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Abstract: The structure elucidation of the novel sulfide
telluride Pb8Sb8S15Te5 demonstrates a new versatile procedure
that exploits the synergism of electron microscopy and
synchrotron diffraction methods for accurate structure analy-
ses of side-phases in heterogeneous microcrystalline samples.
Suitable crystallites of unknown compounds can be identified
by transmission electron microscopy and relocated and
centered in a microfocused synchrotron beam by means of
X-ray fluorescence scans. The refined structure model is then
confirmed by simulating HRTEM images of the same crystal-
lite. Pb8Sb8S15Te5 consists of chains of heterocubane-like units.
Cation coordination polyhedra form unusually entwined
chains of edge- and face-sharing bicapped trigonal prisms.
The structure data are precise enough for bond-valence
calculations, which confirm the disordered atom distribution.
On this basis, optimization of physical properties becomes
feasible.

Many solid-state syntheses of metastable materials include
rapid quenching processes that often lead to poorly crystalline
materials. Intriguing new phases may be present only as side-
phases and can hint at reaction mechanisms if they corre-
spond to intermediate phases in a sequence of reactions.
Conventional X-ray diffraction is not suitable for the

characterization of such microcrystalline multiphase mix-
tures, especially if unknown structures are present. Whereas
laboratory single-crystal X-ray diffraction is limited to
crystals larger than approximately 1000 mm3, microfocused
synchrotron radiation allows the collection of data from
specimens smaller than 1 mm3. However, selecting and
mounting such microcrystals from multiphase samples is
extremely tedious and used to involve numerous attempts
until a suitable specimen of a minority phase was accidentally
found. On the other hand, new developments in electron
crystallography have yielded a plethora of structure analyses
from micro- or nanocrystals. However, owing to dynamical
diffraction effects and various experimental limitations,
structures solved from electron data cannot be refined with
enough precision for detailed discussions. Site-occupancy
factors or anisotropic displacement parameters, as well as the
accuracy of bond lengths, are not comparable to those of
standard X-ray crystallography, even when dynamic effects
are taken into account to some extent.[1] Furthermore, many
techniques are restricted to X-rays, for example, special
sample environments and the use of anomalous dispersion to
differentiate elements with similar electron counts or to
determine the absolute configuration.

For many sulfides and tellurides, large crystals of stable
samples for straightforward structure analyses are frequently
accessible by chemical vapour transport or occur as minerals.
Pb2Sb2S5 (plumosite) and Pb2Bi2S5 (cosalite), for example,
adopt chain-like structures with NaCl-type fragments.[2] The
polar bonding results in rather low electrical conductivity. In
contrast, the corresponding tellurides exhibit layer-like struc-
tures with NaCl-type slabs as building blocks and are
significantly better electrical conductors.[3] The combination
of the vast structural variety of sulfides with the electrical
properties of tellurides makes sulfide tellurides an intriguing
class of compounds, with potential applications in thermo-
electrics or photovoltaics with a tuneable bandgap, for
example. For several decades, research on sulfide tellurides
focused on Bi2Te2S (tetradymite) and the homologous series
(PbS)nBi2Te2S.[4] These stable layered compounds are charac-
terized by completely ordered anions. However, homoge-
neous phases in the system Pb/Sb/Te/S are difficult to access
since many reactions tend to afford binary lead chalcogenides
in addition to other products.[5] Novel and possibly metastable
compounds in this system might, however, be flexible enough
to tolerate S and Te at one position despite their different
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covalent radii. Partial anion ordering may be a possibility for
continuous variation of the electrical properties and could
thus make sulfide tellurides more versatile than the “inter-
mediate” selenides.

Attempts to partially substitute S by Te in boulangerite-
type Pb5Sb4S11

[6] yielded a mixture of PbTe, Sb2Te, and an
unknown quaternary phase in quenched melts of the nominal
starting composition “Pb5Sb4S6Te5”.[7] Broadened and over-
lapping reflections as well as further side-phases as confirmed
by SEM (scanning electron microscopy), impede structure
analysis from powder X-ray diffraction (PXRD) data.
Selected-area electron diffraction (SAED) patterns of the
quaternary phase (see the Supporting Information) revealed
tetragonal metrics (a = 7.64 è, c = 15.18 è) that correspond
neither to unit cells of typical “sulfosalts” nor to lattice
parameters known from related classes of compounds.
Energy-dispersive X-ray spectroscopy (EDX) of such crystals
yielded the composition Pb20.5(3)Sb23.2(7)S42.0(7)Te14(1), which
approximately corresponds to that of the novel phase
Pb8Sb8S15Te5 (see below). Several attempts to optimize the
synthesis did not yield single crystals of suitable size for
laboratory X-ray diffraction. Annealing the original samples,
for example, did not yield a significantly larger fraction of the
quaternary phase according to PXRD patterns compared to
the quenched sample. Therefore, a finely ground inhomoge-
neous sample of quenched “Pb5Sb4S6Te5” was dispersed on
a carbon-coated transmission electron microscopy (TEM)
grid. A well-crystallized part of a quaternary fragment was
chosen by means of EDX and SAED. The tip of this crystal
(about 0.3 × 0.5 × 1 mm3 in size) was recovered at beamline
ID11 (ESRF, Grenoble) by a telescope with large magnifica-
tion as well as by X-ray fluorescence, using the copper
crossbars of the grid as “landmarks”. The crystallite was
centered through fluorescence line scans for Cu, Sb, S, and Te
(Figure 1). The single-crystal dataset was then collected using
a 0.7 × 2 mm2 microfocused synchrotron beam.

The structure of Pb8Sb8S15Te5 was solved with direct
methods in space group P41.

[8] Twinning around [110] as
indicated by the seemingly higher Laue symmetry close to 4/

mmm and additional inversion twinning were taken into
account. Mixed occupancies were refined on all positions;
negligible occupancies were set to zero in the final refine-
ment. Detailed information on the refinement strategy and
results are given in the Supporting Information. The structure
model is confirmed by the excellent match of simulated high-
resolution TEM images (defocus series) with experimental
ones obtained from the same crystallite as used for synchro-
tron measurements (Figure 2).

Pb8Sb8S15Te5 is isostructural to Tl3PbCl5 and the high-
temperature modification of Tl3PbBr5 (both P41).[9] The
higher symmetry P41212, which was discussed for
Tl3PbCl5,

[10] is clearly absent for Pb8Sb8S15Te5. The structure
consists of chains of distorted single-side-capped heterocu-
bane-like units along [001], which resemble distorted NaCl-
type building blocks. Within the chains, these cubes are
interconnected via mixed Pb/Sb positions and S (but not Te)
atoms (Figure 3). The cation coordination is similar to the one
in comparable sulfides, for example, in boulangerite-type
Pb5Sb4S11. Owing to lone electron pair effects, three S and S/
Te neighbors form a trigonal pyramid as the first coordination
sphere of Sb and Pb/Sb atoms. Whereas in Pb5Sb4S11, four
anions located farther away complete the coordination
polyhedron to a single-capped trigonal prism, these polyhedra
are much more distorted in Pb8Sb8S15Te5 and better described
as bicapped trigonal prisms, taking into account an eighth S/
Te neighbor. Four different chains of cation-centered poly-
hedra correspond to the four cation sites (Figure 4). Chains 1
and 2 are built up of edge-sharing bicapped trigonal prisms
with greater amplitudes than chains 3 and 4, which are formed
by face-sharing polyhedra. Each of the latter chains is
entwined by one edge-sharing chain via common faces,
which results in a staggered arrangement of two different
“superchains” in the structure. These are interconnected via
faces shared by chains 1 and 2 as well as chains 3 and 4.

Site occupancies were confirmed by bond-valence calcu-
lations, which match the refinement results very well. Sites

Figure 1. TEM image of the selected crystallite on a copper grid (left)
and an enlarged image of the measured tip of the crystallite
(0.3 Ö 0.5 Ö 1 mm3) with center of rotation (top right), and a schematic
representation of fluorescence line scans of Cu, Te and S (bottom
right). The copper crossbar functions as a “landmark”; a side-phase
visible in the center of the scan contains no Te, whereas the crystals
on the right side of the scans are located too close to the copper bar
to be measured independently.

Figure 2. Fourier-filtered HRTEM image (left) of Pb8Sb8S15Te5 along
zone axis [211̄] with simulation (inset bottom left; multislice method,
sample thickness 11.7 nm, defocus ¢80 nm), Fourier transform (inset,
top right), corresponding experimental (top right) and simulated
(bottom right) SAED patterns. Further simulations can be found in the
Supporting Information.
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that are exclusively occupied by one atom type show
a deviation of less than 9% from the ideal values. Since the
covalent radii of S and Te or Sb and Pb differ, the
coordination spheres of mixed sites represent an average.
Mixed occupation was taken into account by weighting the
bond valences by the occupancy factors, which leads to
a deviation from the ideal values, but in turn proves the
assumption of mixed occupation. This is also consistent with

the anisotropic displacement parameters, which increase with
a higher degree of mixed occupation. For example, the mean
displacement parameter for Sb2/Pb2 with 40 % Pb occupation
is 2.3 times larger than that of Sb3, which is fully occupied by
Sb.

In contrast to previous unsuccessful attempts based on the
approximate composition determined by EDX, phase-pure
Pb8Sb8S15Te5 could be obtained once the exact composition
was known from the structure analysis. However, this is only
possible by quenching small amounts of stoichiometric melts
and annealing finely ground samples for several days. As an
example, the thermoelectric properties of pressed and
sintered bulk material were determined. Pb8Sb8S15Te5 under-
goes a p-type/n-type transition at 200 88C and an n-type/p-type
one at 450 88C. In combination with a rather low electrical
conductivity, which might be due to the polar bonding
character of the predominant sulfur atoms and/or incomplete
sintering processes, this limits the thermoelectric Figure of
merit ZT to technologically irrelevant values (Figure S8 in the
Supporting Information). Based on a detailed knowledge of
the structure, optimization of the electrical conductivity can
now be efficiently approached. For example, the atom
coordination spheres indicate that the Te content may be
increased, which would be expected to yield higher electrical
conductivity. Pb8Sb8S15Te5 might be only one representative of
a series of novel sulfide tellurides that combine the structural
diversity of sulfides with the metallic bonding character of
tellurides.

In summary, it is possible to bypass the shortcomings of
electron crystallography but still exploit its benefits by
combining electron microscopy and synchrotron diffraction
methods. Although the limited availability of synchrotron
beams may restrict the described procedure to selected cases,
it may become a reliable routine for the structural character-
ization of microcrystalline heterogeneous samples or even
intergrown domains, including the products of complex phase
transitions or decomposition phenomena. In addition, it
opens a perspective for the study of reaction pathways and
intermediates, which are often metastable and poorly crys-
talline. By using inert-gas equipment,[11] the characterization
of air- or moisture-sensitive samples is also feasible. This new
and non-classical approach to obtaining unusual solid-state
compounds enables efficient chemical and structural charac-
terization as a first step, followed by targeted synthesis instead
of the usual tedious synthesis optimization by trial and error.

Experimental Section
Heterogeneous bulk samples were synthesized in silica glass
ampoules under inert conditions, starting from the elements, with
a nominal composition corresponding to Pb5Sb4S6Te5. The samples
were slowly heated to 450 88C (ca. 30 K h¢1), held at this temperature
for 12 h, then heated to 900 88C (also 30 Kh¢1) and quenched in water
after 30 h. Nearly phase-pure material of Pb8Sb8S15Te5 was obtained
by quenching small fractions of stoichiometric melts in H2O followed
by annealing the finely ground material for 16 d at 45088C. PXRD was
carried out on finely ground samples fixed on Mylar foils on a flat
sample holder. For TEM measurements, the ground sample was
suspended in ethanol and deposited on a copper grid coated with
a holey carbon film. This grid was fixed on a glass capillary for single-

Figure 3. Projection of the structure of Pb8Sb8S15Te5 (top, unit cell
outlined in the top right part) and side-view of one characteristic chain
of heterocubane-like units (bottom). Bonds are indicated and addi-
tional connections for completing the building blocks are given as
dashed lines (bond valences of these are <0.25 and interatomic
distances >3 ç).

Figure 4. Chains of cation-centered polyhedra in Pb8Sb8S15Te5 : edge-
sharing chains (1 and 2, left) and face-sharing chains (3 and 4, right)
of trigonal prisms. Chains 1 and 3 and chains 2 and 4 are entwined to
form “superchains” (bottom middle, interchain connection of 1 and 4
as well as 2 and 3 via common faces not shown). The relative
arrangement of the “superchains” is shown above (top middle).
Anions omitted for clarity.
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crystal X-ray diffraction. Data were collected at the European
Synchrotron Radiation Facility. The thermal diffusivity was deter-
mined by using the laser flash method, while the resistivity was
measured in a four-point setup simultaneously with the Seebeck
coefficient. Further details are given in the Supporting Information.
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