of NV observable structure factors was then obtained
from B Lo
A= v - ) A(F,) = 10.56°/,.

i=
The value of a quantity analogous to the conventional disagreement

index
B — 2| [ Fovs| — |Fear] |

ZFobs

defined by ST AT
o s AF)

2T,
was found to be 8.979/,. It was subsequently found that the reliability

of the data limited refinement of the structure to a comparable value
of R.

Solution of the structure

It was assumed that marrite and freieslebenite might be isotypic.
Refinement of a model based on that reported for freieslebenite
(HELLNER, 1957), however, could not be carried to a value of R lower
than 359, Attempts to interchange metal-atom locations or the
position of the inversion center in the structure resulted in several
models with comparable values of R (29 to 419/;) which could not be
refined further. Electron-density and difference maps based on the
structure-factor signs computed for these models were reasonable. but
displayed slight anomalies of a sort which could not be removed by
appropriate modification of the structure. It became apparent that
a number of nearly homometric models existed, and that the true
structure could be determined only through systematic consideration
of all possible structures permitted by the substructure-superstructure
relationship.

A Patterson function confirmed the PbS-like nature of the struc-
ture. The complement-structure Patterson function (that is, the
Patterson function synthesized from the superstructure reflections
alone) was too complex to be readily interpretable. This was due to
fact that both the differences in metal-atom scattering power and
displacements from the ideal substructure positions contributed
significantly to the superstructure intensities.

The ideal metal and sulfur-atom positions were deduced from the
PbS-like nature of the substructure in the following fashion. Certain
inversion centers in an ideal PbS substructure must be suppressed
in the formation of the superstructure. The inversion centers re-

Z. Kristallogr. Bd. 125, 1-6 30
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maining in an individual subcell must coincide with inversion centers
in the true space group, and, furthermore, the placement of the
subcell in the true unit cell must be such that the symmetry elements
of the superstructure space group relate it to other subcells in the

arrangement.

The PbS subcell has eight distinct inversion centers, each of which
might be placed at an inversion center in space group P2,/a with
[110]pys, [110]pps and [001]p,¢ in the directions of a, b and ¢ respectively.
Of these possibilities, however, only two settings result in distinguishable
PbS-like arrays in P 2,/a. For these choices the ideal metal-atom

coordinates are

M) dey
ME) Foy
M3) 3

[N

B. J. WuENscH and W. NOWACKI

- T~ o
-
< |
~ |
N [ N ’
. M) M)
AN /ll I| .
N - .
[ 1.
N ! N
% l
i ; ~
s AN |
e \\I | AN
7 N : AN _L
’ — X
,° aco . <
, AN
4 N
(b)

Fig.2. The two permissible settings of the PbS subcell. Large circles represent
metal atoms at z = }. The small circles are inversion centers at z = 0

Cof= GOl Oof
,

[
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These models, Fig. 2, are related by a change of sign of the x coor-
dinate. If 8 were exactly 90 ° the models would be homometric; since
differs only slightly from 90° they are nearly homometric.

Determination of the correct configuration was achieved by
systematic examination of all possible metal-atom distributions in
the two sets of ideal metal-atom positions. Structure-factor calculation
and least-squares refinement were performed with the aid of the full-
matrix least-squares program SFLSQ3 (Prewirt, 1962). Neutral-atom
form factors given by THoMAS ef al., POTTERS, FREEMAN and WATSON,
and Dawson were employed for Pb, Ag, As and S, respectively?,
Corrections for anomalous scattering were made for all atoms.

The agreement between F,,, and F_, for the substructure reflec-
tions was quite insensitive to the details of the model assumed. Only
the superstructure reflections were therefore included in the initial
computations. Further, since the difference between the metal-atom
scattering power and the average substructure metal-position scatter-
ing power (A4Z = + 28, —7, and —21 electrons for Pb, Ag and As
respectively) was comparable to the total scattering power of S, it was
assumed that the distribution of the metal atoms would determine
the majority of the superstructure-reflection signs. The metal atoms
alone were therefore employed in the initial computations.

A total of six metal-atom distributions are possible for each of the
two settings of the PbS substructure.

Consideration of Fig.2, however, shows that interchange of the
metal atoms occupying the M(1) and M(2) positions is equivalent
to a shift of the origin of the structure by 200. This reduced the
number of models to be considered to six (in which As, Ag or Pb
occupied the M(3) position in each of the two substructure settings?).

Beginning with the ideal metal-atom substructure positions, and
with arbitrarily selected isotropic temperature factors of 1.0 A2
metal-atom positions and scale factors were varied to convergence
for each of the six models. The additional substructure reflections
were then included in the computation, and the S-atom locations
determined with the aid of electron-density and difference maps.
The sulfur atoms were then added to the refinement, and scale factors

¢ International tables for x-ray ecrystallography, Vol. ITI. Kynoch Press,
Birmingham (1962), 201—212.

5 The magnitudes of the Patterson-function maxima precluded placement
of Pb in the M (3) position, but this model was also examined in the interests of
completing Table 4.

30*
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Table 4. Comparison of refinements of possible models for the structure of marrite

Assignment of Setting 1 Setting 2

atoms to M(1), | PbAgAs |PbAsAg®| AgAsPb |PbAgAs®| PbAsAg | AgAsPb
M(2), M(3) AgPbAs | AsPbAg | AsAgPb | AgPbAs | AsPbAg | AsAgPb

|
Metals only, |
superstructure
reflections only ; 28.3%, | 27.7%, 1 40.3%,| 31.7%,
scale factors and
positions varied

31.99, | 36.09,

Metals only, all
reflections; scale 26.4 25.4 41.1
factors varied

38.6

Sulfur atoms
added ; scale 19.1 17.1 46.6

i

|

l 35.9
factors varied ]

|

53.7 44.1

All atoms, all |
reflections;
scale factors and 16.8 15.5 40.7
positions varied \

25.9 31.9 37.2

(equal weights)

2 Correct structure for marrite.
b Model proposed for freieslebenite (HELLNER, 1957).

and positions again varied to convergence. It is of interest to note
that most of these models could be refined to respectable values of .
The details of this procedure are summarized in Table 4. One of the
models afforded far better agreement between observed and calculated
structure factors, and this arrangement was selected as the correct
structure. This model was subsequently refined to the limits imposed
by the reliability of the data, which further confirmed the correctness
of this choice.

Refinement of the structure

Additional cycles of least-squares refinement in which all observable
reflections were equally weighted, and in which isotropic temperature
factors were varied reduced R to 14.8%/,. At this point R was evaluated
as function of F . The weighting scheme adopted in subsequent
cycles was chosen such that the product of weight and R was inde-
pendent of F, . Additional cycles of refinement with this weighting
scheme reduced R to 12.8%/,.
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Electron-density and difference maps indicated no anomalies
other than an indication of slight anisotropic thermal motion. Com-
plete correlation between the scale factors for the individual levels
and the temperature-factor coefficient §;, was to be expected if aniso-
tropic refinement was attempted (LINGAFELTER and DoNOHUE, 1966).
To minimize this effect, the scale factors obtained in the final cycle
of isotropic refinement were used to reduce all ;. to the same scale.
Several additional cycles of refinement were then performed in which
the single scale factor and positions, and anisotropic temperature-
factor coefficients were alternately varied to convergence. A final
cycle of refinement was then performed in which individual scale
factors were again varied.

The final value of R for 804 observed structure factors was 10.99/,.
The weighted root-mean-square B, [ Zw (| F .| — |Fou|)?/ ZwF2 3, was
11.89/,. When the 235 undetectable structure factors were included in
the computation at one-half the minimum observable value, E was
12.89/,.

The value of R was found to increase sharply as F . approached
the minimum observable value. Figure 3 presents a plot of E, evaluated
for groups of 20 structure factors to reduce scatter, as a function of
the magnitude of the average structure factor in the group. Figure3

70

60 i

50
& 40
O r——
S ]
o

- I

20—

R=109%
10 oo . oh eo ° _ﬁ
® 50" 10 °

0 10 20 30 40 50 60 70 80 80 100
——= Arbitrary units [F,]
Fig.3. Variation of R with the magnitude of F,, (open ecircles), compared with
the variation of an analogous quantity, 7, based on comparison of equivalent
structure factors (solid circles)
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further shows that this dependence closely matches the variation of
r (defined above), obtained from measurements of equivalent F .
The curve asymptotically approaches a value of 69/, which was
estimated to be the uncertainty in the correction for absorption. The
disagreement in excess of 6°/, was found to vary linearly with 1/F .
This suggests the introduction of an error in each F, . which is in-
dependent of the magnitude of the structure factor. Conversion of this
error to units of intensity showed that it could be satisfactorily
accounted for by uncertainty in the assignment of background level
in the densitometer traces.

Table 5. Atom locations and isotropic temperature factors® for marrite

Displacement from ideal l Magnitude of

Atom ; Parameter L. A
| substructure position | displacement
J |
( x = .3557 +.0008 | —.0193 [ 0.242 = .006 &
As |y = .0906 +.0005 | 4.0073
] 2 — .2786 L .0009 | 1.0286 l
B =092 -.09A | |
|
|
|
= .3383 4-.0003 | —.0367
Pb y = 4111 & .0002 | — 0056 0.276 - .002
z = .2521 -£.0004 | + .0021 |
B =111 < .03A2 | )
| |
x = .3882 4 .0008 +.0132 !
Ag y = .7633 4 .0005 | +.0133 l 0.436 - .005
| 2= .1851 £.0009 | — .0649 [
| B=231 +.10A* | {
| |
i @ = .1460 & .0020 | +.0210 I
S(1y | y= 214510010 —.0355 0.917 + .013
z = .3817 +.0022 +.1317
B=111 4224
|
] @ = .1528 4-.0018 | +.0278 | 1.089 013
S(2) | y= .6230+.0011 | -+.0397 |
|z = .0926 +.0020 | — 1574 |
} B=091 -.2142 | |
|
l = .1658 £ .0020 ! +.0408 )
S(3) y = .9481 4 .0011 | +.0314 | 0.541 d- .014
z= .2870 +.0020 | +.0370 |

B =106 - .22A? 1

* Following completion of isotropic refinement, B = 12.8%/,.
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Table 6. Anisotropic temperature-factor coefficients

471

Equivalent isotropic

Atom Bis
temperature factor
fu = .0084 1 .0013 0.87 A
Bos = 0006 4 .0003
Bss = .0047 +4-.0014
As By = —.0005 - 0005
Bog = .0007 - .0006
By = 0016 1 .0008
|
By = .0032 +.0005
o = .0022 - .0001
By = 0095 - .0005
Fb By = .0000 - .0002 1.09
By = .0004 £ .0003
By = .0016 - .0003
By = 0131 4 .0014
Bos = .0041 4-.0004
By = 0153 4 .0015
Ag Brp = — .0035 + .0005 2.36
Bos = .0006 - .0005 ‘
By = .0039 4 .0010 i
Biu= .0079 - .0035 ‘
Boz = .0010 L .0008 ,
) B = .0108 --.0036 ’
S(1) Bra = — 0006 + .0010 1.13
Bas = — 0011 - 0014 )
By = 0036 - .0022 ‘i
B = .0027 4 .0031 ‘
Bp = .0025 4-.0008
= .0079 +.0032
5(2) gji = .0001 - .0010 1.01
Bag = —.0017 = .0012
By = .0021 4 .0019
B = .0138 - .0036
Bos = .0009 - .0007
B = .0061 4-.0036
S(3) Brs = —.0003 £ .0011 1.32
Bag = 0000 - .0012
By = 0034 L .0023
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Table 7. (Continued)
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Table 7. (Continued)

ok 1 8B P, bk 1 8F, . F h ok 1
515 7.6 7.9 6 2 2001 145 513 ©
6 52,7  48.0 3% 10.4 7.2 1

5 2.6 36.7 443 4% 8.6 3.2 6 0 -6
-5 194 12.1 5 446 2.2 -5

-~k 1124 113.2 5 7-5 61.8  66.9 -4

=3 * 19.4 28.5 =4 23.8 33.6 ~3

-2 106.0 128.3 -3 93.7  97.1 -2

-1 56.3  63.4 -2 70,0 65.0 -1

6 77.9  83.9 -1 % 17.7 22,5 1

1 46.2  45.9 0  85.1  80.8 2

2 118.5 127.5 1 3.0 8.9 3

3 . 67.2 2 72.2  68.6 &

& 106.0  1317.3 3 59.7 62,0 5

5 70.3  71.0 5 4.8 46.4 6 1-5

6 9.4 51.3 5  49.2  52.7 -4

5 3 -6 13.1 18.6 5 8-5% 6.9 16.5 ~3
-5 33.8  42.6 -4 53,8  58.1 -2

-h 376 35.4 -3 * 19.8  10.0 -1

-3 32,7 24.7 -2 58,6  68.0 0

-2 * 1h1 10.8 -1 * 16.6 2.2 1

-1 * 133 146 0 67.6 71.9 2

[} 16.1 13.6 1 7. 67.0 3

1% 12,3 1.2 2 103.7 103.7 4

2 36k 3358 3 101.3 91.% 5

3+ 10.0 7.7 4 100.2  104.0 6 2 -5

k> 11.8  18.2 5 71.4 68,2 -4

5+ 10.8  11.5 5 9-h 394 424 -3

6 10.8 15.9 =3 57.7 55.6 -2

5 & -6 75.5 86.3 -2 * 12,6 10.0 -1
-5 22,5  2%.2 -1 % 11,9 24.7 0

-4 90.%  88.6 0 29.6  32.3 1

-3 70,1 Th.6 1% 15.3 3.0 2

-2 113.8 100.8 2 39.8  45.1 3

-1 105.7 92,0 3 % 10,3 4.6 4

0 106.3 108.3 3 111 11,3 5

1 45.0 454 510 -4 26,0  41.8 6 3 -5

2 73.0 73.4 -3 56.1 61.6 =4

3 3.1 25.4 -2 31.6  40.2 -3

5 k6.0 52,6 -1 60.7  63.7 -2

5  27.1 33.8 0 60.4  66.9 -1

6 54.7  55.7 1 55.1 57.0 0

5 5-6% 5.1 7.1 2 244 16.4 1
=5 49.2 47.5 3% .7 18.1 2

-4 % 19.2  16.8 b * 5.3 7.3 3

-3 36.9 345 511 -3 55.0 56.3 4

-2 % 19.2  22.7 -2 % 11,6 21.6 5

-t 126.0 128.4 -1 97.7  88.9 6 4 -5

0 51.6  16.8 0 26,5 17.h -4

1 1444 150.9 1 115.5  107.3 -3

2 7M. 73.2 2% 12 19.2 -2

3 Tt 79.2 3 91.6 9k -1

A 756 7.3 512 -3 32,5 3k 0

72, 73.7 -2 % 10,9  12.3 1

5 6-5 45.1 2.8 -1 57.7 58.8 2
-5 * 18.5  15.5 o 15.2 5.9 3

-3 36.7  %0.9 1 37.9 39, [

-2 % 13.7 6.8 2 134 1241 5

-1 95.9  93.2 3 17.7 20,3 6 5-5

0 424 27.5 513 -2 57.1 60,0 -4

1% 13.8 7.9 -1 21.7 26,7 -3

* Unobaervable intensity: one half minimum detectable value.

Results of the refinement

The asymmetric unit of marrite contains three metal atoms and three
sulfur atoms, all located in the general position. The values obtained for
the atomic positions are given in Table 5. The displacements from
the ideal substructure are also indicated. These are particularly
marked for the S atoms and amount to as much as 1.09 A. Values
for the anisotropic temperature-factor coefficients which were ob-
tained are presented in Table 6, with values for the equivalent isotropic
temperature factor

B = %Z:ﬁﬁ(ai'aj)-
i

The latter values closely correspond to those obtained from refinement
with isotropic temperature factors (Table 5).
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The observed structure factors and those calculated with the
parameters of Tables 5 and 6 are compared in Table 7.

Discussion of the structure

A composite map of electron-density sections through the centers
of atoms in the asymmetric unit of marrite is given in Fig.4. A subnet
passing through the ideal substructure positions has been included
in this map, and serves to indicate the marked displacement of the
atoms from these positions. The atomic arrangement differs from
that reported for freieslebenite (HELLNER, 1957) in both the place-
ment of the inversion center in the structure, and the distribution
of metal atoms. The crystal structure of freieslebenite is currently
being refined (CrHO and WUENScH, to be published).

oy

a ¥

Fig. 4. Composite of electron-density sections through the atoms in the asym-

metric unit of marrite. Contour interval 7.9 e/Ae' for sulfur atoms, 15.7 e/A3 for

metal atoms; zero contour dotted. The subnet has been drawn through the ideal
substructure locations for the atoms

The structure of marrite superficially resembles the PbS arrange-
ment. All atoms, to a first approximation, are in octahedral coordina-
tion. The details of the coordination polyhedra are presented in Fig.5.
Bond lengths and angles, with estimated standard deviations, are
summarized in Tables 8 and 9.

The distortions of the ideal arrangement are such that As has only
three nearest S neighbors at distances of 2.26, 2.27 and 2.28 A. The
three additional neighbors are at significantly larger distances of
from 3.29 to 3.79 A. These distances are comparable to the sum of
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the van der Waals radii, 3.85 A, given by Pavrine (1960). The three
bonds are nearly orthogonal and range from 97.3° to 99.3°. Such
coordination is invariably found for As in sulfosalts, and is character-
istic of covalent bonding involving the p* valence electrons of As.
The short and long bond lengths are similar to those observed in
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g 247
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(b)
Fig.5. Coordination polyhedra in marrite. (@) Arrangement of sulfur atoms
about the metal atoms. (b) Arrangement of metal atoms about the sulfur atoms



Table 8. Interatomic distances in marrite

(Nearest-neighbor bonds are in bold face)

As Pb Ag
S(2)”  2.259 + .014 A S(3)  2.799 - 013 A S(2y 2473 L .014 A
S(3)  2.269 4 .015 S(1)  2.887 4-.014 S(2)  2.518 4-.015
Metal-atom S(1)  2.279 - .015 S(1) 2962 4-.013 S(1)y”  2.682 1 .014
polyhedra
S(1y  3.292 4 .015 S(3)  2.976 1 .014 S(3)  2.912 4+ .015
S(2)  3.645 4- 0.15 S(2)  8.186 4-.014 S(3Y  3.395 4- .015
S(2y”  3.187 4 .013 S(3)”  8.260 - .013 S(1)”  3.451 4 .014
S(1) 8(2) S(3)
\ ]
As 2279 L 0154 As”  2.259 L 014 A As 2.269 --.015 A
Ag’”’ 2682 - 014 Ag’ 2473 4 .014 Pb” 2.799 + .013
Sulfur-atom P’ 2,837 + .014 Ag 2.518 & .015 Ag 2.912 1 .015
polyhedra
Pb 2.962 + .013 Pb 3.136 1- .014 P’ 2.976 -1 .014
As’ 3.202 1 .015 As’ 3.645 - .015 Pb”  8.260 4-.013
Ag”  3.451 L .014 A’ 3.787 - .013 Ag’ 3.395 4- .015

SILLIBUL JO 0IN3ONIIS [BISAI0 oY,



Table 9. Bond angles in marrite

As Pb Ag
Metal-atom S(1) —As—S(2)” 68.4° + .4° | S(2) -Pb-S(3)” 65.3° +.3° S(1)” —Ag—S(2) 67.9° 4+ .4°
polyhedra S(1y —As—S(2)” 75.9° 4-.3° S(1y—Pb—S(3)"  71.9° 4- .4° S(1)""—Ag—S(3)" 73.3° 4-.6°
S@2) —As—S(3)  77.5° +.4° | S(1) Pb-S(1)  80.4° 4 .5° S(2) —Ag—S(3) 83.4° & .4°
S(2) —As—S(2)” 80.6° 4 .6° S(1)—Pb—S(3)""" 81.3° 4 .4° S(1)”"—Ag—S8(3) 85.8° L .6°
S(1) —As—S(1)’ 82.3°-4.6° | S(2) Pb-S(3) 81.4° 4 .3° S(1)” —Ag—S(2) 85.6° + .4°
S(2)""—As—S(3) 92.3° 1 .4° S(3)’—Pb—S(3)””" 81.8° 1 .5° S(1)”"—Ag—S(2) 88.5° 4-.5°
S(1) —As—S(2)” 93.0° 4-.5° S(1) —Pb—S(3)"" 82.4° 4 4° S(2) —Ag—S(3) 91.1° L 4°
S(1) —As-S(3)  97.3°+.6° | S(3)—Pb—S(3)" 88.5° & .5° S(2) —Ag—S(3) 92.0° - .4°
S(1) —As—S(2)” 97.9° & .b° S(2) —Pb—S(3)"" 98.3° 4- .4° S(1)” —Ag—S8(3)" 93.8° 4 .4°
S(2) —As—S(3) 99.3° - .5° S(1Y—Pb—S(3)”" 110.0° 4 .4° S(2) —Ag—S(3) 103.4° 4 4°
S(1) —As—S(2)’ 103.2°4-.3° | S(1) —Pb-S(3)” 112.6° + .4° S(1)" —Ag—S(3) 108.7° 4 .4°
S(2)" —As—S(2)"” 113.9° L .4° S(1) —Pb—S(2) 126.4° - 4° S(1)”"—Ag—S(2) 116.0° 4 .5°
S(2) —Ag—S(2)” 152.7° L .6°
S(1) 5(2) 5(3)
Sulfur-atom Pb —S(1)—-Ag”  67.5° 4-.3° Asg” —8(2)— 61.9° + .2° Ag’ —S(3)—Ag 70.3° £ .3°
polyhedra As” —S(1)— 68.2° I .3° As’ —8(2)—As”" 66.1° 4 .3° Pb” —S(3)—Ag 70.8° -+ .3°
Ag” —S(1)—As’ 69.5° 4= .3° Ag”"—8(2)—Pb 67.8° £ .3° Pb” —8(3)—Ag” 73.5° 4-.3°
P’ —S(1)—Ag”  78.0° L .3° Ag’ —8(2)—As”"  79.1° - 4° Ph’ —S(3)—Ag’”  89.2° 4 4°
As” —S(1)—Pb’ 82.4° 4- 4° Ag —8(2)—As”" 83.3° 4 .4° As —8(3)—Pb" 90.6° 4 .5°
Ag” —S(1)—As 83.8° 1 4° Ag’ —8(2)—Ay 83.9° - .4° Pb’ —S(3)—Pb” 91.5° + .4°
Ag”’'—S(1)—As’ 86.4° 4- .4° Ag —S8(2)—Ag"”  94.0° L .5° Pb'"—S8(3)—Ag" 91.5° 4 4°
As —S(1)—PV’ 94.0° 4 .5° As” —8(2)—Pb 98.5° 4 .5° As —S(3)—Pb” 94.9° 4 .5°
Pb —S(1)—Ag”" 96.6° - .4° As” —8(2)—As”  99.4° + .5° Pb""—S(3)—Ag 95.2° + .4°
As —S(1)—Pb  100.5° L& .5° Pb —S(2)—Ag 104.4° 4 5° Pb’ —S(3)—Pb”’" 98.2° + .4°
Pb’ —S(1)—Ag’”” 107.7° L .5° Ag’ —8(2)—As” 108.7° + .6° As —8(3)—Pb”’ 100.0° - .5°
Ag'’—S8(1)—As 119.7° 4- .6° Ag —8(2)—As” 110.8° 1 .6° Ag —8(3)—As 106.9° -+ .5°
Pb —S(1)-Pb  140.5° - .5° | Pb —S(2)_Ag’ 189.4° - .5°

Angles between pairs of bonded atoms are indicated in bold face.
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Table 10. Ranges of Pb—S bond lengths similar to those found in marrite

Structure Atom Coordination Ran'ge of bond lfzngths A(.iditional References
number for six nearest neighbors | neighbor(s)

Marrite PbAgAsS, Pb 6 2.80103.26 A >4.11 A | Present work

Hutchinsonite (TLPb),As,S, | Pb,TI(1) 7 2.77 to 3.28 3.43 TAKKUCHT et al. (1965)

Rathite T o;

(Pb,T1);As,(As,Ag)S,, Pb,TI{3) 7 2.80to 3.14 3.39 Marumo and NOWACKI (1965) ¢
<
0

Galenobismutite PbBi,S, Pb 8 2.85t0 3.21 3.21,3.76 | Irtaka and NowAcCKI (1962) §
wm
8

Meneghinite substructure Pb 7 2.89t0 3.12 3.30 EuLER and HELLNER (1960) %

CuPb,3Sb,S,, Pb 7 2.83t0 3.31 3.31 =4
5
@

Aikinite Pb,Bi(A) 7 2.84t0 3.12 3.35 WickMAN (1953) g,

CuPbBiS, Pb,Bi(B) 7 2.88t0 3.16 3.16 g
8
3

Jamesonite Pb(1) 8 2.91 t0 3.13 3.29, 3.39 | Nuzekr and BUERGER (1957) g

FePb,SbeS, Pb(2) 7 2.85t0 3.08 ; 3.28

Dufrenoysite Pb(5) 7 2.83t03.03 3.68 Marumo and Nowacki(1967a)

PbyAs;S,, Ph(6) 7 2.82t0 3.07 3.73

P (7) 7 2.87 to 3.40 3.75
Pb (8) 7 2.84 to0 3.26 3.60
Hatchite -
PbT1AgAs,S; Pb, T1(1) 8 2.81 t0 3.24 | 3.26, 3.31 | Marumo and Nowacki(19676) 3
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other structures which are superstructures based upon the PbS
arrangement. (For example, smithite, AgAsS,, HELLNER and Burz-
LAFF, 1964.)

The Pb coordination group is a distorted octahedron. The bond
lengths range almost continuously between 2.80 A and 3.26 A. It is
difficult to decide upon a division between nearest-neighbor and
second-nearest-neighbor bonds. All eight neighbors of the second
coordination sphere of the ideal PbS arrangement are at significantly
longer distances (4.11, 4.19, 4.30, 4.42, 5.35, 5.35, 5.38, and 5.40 A),
Despite the irregularity of the Pb coordination polyhedron, a remark-
ably similar range of bond lengths have been observed in several
other Pb sulfosalts, Table 10.

Nearest neighbors and second-nearest neighbors are also distin-
guishable in the coordination of the Ag atom. Three S are at distances
of 2.47, 2.52 and 2.68 A. These distances are close to 2.56 A, the sum
of the tetrahedral covalent radii (Pavring, 1960). This group of
atoms and the Ag atom are nearly coplanar: the sum of the three
bond angles is 357.2°. Two additional S are at distances of 3.40 and
3.45 A. One additional S is an intermediate distance of 2.91 A, and
it is again difficult to decide whether or not this atom is completely
bonded to Ag. This bond is approximately normal to the triangular
group formed by Ag and the three nearest S neighbors. Together,
these atoms results in a distorted tetrahedral coordination about
the Ag atom. Despite the irregularities of this group, there is again
a remarkable similarity between these bond lengths and those found
in other Ag sulfosalts which are superstructures based on the PbS
arrangement : 2.51, 2.56, 2.68 and 2.84 A; 2.52, 2.55, 2.65 and 2.90 4
for Ag(1) and Ag(2) in smithite, AgAsS, (HELLNER and BURZLATF,
1964), and 2.44, 2.50, 2.58, and 2.73 A for Ag(1) in miargyrite, AgSbhS,
(KxnowLEs, 1964).Similar distances have also been observed in sulfosalts
with structures not based upon the PbS arrangement: 2.48, 2.52, 2.54
and 2.93 A in hatchite, PbTIAgAs,S, (MarRUMO and NowAckI, 1967b),
and 2.48, 2.49, 2.76 and 2.96 A for Ag (2) in xanthoconite Ag;AsS; (ENGEL
and Nowacki, 1967).

The arrangement of metal atoms about the three sulfur atoms in
the asymmetric unit is given in Fig.5b. An interesting feature of the
structure is that the large displacements of the S atoms from their
ideal substructure positions result in tetrahedral coordination for two
of these atoms. The atom S (1) is coordinated by 1 As, 2 Pb and 1 Ag.
The bond angles vary between 94.0° and 140.5°. The maximum devia-
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tion from the ideal tetrahedral angle of 109.47° is for the bond
Pb—S(1)—Pb’ which, in an undeformed structure, would be 180°.
Atom 8(2) is coordinated by 2 Ag, 1 Pb and 1 As. The bond angles
range from 94.0 to 139.4° and correspond closely to those formed by

\v_v/%///// / .

/‘,//
¢ //’///W
/

(b)

Fig. 6. Linkage in (001) of the coordination polyhedra formed by the arrange-

ment of sulfur atoms about (@) metal atoms near z = } and (b) metal atoms

near z = 4. The upper and lower edges of the Pb octadehra are translation

equivalent and superpose in projection. The larger tetrahedron is the sulfur

arrangement about Ag. The smallest polyhedron is the trigonal pyramid formed
with As. The As location is indicated by a small circle.

Z. Kristallogr. Bd, 125, 1-6 31
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the bonds about S(1). The coordination of S(3) differs from that of the
other two S atoms. Only five metal atoms (3 Pb, 1 Ag and 1 As) form
bonds with S(3), and the angles between bonds are close to those for
octahedral coordination. It is of interest to note that, of these five
bonds, one is the abnormally long Ag—S bond, and one is the longest
Pb—S bond. This atom should therefore be considered as entering into
three normal bonds plus two bonds of partial strength.

Figure 6 indicates the manner in which the polyhedra formed by
the S atoms about the metal atoms are linked in (001). Fig. 6 presents
the polyhedra about metal atoms near z = %, and Fig. 65 the polyhedra
about metal atoms near z = . These two layers of polyhedra are
connected through the sharing of certain edges.

Each PbS; octahedron in Fig.6a shares one edge with an AsS,
pyramid in the (001) plane. Another two edges are shared with a PbS,
octahedron and an AsS; pyramid in a layer equivalent by translation to
Fig.6b6 at z = — 1. Two additional edges are shared with the polyhedra
in a layer near z = § (FFig.65). One of these edges is shared with a second
PbS; octahedron, and another edge with an AgS, tetrahedron. The PbS,
octahedron thus shares a total of five of its eight edges: two with other
PbS; octahedra, two with AsS, pyramids, and one with the AgS, tetra-
hedron. The AsS; pyramid shares two of the three edges in its base with
PbS, octahedra, and the AgS, tetrahedron shares but one of its six
edges with a PbSg octahedron.

Table 11 present the S—S distances in the metal atom polyhedra.
These distances are, for the most part, comparable to, or greater than
3.70 A, the van der Waals contact distance given by PauLiNG (1960).
The S—S distances in the AsS,; pyramid are exceptions. These separa-
tions are about 0.3 A shorter than the sum of the van der Waals radii.
This shortening occurs as a result of a balance between compression of
the S atoms and distortion of the three As—S bonds from orthogonality.
It has been observed (e.g., WUENSCH ef al., 1966) that, if As is replaced
by Sb, the longer metal-sulfur bond permits bonds which are more
nearly orthogonal and permits an increase in the S—S distance.
Table 11 also indicates those edges which are shared with other poly-
hedra. Unlike ionic structures, in which shared edges tend to be
shortened, there is little correlation between edge sharing and the
lengths of the edges.

Crystallographically distinct metal-metal distances in the structure
are presented in Table 12. All of these distances, particularly those
between like metals, are greater than the sum of metallic radii (WELLS,
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Table 11. Sulfur-sulfur contact distances in metal polyhedra
(Van der Waals contact distance = 3.70 A)!

As? Pb | Ag?
Metal-atom Metal-atom | Metal-ator
Separation polyhedron Separation polyhedron Separation polyhedron
sharing edge sharing edgel sharing edge
S(1) —S(3) 8.416 -.018A Pb S(1)—S(3)’  3.416 +-.0184 As S(1)” —S(2) 3.423 1-.0184
S(1) —S(2)” 8.423 4-.018 S(2) —S(3)" 3.451 4.018 As S(1)"—S(2) 38.630 1-.018
S(2)” —S(3) 8.451:1-.018 Pb S(1)'—S(3)"" 3.672 4-.019 S(1y”—8(3)" 3.672 1-.019
S(1) —S(2)” 3.630+.018 S(1) —S(1)  3.744 4-.029 S(1)"—8(3) 8.795 --.019 b
S(1) —S(1)” 3.744 4-.029 S(3)—S(3)"" 3.782 1.027 Pb S(2)) —S(3) 8.856 £.020
S(2) —S(3)  3.856 4-.020 S(1) —S(3)"” 3.795 4-.019 Ag S(2) —S(3)" 3.986 4-.020
S(2)” —8(2)  3.9641-.027 S(2) —S(3)" 3.986 1-.020 S(1)” —S(2)" 4.090L£.019
S(1) —8(2)” 4.090 L-.019 S(3Y—S(3)" 4.356 1-:.026 Pb S(2)" —S(3)" 4.269 1-.019
S(1y —S(2)" 4.373 4-.019 S(2) —S(3)""" 4.494 1 .018 S(2) —S(3) 4.269 4-.019
S(2)""—8(3) 4.494 1-.018 S(1)'—S(3)"" 4.999 1-.019 S(1)”'—8(2)" 4.893 +.019
S(1) —8(2)° 5.443 1-.019 S(1) —S(3)” 5.1804-.018 S(2) —S(2) 4.849 4 .027
S(2) —S(2)”" 6.2314-.025 S(1) —8(2) 5.443 -1.019 S(1)” —~S(3)" 4.999 4-.019

1 PAULING (1960).

| 8(1)” —8(3) 5.180 L.018

2 Contacts between pairs of sulfur atorms bonded to the metal atom are indicated in bold face.
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Table 12. Metal-metal contact distances

Contact Sun} of . Observed distance Sulfur polyhedron
metallic radii where present
Pb—Pb 3.50 A Pb’—Pb’”’ 4.367 +.005 A S(3)
Pb'—Pb”  4.470 4 .005 S(3)
Ag—Ag 2.88 Ag—Ag’  3.651 £ .011 S(2),8(3)
As—As 2.50 Ag'—As”"  4.053 1 .012 S(2)
As’—As”  4.590 £ .009 S(2)
Pb—Ag 3.19 Pb —Ag” 3.586 4 .006 S(1),8(3)
Pb'—Ag” 3.985 1 .006 S(1),8(3)
Pb —Ag”” 4.217 £ .006 S(1),8(3)
Pb'—Ag”’ 4.457 4 .006 S(1),8(3)
Pb —Ag 4.482 4+ .007 5(2),8(3)
Pb—As 3.00 Pb —As’  3.516 £ .007 8(1),8(2)
Pb’'—As 3.762 1 .007 8(1),8(3)
Pb —As””  3.897 & .007 S(2),8(3)
Pb —As 4.053 - .007 S(1),8(1)
Pb —As” 4,127 £ .007 S(2),8(3)
Ag—As 2.69 Ag” —As’ 3.846 1 .008 S(1),8(2)
Ag’” —As  3.924 4+ .008 S(1),8(2)
Ag”’'—As” 4.113 £ .008 S(1),8(2)
Ag’ —As’ 4.180 £ .009 8(2),8(3)
Ag’’—As  4.296 L .008 S(1),8(2)

1950). The distances between dissimilar metals, such as Pb—Ag and
Pb—As, are only slightly greater than the sum of the metallic radii.
These metal-metal interactions undoubtedly contribute to the bonding
of the structure. A curious feature of the structure is indicated in Fig.7,
which presents a projection of the unit-cell contents along a. If the
atoms were located in the ideal substructure positions, planes of
atoms parallel to (001) would be present at z = % and z = §. The dis-
placements of the atoms from these positions result in alternate (010)
slabs within which all bonds are either parallel to or normal to® planes
close to (012) or (012). One of these slabs is indicated by shading in
Fig.7. The Ag atoms are located at the boundary of the slabs. Ag
atoms repeated by the a glide belong alternately to neighboring slabs.

% The long Pb—S(3)"” bond is an exception. This bond has been omitted
from Fig.7 for clarity.
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The principal axes of the thermal-vibration ellipsoids are given in
Table 13. The significance of these values is questionable because of
the possibility of interaction between the scale factors and the tempera-
ture-factor coefficients ;. The results obtained, however, bear rela-
tions to the geometry of the coordination polyhedra which are physic-
ally reasonable. The largest principal axis of thermal vibration for the
Ag atom (0.225 A) is normal to the plane of the triangular group
formed by Ag and its three nearest neighbors. The other two principal
axes are in the plane of this group. This triangle is not equilateral. The

O ag ®4s Os

Fig.7. Projection of the unit-cell contents of marrite parallel to a

intermediate vibration axis (0.176 A) is normal to the long dimension
of this group. The smallest axis (0.118 A) is parallel to the long dimen-
sion and approximately in the direction of the Ag—S(2)’ bond.

The largest principal axis of thermal vibration for the As atom is
along the axis of the AsS; pyramid. The remaining two principal direc-
tions are normal to the axis of the pyramid. The intermediate axis
(.099 A) is approximately in a plane containing the pyramid axis and
the longest As—S (1) bond. The smallest principal axis (.048 &) is in a
plane containing the pyramid axis and the second-longest As—S(3)
bond.

The principal axes of thermal vibration for the Pb atom are each
oriented in directions towards the centers of certain faces of the dis-
torted coordination octahedron. Because of the distorted nature of this
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Table 13. Principal axes and orientations of thermal-vibration ellipsoids

Prin- Orientation with respect to

A ol Rms
tom cpa amplitude
axis a b c
As 1 1563 - 011 A} 12.8° 1 6.5°| 95.8° 4+ 7.6°| 79.8° + 17.8°

.048 4 .025 79.3° &= 6.2°) 31.2° & 14.1°(119.1° £+ 14.4°
3 1.099 £ .015 97.0° &= 9.2°| 59.5° &~ 14.3°| 31.2° - 13.8°

1 .085 +.007A| 18.1° & 4.3°| 88.3°+ 5.1°/109.3° 4 4.1°
Pb 2 129 £-.005 {103.6° £ 5.8 43.8° & 13.0°1130.0° £ 12.0°
3 |.141 4- .004 78.2° £ 5.0°] 46.3° 4+ 12.9°) 46.5° - 11.6°

-

225 - .008 A] 42.4° 4 4.7°]130.3° - 6.0°| 80.2° + 6.2°
Ag 2 .118 +.009 49.8° £- 4.3°| 53.0° & 4.6°119.0° - 6.4°
3 |[.176 £ .008 78.9° + 6.8°| 62.1° 4 6.9°} 30.9° 4+ 6.6°

—

170 £.020 A] 45.1° 4-23.6°[103.3° - 14.0°| 49.1° + 22.3°
S(1) 2 ].081 £.038 87.0° £ 30.5°| 16.2° £+ 27.1°| 74.2° 1+ 32.8°
3 |.113 4-.030 |134.9° +-23.7°) 99.1° 4= 41.3°| 45.1° £+ 27.0°

1 .064 - .049 Al 33.9° 4- 36.8°]103.8° 4= 22.0° |121.4° = 29.9°
S(2) 2 |.157 4-.022 96.1° £ 17.1° 35.0° + 21.9°[124.1° - 19.7°
3 113 +.025 56.8° 1 36.8°| 58.6° + 24.0°| 50.0° + 31.9°

1 197 +.023A) 15.1° 4 11.4°| 92.7° L 9.5°| 76.3° L 11.5°
S(3) 2 |.086 4 .032 83.3° £ 30.6°) 17.1° 4 125.0° | 105.7° -+ 123.3°
3 .097 4-.032 [103.5° 4-19.0°| 73.2° 4-126.8°| 21.1° £ 96.5°

polyhedron, the opposite end of each of the principal axes is directed
between sulfur atoms forming an edge of the octahedron, rather than
toward the center of a second face. The largest principal axis (.141 A)
is directed towards the face S(2)—S8(3)'—S(3)’"”", and between S(1) and
S(8)"”. The intermediate axis (.129 A) is directed towards the face
S(1)—S8(1)’—S(3)"", and between S(2) and S(3)"". The third axis
(.085 A) is directed towards the face S(1)'—S(3)’'—S(3)"’, and between
S (1) and S(2). The edges of the octahedron towards which the principal
axis of thermal vibration are directed are three of the four largest S—S
contact distances in the PbS; octahedron.

The thermal motion of the light sulfur atoms does not permit
detailed interpretation because of the large standard deviations
attached to these parameters. The results of Table 13 are, for the most
part, physically reasonable. The principal directions of vibration of
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S(1) are again directed between centers of faces of the distorted coordi-
nation octahedron and an opposite edge. The disposition of bonds
about S(2) possesses an approximate symmetry plane passing through
Pb, S(2) and Ag’, and between Ag—As’’, and As’—As’"’. The thermal-
vibration ellipsoid conforms to this pseudosymmetry. Two principal
directions (.157 and .064 A) lie in the plane Pb—S(2)—Ag’ as might be
expected.
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