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Structural modulation in sartorite: An electron microscope study
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Ansrnacr

Sartorite, PbAsrSo, has been examined by transmission electron microscopy. The min-
eral has a monoclinic (but metrically orthorhombic) subcell with a : 19.62, b:7.89' c
:4.19 A, p: gO,and space grotp P2,/n.In addition to the strong substructure reflections,
G, corresponding to this monoclinic subcell, it also exhibits satellite reflections (in general

incommensurate with respect to the subcell reflections) at G t mq, where m is an integer
and q, the primary modulation wave vector -6113 (l0l)*. Some variation in the direction
of the primary modulation wave vector was observed with the direction of the modulation
being rotated up to 3" away from (101)* toward (001)*. Crystals with twin-related super-
lattices were also observed. Superlattice formation in sartorite is believed to result pri-

marily from modulations in the lengths of arsenic sulfide chains within the structure.

INrnorucrror.r

Sartorite is one of the lead arsenic sulfide minerals found
in the dolomite at the unique deposit at Lengenbach,
Binntal, Switzerland (Graeser, 1968, 1977). The mineral
was first described under the name scleroclase by Wal-
terhausen in 1857, and subsequently Dana proposed the
name sartorite, for Sartorius Walterhausen, and this has
gained general acceptance among English-speaking min-
eralogists (Palache et al., 1944). The simple stoichiometry
of sartorite, PbAsrSo, belies the complexity of its crystal-
lographic relations and structure. Early morphological
crystallographers (Baumhauer, 1895; Solly and Jackson,
1902; Trechmann, 1907) failed to find a consistent set of
axial ratios that would satisfactorily index all the ob-
served forms. Smith and Solly (1919) extensively re-
viewed and repeated much of the earlier work and con-
cluded that their crystals were composed of three lattices:
one monoclinic and the others triclinic. X-ray diffraction
studies by Bannister et al. (1939) showed the mineral to
be monoclinic but with a strong orthorhombic subcell, a
:  1 9 . 4 6 .  b : 7 . 7 9 .  c :  4 . 1 7  A  w i t t r  a  3 a  x  I  x  2 0 c
supercel l ,  i .e . ,  a '  :58.38,  b '  :7 .79,  c '  :  83.30 A,  B :
90". Using their data, Bannister et al. were able to assign
indices to all forms reported in the morphological studies.

Nowacki et al. (196 l) confirmed the orthorhombic sub-
cell: their cell was a : 19.62, b : 7.89, c : 4.19 A. They,
however, found a 3a x b x llc monoclinic supercell.
Nowacki et al. (1961) solved and refined the structure of
the subcell unit in the monoclinic space group Pl2,/nl
[space group no. 14, unique axis b, cell choice 2 (Hahn,
1983)l with 0 : 90", but they did not attempt to solve the
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superstructure. Note that the standard space group setling
of Pl2,/cl (space group no. 14, unique axis b, cell choice
l) would require a redefinition of the unit-cell transla-
tions as follows: a' : c, b' : b, c' : -(a + c), which
would change B from 90 to 102.05o. Given the parent
orthorhombic subcell symmetry of Pbnm, a: 19.62, b
: 7.89, c : 4.19 A, however, it would be inappropriate
to reset the cell into this standard setting.

Iitaka and Nowacki (1961) further refined the struc-
ture, but not to their complete satisfaction. They curtailed
their refinement at R : 14.7o/o,leaving several aspects of
the structure unclear, most notably the exact nature of
the AsrS. chains running along the [001] direction. In
particular, the bonds around the As atoms in the arsenic-
sulfide chains are too long. Given the markedly large B'
temperature factors found for 52, 53, and 54 in their re-
finement, they concluded that the modulation was prob-
ably associated with some of the S atoms being displaced
toward the As atoms along the c axis, thereby dividing
the chains into finite lengths. In view of the large .B,,
temperature factor found for the Pb atoms, they also sug-
gested that the Pb atoms might be displaced along the a
axis so as to fill up the gaps left by the displacement of
the S atoms.

Their subcell structure is shown in Figure l. It can be
considered as being composed of two structural elements:
corner-sharing chains of PbSn tricapped trigonal prisms
and layers of arsenic sulfide. The PbSn chains are similar
to those in PbCl, (C23 structure) whereas the layers can
be considered as slabs of distorted structures similar to
GeS and a-SnS (Bl6 andB29 structure) (AsS slabs) with
the coordination of the As being distorted from octahe-
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Fig. 1. Schematic diagram ofthe sartorite structure showing
the chains ofPbSn polyhedra parallel to b, which are crossJinked
by strips of AsS, polyhedra in a twinned or zig-zag arrangement.
The PbS, chains, similar to those found in PbClr, are shaded.
The structure is viewed down [001]. Pb, large circles; As, me-
dium circles: S. small circles.

dral to square pyramidal. The AsS slabs in sartorite are
three AsS, polyhedra wide and are arranged around the
PbS. chains.

We undertook this reinvestigation of the structure of
sartorite by HRTEM and electron diffraction in order to
clarify the nature ofthe sartorite structure and in partic-
ular the superstructure. This study is part of a wider re-
examination of the structures of the lead arsenic sulfide
minerals by high-resolution electron microscopy (Pring,
1990; Pring et al., 1990;Will iams and Pring, 1988).

ExpBnrnnnNTAL METHoDS

Crystals of sartorite from Lengenbach, Binntal, Swit-
zerland, were obtained from the collections ofthe South
Australian Museum, Adelaide, the Department of Earth
Sciences, University of Cambridge, and the Natural His-
tory Museum, Bern. For examination in the electron mi-
croscope, crystals or crystal fragments were ground under
an organic solvent in an agate mortar and dispersed on
Cu grids coated with holey carbon support films. The
fragments were examined in several transmission micro-
scopes, but mainly in a 200-kV Jeol 200CX and in a 300-
kV Philips EM430 and a 300-kV CM30. (The 300-kV
instruments have theoretical point-to-point resolutions
in the range 2.3--2.8 A.; lOaltlonal electron diffraction
studies were undertaken using tilt-rotate goniometers in
Jeol 120CX and l00CX electron microscopes. Electron
diffraction patterns were calibrated by vapor deposition
of a thin coating of Au (-200 A) onto the support films.

Rnsur,rs
Figure 2 shows an electron diffraction pattern and a

lattice image from the [001] zone. This zone corresponds
to the projection of the structure shown in Figure l. The
electron diffraction pattern (Fig. 2) shows an orthogonal
I/ 19 .6 x l/7 .9 A-' net with no apparent systematic ab-
sences evident along b*. The space group suggested for
sartorite, Pl2,/nl (Nowacki et al., 196l), requires ab-
sences for 0k0, k: 2n * l, ar;,d h0l, h + I : 2n + l.
The presence of the 0k0, k : 2n + l, forbidden reflec-
tions in Figure 2 is due to dynamical diffraction, as is
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clear from diffraction patterns when only the 0k0 system-
atic row diffracts. The diffraction pattern and image show
no evidence of supercell ordering or structural modula-
tion in this zone.

An electron diffraction pattem from the [010] zone (Fig.
3) shows a l/19.6 x l/4.2 A ' net with systematic ab-
sences frOl, h + l:2n + l, which are consistent with an
n glide plane. The diffraction pattern also shows rows of
sharp superlattice or satellite reflections parallel to ( I 0 I )*:
in terms of the reciprocal sublattice, the period of the
superlattice is l/13(l0l)*. Note that the satellite reflec-
tions at 6/13(101)* and 7/13(l0l)x are very strong, com-
parable in intensity in this electron diffraction pattern to
the subcell reflections. In the language of modulated
structures, these strong superlattice reflections represent
the primary harmonic of an (in general) incommensu-
rately modulated displacive modulation (see, for exam-
ple, Perez-Mato et al., 1987). The strong superlattice re-
flections are at G a qo"' with qe'i- : 6/13(l0l)*, and this
corresponds to a real space period of 8.8 A. The other
superlattice reflections [/13(l0l)*, 2/13(l0l)*.. . .] are
higher order harmonics (m) of {p''- and are labeled ap-
propriately in Figure 3.

In general, a displacively modulated incommensurate
structure can be described in terms ofan underlying par-
ent structure (in this case the P2,/n substructure, which
gives rise to the set ofstrong subcell Bragg reflections, G)
in combination with a displacive modulation field u,(T)
describing the structural deviation of the pth atom in the
Tth parent unit cell away from its position in the under-
lying parent structure (see Perez-Mato et al., 1987; With-
ers, 1989; for discussion ofnomenclature). In the case of
a one-dimensionally modulated structure this atomic dis-
placement field can be written in the form of a Fourier
series as follows: u,(T) : F.eZ e,(mq'i-)exp(2zr im q-'-1;
where m: 0, l, 2,3, . .. . A simple sinusoidal modula-
tion would have zero eigenvector amplitudes [e,(zqo'i';i
for all except the first harmonics, i.e., for all except m:
l. In general, however, the possibility of an anharmonic
modulation function must be allowed for, i.e., nonzero
e , (mqenn) fo rm>  l .

The observation ofhigher order satellite reflections (at
G + ynqvr;n1 in electron diffraction patterns need not nec-
essarily imply the existence of a genuine displacive mod-
ulation with a wave vector characterized by the corre-
sponding modulation wave vector mq"i^.In addition to
the possibility of G I mqo'i^ satellite reflections arising
as a result of multiple diffraction, it is also possible that
the reflections arise as a result of lower order modulation
harmonics (see, for example, Withers et al., 1989). This
is because a displacive modulation with modulation wave
vector q gives rise to satellite reflections, not only at G +
q, but also at G + zq, where m is an integer.

The diffraction pattern symmetry observed for sarto-
rite requires the modulated structure to have a superspace
group symmetry of P:P2,/n:-1,1 . This is a consequence
ofthe superspace group satellite extinction condition F(ft,
0, l, m) : F(h# + 0b* + lc* -t mqoi^): 0, unless ft +
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Fig. 2. Sartorite down the [00 | ] zone. The electron diffraction pattern shows no superlattice or satellite reflections along either
a or b. Magnified lattice image shows thezig-zag arrangement of the As-S layers that run between PbS layers. This view of the
structure corresponds to that shown in Fig. l.
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l :2n.  De Wol f fet  a l .  (1981) prov ides a summary of
notation and a listing of possible superspace groups. Note,
however, thal P:P2,/n:-1,1 is not l isted therein, as our
choice of parent cell is not in the standard setting. The
only possible alternative superspace group (P:P2,/n:- l,s)
implies the satellite extinction condition F(h, 0, l, m) :

F(ha* + 0b* *  /c*  I  mqv' ;^) :0,  unless h + I  + m:
2n, and this is clearly incompatible with experimental
observations. The superspace group symmetry operation
{o,lt/z(a + b +c), -2rqo ^'yrr^ + b + c)} constrainsthe
form of the above atomic displacement field (see Perez-
Mato et al.,1987 , for a discussion of the constraints placed
upon the atomic displacement pattern because of such
superspace group symmetry operations). Further consid-
eration, however, is beyond the scope ofthis paper.

In the pattern shown in Figure 3, the primary modu-
lation wave vector is locked into rational values of the
subcell repeat along (l0l)*. However, this is not always
the case. Both the direction and period ofthe superlattice
vary somewhat between different sartorite crystal frag-
ments. However, it is possible to analyze these diffraction

Fig. 3. The [0 l0] electron diffraction pattern with rows of I 3
sharp satellite reflections running along (l0l)*. Note that the
satellite reflections 6/13(101)* and 7/13(101)* are very strong.
These satellite reflections represent the primary modulation vec-
tor G + qpd- with qod- defined as 6/13(101)*. The higher order
harmonics (m: 2,3, . . .) of qnn- are indicated.
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Fig. 4. Electron diffraction pattern and lattice image of sar-
torite taken down [010]. (a) The electron diffracrion pattern shows
an apparently incommensurate superlattice, which runs approx-
imately along (15.0.4)* with a real space period of 32.4 A. This
pattern is generated by a rotation ofqo;' 3' away from (101)*
toward (001)*. The value of qo'r- it again =6/13(l0l)*; the high-
er harmonics zq are labeled. (b) Corresponding lattice image
showing conlrast modulations due to the incommensurate mod-
ulation in the structure.

pattcrns using the sorne qo'i-, but with small rotations of
the vector from the (l0l)f" direction. Figures 4 and 5
show two [010] zone axis diffraction patterns and corre-
sponding images in which both the period and direction
of the superlattice modulation appear to have changed
dramatically from the 13 x (l0l)* form shown above.
The superlattice in Figure 4a appears to run approxi-
mately along ( I 5.0.4)* with a period of - 32.4 A, and that
in Figure 5a approximately along (702)* with a period of
-40 A. However, in both cases the superlattice can be
treated as small rotations of qr"- away from (l0l)* to-
ward (001)*. In Figures 4a and 5a, qn'i' is rotated by 3
and 1.5', respectively, toward (001)*; in both cases the
higher order harmonics of qo'r- are labeled on the diffrac-
tion patterns. The corresponding high-resolution lattice
images (Figs. 4b, 5b) show strong contrast modulation
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Fig. 5. Electron diffraction pattern and lattice image of sar-
torite taken down [010]. (a) The diffraction pattern shows rows
of satellite reflections, which run approximately along (702)* with
a period of -40 A. This superlattice is generated by rotating qo"'
by 1.5'away from (l0l)* toward (001)*. The value of qn- ig
=6/13(l0l)*, and the higher harmonics mqare labeled. (b) Lat-
tice images showing the modulation in contrast due to the un-
derlining strong harmonics of structural modulation.

due to the supercell, but in both cases there appears to
be little variation in the underlying image motif of the
substructure. The curved appearance of the superlattice
fringes is due to the effects of increasing thickness on
image detail. In all three examples of superlattices given
above there is good lateral correlation in the modulation
wave vector over the distances covered in these images.
The lattice image in Figure 6 shows some irregularity in
the superlattice fringes due to the partial breakdown of
lateral correlation for the modulation. The corresponding
electron diffraction pattern shows considerable canting
and streaking ofthe superlattice reflections.

Two orientations of the primary wave modulation vec-
tor in a twin relationship occur in an appreciable number
of crystals. Figure 7 shows an electron diffraction pattern
with twinning of the primary modulation wave vector



Fig. 6. Electron diffraction pattern and lattice image of sar-
torite taken down the [0 I 0] zone showing the effects ofthe break-
down in lateral correlation. (a) The electron diffraction pattern
shows highly canted rows of superlattice reflections along ( I 0 I )*.
(b) Irregular fringes due to the breakdown in lateral correlation
in the structural modulation.

across the (001) plane: the two directions of the wave
vector are labeled. Slightly different rotations of qrr- und
a breakdown in long-range lateral correlation can also be
superimposed on the twinning, and the resulting [010]
zone axis diffraction patterns can be very complex (see
Fig. 8). Relations between superlattice reflections show
that twinning is present, with domains up to several hun-
dred Angstrdms across (see Fig. 9).

Finally, some single sartorite crystals appear to com-
prise an intergrowth of sartorite and another as yet un-
identified, but closely related phase. In addition to sar-
torite patterns, which correspond to the 19.62 x 7.89 x
4.19 A, subcell, a number of diffraction patterns, all with-
out superlattice reflections, were recorded from fragments
derived from crushed single crystals. These second sets
ofdiffraction patterns correspond to a phase with a 19.6
x 8.4 x 8 A ce[. The nature of this phase and its rela-
tionship to sartorite are yet to be fully established; how-
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Fig. 7. Electron diffraction pattern down sartorite [010],
showing satellite reflections due to twinned orientations of the
structural modulation. The primary modulation vector (qe'i')
and the higher harmonics of both components are indicated. In
both orientations qedm is approximately 6/13(101)*, and it is
rotated by 3'toward (001)* and away from (101)*. This pattern
could be mistakenly interpreted as the -34 x b x 2lc superlat-
t1Ce.

ever, it seems possible that it may be a polytype or poly-
morph of sartorite with a two-layer repeat structure (8.4
rather than 4.2 A), possibly the sartorite II sample of
Rosch and Hellner (1959).

Drscussroru
The results of this study confirmed the subcell of sar-

torite to be orthorhombic; however, the superlattices ob-
served do not correspond to either the 3a x b x 20c
supercell of Bannister et al. (1939) or the 3a x b x l lc
supercell of Nowacki et al. ( I 96 I ). The satellite reflections
occur along, or near to, the ( I 0 I )* direction and not along
either a* or c*, except when twinning is present. It ap-
pears highly likely that the crystals examined by Bannis-
ter et al. (1939) and Nowacki et al. (1961) contained
twinned forms of the structural modulation; the twins
described above, for example, in Figures 7 and 8, can be
interpreted as -3a x b x 2lc and -4a x b x 13c su-
perlattices, respectively. Given the experimentally ob-
served slight variability in the primary modulation wave
vector and the common occurrence of twinning, it would
appear that both of the above reported superstructures
could thereby be explained.

Because the twin relation is evident only in the weak,
complex superlattice reflections, it is perhaps not surpris-
ing that Bannister et al. (1939) and Nowacki et al. (1961)
were unsuccessful when they searched for evidence of
twinning. The twinning noted in this work is ubiquitous,
but on a very fine scale; the individual twin domains
range in size from 50 to 5000 A.

It is possible to consider the superlattices exhibited by
sartorite as a family of superstructures with directions of
the form (h)l)* and varying multiplicities, the directions

PRING ET AL.: STRUCTURAL MODULATION IN SARTORITE
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Fig. 8. Electron diffraction patlern down sartorite [010],
showing satellite reflections due to twinning of the structural
modulation. In this case, the modulations in the two compo-
nents of the twin have rotated by slightly different amounts, and
canting due to the breakdown in correlation is superimposed on
the effects of twinning. This pattern could be mistakenly inter-
preted as -4a x b x l3c superlattice.

of superstructure members observed here being (101)*,
-(702)*, and -(15.0.4)*, which cover an angular range
of -35'and vary in periodicity from -32.4 to -53.3 A.
Such gross variation in direction and period would sug-
gest major rearrangements of the parent substructure.
However, the observed superlattice reflections can be
considered in terms of an incommensurately modulated
displacive modulation, with a common primary modu-
lation wave vector qe'i '  : 6/13(l0l)*, which undergoes a
series of small rotations. In each case a series of higher
harmonics of the primary modulation wave vector is ob-
served. This analysis suggests that only minor rearrange-
ments of the parent substructure are required to produce
the observed sets ofdiffraction patterns.

The origin of the structural modulation superlattices is
a question of some importance, but unfortunately it is
not possible to resolve this problem unequivocally on the
basis of the electron diffraction and lattice image data,
even with the aid of computer image simulations. Struc-
tural modulations can be either compositional or displa-
cive in origin, and in the case of gross compositional
modulation, a displacive component is also usually as-
sociated. Withers (1989) suggested that it is possible to
distinguish between compositional and displacive mod-
ulations on the basis of the intensity distribution of the
superlattice reflections. Thus, in the case of composition-
al modulation, the satellite reflections are strongest near
the center ofthe diffraction pattern, whereas for a displa-
cive modulation, the intensity of the satellite reflections
initially increases as lG* ! mql increases, until the con-
tribution of the temperature factor dominates, and the
intensity decays. The intensity distribution in the satellite
reflections in Figure 4a,the clearest ofthe diffraction pat-
terns, suggests to us a displacive origin for the modula-

Fig. 9. l,attice image of sartorite down [010] showing do-
mains of ordered twinning of the structural modulation, which
range from 50 up to 150 A in width.

tion. The fact that the underlying basic lattice motif does
not appear to change in images from crystals exhibiting
superlattices also suggests that the structural modulations
are not compositional in origin. Iitaka and Nowacki ( I 96 I )
suggested that the origin ofthe superlattice lay with vari-
ations in the arsenic-sulfur linkages. The bonds around
the As in the arsenic-sulfide chains are too long, and the
bridging S atoms exhibit exceptionally high thermal pa-
rameters along the chain directions.

Iitaka and Nowacki (1961) concluded that the S atoms
were periodically displaced toward the As atoms, thus
dividing the chains into finite lengths, and suggested that
this process resulted in the formation of the superlattice.
The direction of the structural modulation is normal to
the {l0l} planes, and the displacements responsible for
the modulation probably lie in or near the { l0 I } planes.
Figure I 0 shows a view ofthe sartorite structure projected
onto the {010} plane, with the As-S chains shown and
some of the (l0l) planes traced. It can be seen that S
atoms in the As-S chains lie just to either side of these
planes. One possible model for the origin of the modu-
lation, based on a longitudinal displacement, which is
consistent with the structure refinement by Iitaka and
Nowacki (1961), is that the S atoms that fail to bridge
correctly are displaced toward the plane, as indicated in
the diagram. This process leads to the subdivision of the
As-S chain into segments two [AsSr] units in length. The
Pb atoms might also be displaced along a so as to fill up
the gap left by the displacement of the S atoms. The
equivalence ofthe (l0l) and (101) planes in the substruc-
ture provides a plausible explanation for the observed
twinning. However, although this model is consistent with
the structural data of Iitaka and Nowacki (1961), it must
be stressed that it is only one of many possible models,
and it is not possible with the available electron diffrac-
tion patterns and lattice images to establish the nature of
the atomic displacements responsible for the structural



Fig. 10. Schematic structural diagram of the sartorite struc-
ture on (010), showing the atomic positions and traces of the
{ 1 0 I } planes. The structural modulation is believed to be asso-
ciated with the displacement of atoms in the AsS chains around
the {101} planes. The AsS chains running parallel to [001] are
divided into segments by displacements of the S atoms toward
the ( I 0 I ) planes. (Pb, : large circles; As, medium circles; S, small
circles.)

modulations. Lattice image simulations using the mul-
tislice method are not particularly sensitive to atomic dis-
placements and do not offer a unique solution to the
problem, especially given the number of variable param-
eters independent ofthe structure (e.g., thickness and de-
focus) that must also be established. With the aid of high-
quality refinement of the structure, with single-crystal
X-ray diffraction methods, it may be possible to fully
resolve the nature of the modulated structure of sartorite.

A displacive origin for the modulated superstructure
suggests that the mineral undergoes a displacive phase
transition at higher temperature (cf. a-A cristobalite, a-B
qluartz:- Hyde and Andersson, 1989). No such transitions
have yet been reported in the Pb-As-S minerals. Kutoglu
(1969) found that sartorite decomposes semicongruently
to form baumhauerite and liquid at 305 'C. Attempts to
initiate a transition by heating crystal fragments with the
electron beam were made during this electron microscopy
study but were unsuccessful. Decomposition occurs rap-
idly when a high-intensity electron beam is focused onto
the fragment. A detailed investigation into the thermal
behavior of sartorite would seem warranted.

It is interesting to note that the English morphological
crystallographer H.G.F. Smith had trouble finding ration-
al indices for sartorite (Smith and Solly, l9l9) and ex-
perienced similar problems when studying calaverite
(Smith, 1902). Recent studies of calaverite have shown
that it also has a modulated structure (van Tendeloo et
al., 1983; Schutte and de Boer, 1988). Whereas morpho-
logical crystallographers at the turn of the century were
unaware of the existence of modulated structures, they
were, by their careful measurements, able to detect that
minerals such as sartorite and calaverite were crystallo-
graphically unusual. It may be possible to identify addi-
tional minerals with modulated structures by studying
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