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ABSTRACT

Franckeite, approximately Ph, A go.2Sn,5F€,s50,S,26, CONsists of alternating pseudohexagonal (H)
and pseudotetragonal (Q) layers. Scanning tunneling microscopy (STM) and atomic force micros-
copy (AFM) of freshly cleaved franckeite, from San Jose, Bolivia, revealed the atomic structure of
the pseudohexagonal component. On AFM images, the expected pattern with b = 3.2 A was ob-
served. STM revealed a+3 ¥ +3 superstructure, with b' = 6.3 A, interpreted to be caused by tunnel-
ing effects. The pseudotetragonal layer was not identified in any images.

Layer modulation, which results from the non-commensurate fit of the alternating H and Q lay-
ers, was observed with both AFM and STM. Modulation waves are sinusoidal and regular and they
are always parallel. The calibrated modulation wavelengths averaged to 3.77, 4.10, 4.45, and 4.74
nm (with uncertainty £0.10 nm) corresponding to pseudotetragonal/pseudohexagonal (Q/H) matches
of 13/12, 14/13, 15/14, and 16/15, respectively. These correspond with observations made using
bulk analytical methods on individual members from the franckeite-cylindrite family but scanning
probe microscopy (SPM) was able to show that Q/H match varies on alocal scale, with sharp do-

main boundaries. Domains can be on the order of 150 nm in width.

INTRODUCTION

Franckeite belongsto afamily of complex sulfide minerals
where substitution resultsin arange of complicated structures,
making them afascinating topic of study from the mineralogic
perspective. Electron-sharing, particularly in some crystallo-
graphic orientations, causes most members of the family to be
semi-conducting, which makes them of interest to materials
scientists. Bulk structural parameters have been determined for
anumber of them from X-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM) but the averaging inherent with
macroscopic techniques may obscure local variationsin struc-
ture and composition. The purpose of this study was to use
scanning probe microscopy, which has angstrom-scale resolu-
tion, to observe local atomic structure on cleaved surfaces of
one member of the sulfosalt family.

Franckeite has approximate composition: Pb,sAQq.
Sn,sFeysSh,S;, s (Organova et a. 1980). It is semi-conducting
in the direction perpendicular to cleavage and is composed of
alternating pseudohexagonal (H) and pseudotetragonal (Q) lay-
ers, where H-layers have an A-centered subcell withb = 3.68 A,
c=6.32 A, a = 91° and the Q-layers have an A-centered
pseudotetragonal subcell withb=5.84 A, c=5.90A, a =91°
(Wang 1989). The layers are stacked HQHQ along a with a
periodicity of 17.3 A but they are non-commensurate
(Makovicky and Hyde 1992). The misfit in the match of the Q
and H subcells induces a structure modulation along c. The
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wavelength (I ), or distance between the modul ation highs, var-
iesasafunction of chemical composition, especially asafunc-
tion of the Pb%/Sn* ratio (Makovicky and Hyde 1992).
Reported wavelengths vary from ~39 to ~47 A corresponding
to arange of Q/H matches from 14Q/13H in bulk samples of
Pb-freefranckeiteto 16Q/15H for natural franckeite specimens
(Organovaet al. 1980; Kissin and Owens 1986; Li et al. 1988;
Williams and Hyde 1988; Wang 1989; Wang and Kuo 1991).
Demonstration of the existence of local variation in wavelength,
thus in the match parameters, and determination of arelative
scale for a coherent domain size have not yet been possible
with classical mineralogical methods.

Scanning probe microscopy (SPM) uses the highly local
interactions between a sharp tip and the atoms of a surface to
create atwo-dimensional map where the physical property that
the probe measures is represented as the third dimension. The
sample is moved with respect to the tip by a piezoelectric ele-
ment which can be scanned laterally and vertically in sub-ang-
strom increments allowing atomic-scal e resol ution. Details of
the technique, image interpretation, and applications to other
geological samplesare presented in Eggleston (1994). Descouts
and Siegenthaler (1992) offer abundant examples of the appli-
cation of SPM techniquesto awide variety of surfaces. In scan-
ning tunneling microscopy (STM), the probe is a conductive
wire, which is brought close to a sample surface. A voltage
bias on the sample induces a measurable tunneling current to
flow between the tip and a conducting or semi-conducting sur-
face. Resulting images represent the spatial variation in elec-
tronic structure over the atomic array. In atomic force
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microscopy (AFM), atip is mounted on a cantilever that has a
very light spring constant, so variation in the atomic-scaleforces
over the surface causes repulsion or attraction. Although there
are many forces contributing, the most influential is often sim-
ply hard-sphere repulsion between atoms of the tip and the
sample so the resulting image is amap that approximatestopog-
raphy (Stipp et al. 1994). AFM and STM probe different physical
properties of a surface, so their images offer different kinds of
information, and comparison of theimages often offersnew infor-
mation about surface behavior.

MATERIALS AND METHODS

Natural samples of franckeite from San José, Boliviawere
cleaved in air with a scalpel along (100) cleavage planes. The
samples were mounted on steel sample holders with double
sided tape, acrylite, or silver paint.

We used a Digital Instruments (DI) multi-mode scanning
probe microscope. This instrument is designed so that the
sample sits on the piezoel ectric element and thetip isheld sta-
tionary above the surface. The sampleis rastered forward and
back along the x-direction as y is sequentially incremented.
Thusx iscalled the “fast-scan direction” andy, the “ slow-scan
direction.” We used STM tips cut from Pt/Ir wire with wire
cutters and various bias/set point combinations. For AFM, we
used standard Si;N, cantilevers with an integrated pyramidal
tip and a spring constant of approximately 0.12 N/m. All im-
ages were collected in air. Humidity in the laboratory ranged
from 30 to 60% and temperature from 18 to 28 °C during the
days of the experiments. Experience has shown that water va-
por from air forms a capillary layer between tip and sample
(Stipp et a. 1996), making force determinations in air mean-
ingless, but for these studies, force was maintained as low as
possible by periodically ramping set point as far as tip with-
drawal, then engaging again and adjusting set point to avalue
just below tip lift-off. Minimizing force in this way minimizes
contact area and friction, thus significantly decreasing the ex-
tent of multiple tip imaging. Specific imaging conditions are
reported in the caption for each figure. We collected scores of
images from a number of sub-samples of the frankeite sample
and we applied standard SPM practice for avoiding artifacts.
All imageswereflattened using alinear fit and those presented
here are either raw data or lightly low-pass filtered so as to
remove high frequency noise. Flattening, covariance, and two-
dimensional Fourier transform treatment of the datawere made
with the DI software provided with the microscope. Interpreta-
tions based on low-pass filtered images were verified by care-
ful examination of raw data.

RESULTS AND DISCUSSION
Atomic scale structure and superstructure

Onflat, freshly cleaved samples of franckeite, atomic-scale
images could be collected with both AFM and STM (Figs. 1
and 2). The images appear slightly distorted. Hexagons are
stretched or compressed and the angl es between rows of atoms
are not the expected 120°, making it difficult to directly deter-
mine whether the particular franckeite surface examined was a
Q or H layer. Distortion is a pervasive artifact in SPM. It is
relatively common to see hexagons stretched to appear asmono-
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FIGURE 1. Height mode AFM image of the (100) surface of
franckeite. Scan rate was 24 Hz and force was held as low as possible
while maintaining contact. The “edge effect” at the left side of the
image results asthetip begins each new scan line. Light spots represent
areas that are topographically higher. “Drift” has distorted the
hexagonal atomic pattern (shown as black dots in white circles), but
the distance marked nearly along x (whiteline) is6.1 A, whichiswithin
uncertainty limits of expected atomic separation along the c axis.

clinic or even as orthorhombic or tetragonal arrays, and cubic
surfaces can be distorted to appear monoclinic or hexagonal. It
is especially easy to recognize distortion when sequential im-
ages, which are collected as the scanner movesfirstinthe“up”
(+y) and then in the “down” (-y) scan-directions, differ in ap-
pearance. Distortion is explained by an unwanted movement
of thetip with respect to the sample, which is separate from the
expected scanning motion. It isoften called “thermal drift” but
recent experiments prove that distortion bears no relation to
changes in temperature, as such. Rather, it results from non-
linear instrument response, especially during the first hour af-
ter the instrument is turned on (Henriksen and Stipp 2002).

In general, angles in SPM images cannot be trusted unless
a method is adopted to rigorously account for distortion; dis-
tances must be carefully determined to minimize distortion ef-
fects. “Drift,” one of the components of distortion, is at a
minimum along the fast-scan (x) direction. “ Scaling,” the sec-
ond component, is at a minimum if the piezoel ectric scanner
was calibrated after more than an hour warm-up time and at
theinstrument conditionsintended for scanning (Henriksen and
Stipp 2002). Thus, for determining atomic spacingsin this study,
we measured average distances in the fast-scan direction from
the two-dimensional Fourier transforms of the images. Figure
1 shows a typical AFM image. Although the pattern appears
shortened in the slow-scan (y) direction, atomic spacingsin a
line as close to the x-direction as possible, are consistent with
the pseudo-hexagonal layer.

Figure 2ais typical of the STM images. A hexagonal pat-
ternisalso apparent, but the dimensions measured indicate that
the spacing represents a +3 ¥ +3 superstructure (Fig. 2c). Su-
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perstructures can result when a surface relaxes after cleavage.
Bonding forces are no longer balanced as they were within the
bulk so some atoms shift position slightly up or down from the
atomic plane, making them appear in the image as brighter
(higher) or weaker (lower) spots than they would otherwise
be. Another mechanism for producing a superstructure is the
overlapping of electron cloudsfrom morethan one crystal layer,
so that tunneling is enhanced in certain directions. In scores of
images, we never saw superstructure with AFM, but we did by
STM, so we can interpret that the superstructure on franckeite
surfacesisnot caused by truerelative differencein atom height,
but rather, that electronic overlap of the top layer with the un-
derlying structure results in stronger tunneling at some posi-
tions. The nodes of enhanced tunneling which form the
superstructure coincide with the nodes of the first (approxi-
mate) match of A-centered Q and H subcellsin the franckeite
structure: 2bg @ 3by and ¢y ? ¢. This coincidence latticeis not
centered as such. Because of the match of the by/by subcell,
however, the Q layer below each H layer can occur with equal
probability in two positions. These are separated by adistance
of 0.5 bg suscary @Nd produce the centration point of the observed
+3 ¥ +3lattice, which isfully equivalent toits (0, 0, 0) nodein
the layer stack. An alternative explanation, that these positions
represent an ordering of minor cations in the H layer, is un-
likely. Thiswould result in observation of periodicity in the X-
ray and HRTEM studies, but this has not been observed
(Williams and Hyde 1988). Tunneling enhancement in the layer
stack isthe most attractive explanation for the observed super-
structure. Becauseimaging ismost effective using negative bias
voltage, we interpret that tunneling occurs through negatively
charged sites, that is, the sulfur atoms.

The vertical distance separating the top of adjacent H |ay-
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ersis~17.3 A; that separating the top of the H layer from the
top of the next Q layer is ~6 A. Both STM and AFM are ca-
pable of imaging steps of this height at atomic resolution, so
we looked for evidence of a step where we could see atomic
spacing on both H and Q layers. From the proportionality of Q
and H layers in franckeite, we would expect to be able to see
pseudotetragonal surfacesaswell. However, in all experiments,
with both STM and AFM, the images that we obtained were
consistent with the pseudohexagonal spacing. We cannot say
why we were unable to image the Q layer. It seemsnot tobea
matter of differencesin semi-conducting properties of the two
layers, i.e., in the ease of tunneling, because AFM was simi-
larly ineffective at imaging the pseudotetragonal layer. It is
possible that during cleavage, the H layer relaxes to a smooth
surface that is easy to image, whereas the Q layer becomes
rough and unrecognizable as an atomic array.

Modulation

Modulation is characteristic of this sulfosalt family of min-
erals and its spacing or wavelength varies with chemical com-
position. It was observable with both AFM and STM. Ridges
and troughs are always straight and parallel; bending was never
observed (Fig. 3a). Cross-sections of STM images, such asFig-
ure 3b, show a sinusoidal oscillation representing the interac-
tion between clouds of electrons at the tip and sample, but it
can be argued that STM images, which represent electron den-
sity, are not a true picture of topography. AFM images are a
closer representation of height. Figure 4 shows modulation
imaged with AFM. The sinusoidal cross-section (Fig. 4b) has
rounded tops but the valleys are slightly v-shaped. Thisis ex-
plained by theinterference of thetip’s profile with the modula-
tion. The AFM tip can ride over the modulation tops, tracing

FIGURE 2. (a) Height mode STM image of the (100) surface of franckeite. Scan rate was 30 Hz; setpoint, 400 pA; bias voltage, -900 mV.
Brighter spots represent sites of enhanced tunneling. The slightly distorted hexagonal patterns (marked by black dots in white circles) have
separation distances along the fast-scan, x-direction of about 6.3 A along b, instead of the expected 3.7 A. Thisindicates +3 ¥ +3 superstructure.
(b) Two-dimensional Fourier transform. The long vector from the origin (about 5.7 A) represents the perpendicular distance between the atomic
rows, which is approximately half the distance c; the short vector represents modulation spacing (37 A). (c) A schematic diagram showing the
basic hexagonal layer as open circles (with axesb = 3.7 A and ¢ = 6.3 A) and its +3 ¥ +3 superstructure shown as filled circles (with axes

b'=6.3A,c=111A).
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FIGURE 3. (a) Height mode STM image at lower resolution,
showing modulation structure. Scan rate, 10 Hz; set point, 400 pA;
bias 795 mV. Modulations are parallel, with no bending observable.
(b) Cross-section (averaged profile) perpendicular to the modulation
direction indicates a sinusoidal waveform.

their real outline, but it is wider than the valleys so it cannot
reach their bottoms and its edges get caught on the sides. The
AFM and STM data together, however, strongly suggest sinu-
soidal modulation. Thisis consistent with high resolution TEM
observations for franckeite (Williams and Hyde 1988) and for
cylindrite (Makovicky 1976).

Modulation amplitude determined from AFM images var-
ied considerably because corrugation recorded on atomic scale
imagesisafunction of scanning parameters, particul arly scan-
rate and gains. As the sample is scanned under the tip and the
piezoel ectric element attempts to respond to the detector feed-
back signal, there is not enough time for complete response
before the next data are recorded. Thus, height is under-repre-
sented to varying degrees depending on how fast the sampleis
moving and what level of response rate has been set by the
imaging parameters, so there is considerable uncertainty in
measured modulation amplitudes.

One important question that we hoped SPM could answer
concerned local variability in modulation wavelength. Unfor-
tunately, distortion causes uncertainty in lateral distances mea-
sured. Although it isrelatively easy to eliminate effects of drift
and scaling by an Inverse Transform (Henriksen and Stipp
2002), for this work we were lucky because a number of the
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FIGURE 4. (a) Height mode AFM image taken at 5 Hz. (b) The
cross-section is sinusoidal with slight v-shaped valleys resulting from
interference of pyramidal tip shape with the edges of the modulation
hollows. On the lower left corner of image (a), there is a different
modulation spacing separated by a feature that runs at an angle to the
scanning direction (between arrows). It represents aboundary between
domains with different Q/H match: 14/13 in the upper right, 16/15 in
the lower left, suggesting local differences in composition.

images recorded the atomic array at the sametime as the modu-
lation pattern (for example Fig. 4a). Average atomic distances
for franckeite are well-defined from bulk experiments, so these
images, where both atomic and modulation spacing were vis-
ible on two-dimensional Fourier Transforms, provided uswith
an excellent opportunity to use atomic spacing as an internal
calibration, thuseliminating drift and scaling artifacts. We could
precisely determine the orientation of the c axisto the modula-
tion direction and we could measure the wavelength of the
modulation structure in relation to the dimensions of the hex-
agonal subcell (m). In the direction normal to modulation
ridges, the spacing between rows (b;) was measured from the
two-dimensional Fourier transform, such asisshownin Figure
5b. Theratio of b; to the known bulk atomic spacing, b, for the
H layer provided aconversion factor for determining true modu-
lation spacing, m = m(b/b;) for that image.

In all of theimages, wave propagation direction, that isthe
normal to the modulation ridges, was paralel to the c axis.
This is consistent with XRD data for cylindrite (Makovicky
1976). The internally calibrated modulation wavelengths, all
taken from sub-samples of the same franckeite specimen, are
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FIGURE 5. (a) Height mode AFM image taken at 5 Hz, flattened and |ow-pass filtered, where both modul ations and atoms are resolved. (b)
Two-dimensional Fourier transform, where the long vector represents atomic spacing, b;, and the short vector, modulation spacing, m.

plotted in Figure 6. All of these local measurements fall into
four groups of Q/H match: 13/12, which has previously been
reported for bulk samples of cylindrite (Makovicky 1976);
14/13, reported for Pb-free bulk samples of franckeite (Li et al.
1988), 15/14 observed in bulk Pb-rich franckeite (Organova et
al. 1980; Wang 1989), and 16/15, corresponding to a modula-
tion spacing of 4.7 nm, reported for natural franckeite samples
by Wang (1989). Note that uncertainty in Q/H match is less
than +0.10 nm, and the data separate themselves into discrete
groups (Fig. 6). The variation in Q/H match within the same
sampleissignificant becauseit demonstratesthat domainswith
internally consi stent structure coexist with neighboring domains
with different, but internally consistent, Q/H match. Thislocal
variation implies that domains vary slightly in composition.

On one image (Fig. 4a), we were able to capture evidence
of a change in modulation character on both sides of a linear
feature running exactly perpendicular to modulation spacing
and parallel to ¢ (between arrows). The feature, however, cuts
across the fast-scan direction, evidence that it is not likely an
imaging artifact and it follows the direction expected for a do-
main boundary. As proof, Q/H mismatch on thetop right is 14/
13, and on the bottom left, 16/15, a difference in mismatch of
two units. We note that in most cases, our random sampling of
Q/H mismatch over the surface was not controlled, but adirect
result of “drift,” therelative (and uncontrollable) movement of
the tip with respect to the sample. We took advantage of this
annoyance and used the drift velocity, together with time lapse
between capture of sequential images, to make a rough esti-
mate of domain size. From sets of images where modulation
spacing was known to differ, capture time and drift rate gave
domain sizes on the order of 150 nm across.

Comparison with published work

Maet a. (1997) studied a (100) cleavage surface of natural
franckeite from Dachang, China, using a CSTM-9000 scan-

ning tunneling microscope. They also obtained only images
of the H layer, and reported average pseudohexagonal subcell
dimensions b = 3.66 A and ¢ = 6.20 A (with this precision),

4.8 1

16/15
4.7 1

4.6 1

4.5 1

oo o

15/14

4.4 1

*

4.3 1

4.2 1

4.1 14/13

* o0

4.0 1

Modulation spacing (nm)

3.9 1

3.8 1

13/12

* 40 o

3.7 1

3.6 1

FIGURE 6. Modulation wavelengths measured from images (black
diamonds) compare well to those calculated from Q/H match
(horizontal lines). For Q/H match of 13/12, calculated modulation
spacing is 3.77 nm, compared with the average of observed data, 3.77
+ 0.07 nm where uncertainty represents range in measurements. For
14/13, calculated is 4.10, observed average is 4.10 + 0.07; for 15/14,
calculated is4.41, average, 4.45 + 0.1 and for 16/15, calculated, 4.77,
observed, 4.74 nm.
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which are almost the same as the X-ray values of Wang (1989)
from the same locality. The results of Ma et a. (1997) are at
variance with our observations of the STM superstructure, but
unfortunately, no comparison can be made between the two
sets of data because distortion corrections have not been made,
they do not report if they measured distances only along the
fast-scan direction and their illustrations lack a recognizable
scale. Theseresearchers also claim to have measured two regu-
lar modulations perpendicul ar to each other, with average wave-
lengths of 69.8 A and 47.0 A, respectively. The latter valueis
identical to the modulations obtained by electron diffraction
for Dachang franckeite by Wang et al. (1992). It also corre-
sponds to the interlayer match of 16/15 given for this locality
by Wang (1989). The images cited as evidence, however, de-
pict the hexagonal substructure and comprise, at most, only
half of one modulation wavelength; it is not clear from the ar-
ticle where the mistakes occurred.

Bengel et al. (2000) used STM and AFM to study the non-
commensurate layer structure of the synthetic compound
[(Pb,Sh)S],sNbS,. In this material, the pseudotetragonal lay-
ers are franckeite-like but the pseudohexagonal NbS, layers
are trigonal-prismatic. This compound has only one-dimen-
sional interlayer misfit, b = 5.964 A, by, = 3.33 A whereasthe
other dimension is common, ¢ = 5.829 A the stacki ng direc-
tion of thetriclinic structureis 17.649 A. Layer geometry |leads
to quite a different layer match (4bg @ 7b,) and this was ob-
served in their STM figures of the Q layer. No modulation of
the pseudohexagonal layer was observed that would be anal o-
gousto our results.

Thus, our study revealed that: (1) the long-range modula-
tion of the layered franckeite structure is regular over fairly
extensive (100 to 1000 nm) domains; (2) the modulation vec-
tor has asimple crystallographic orientation, parallel to [001]
of franckeite; (3) modulation followsasinewave; (4) thereare
distinct modulation and compositional domainswithin asingle
franckeite sample; (5) a+3 ¥+3 superstructure is observed using
STM but isabsent during AFM imaging which can be explained
by tunnelling through the closest approximate match between the
H and Q layers; and (6) it islikely that tunnelling occurs through
the negatively charged sites, that is, the sulfur atoms.
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