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Abstract: The layered compound Sn,g4Biyg245€,; exhibits
an extraordinarily long-periodic 150R stacking sequence.
The crystal structure contains three different building
blocks, which form upon the addition of Sn to a Bi-rich
bismuth selenide. Sn-doped Bi, double (“2") layers similar
to those in elemental bismuth, Sny;Bi; ;Se; quintuple (“5")
layers and Sng,Bi,Se, septuple (“7") layers are arranged in
a 7525757525|7525757525|7525757525 sequence, which
corresponds to a structure with a=4.1819(4) and c=
282.64(6) A in space group R3m. The structure of a micro-
crystal was determined using microfocused synchrotron
radiation and refined as a formally commensurately modu-
lated structure in (3+ 1)D superspace (superspace group
R3m(00y)00), with a trivial basic structure that contains
just one atom. The stacking sequence as well as the
cation distribution are confirmed by aberration-corrected
scanning transmission electron microscopy (STEM) in com-
bination with chemical mapping by X-ray spectroscopy
with atomic resolution. Stacking faults are not typical but
have been observed occasionally. )

Owing to their pronounced compositional and structural diver-
sity, chalcogenides represent one of the most intriguing classes
of compounds in solid-state chemistry and physics. Besides
Bi,Se;, which is one of the most well-known topological insula-
tors,'? recent studies of for example, Bi,Te;,*’ MnBi,Te, and
SnBi,Te," revealed their potential as topologically non-trivial
materials. In addition, layered chalcogenides like BiSe,’ SnSe,”!
and Bi-doped SnSe, have attracted much attention in the
field of thermoelectrics. Such chalcogenides also constitute a
fascinating field of fundamental research. For example, single-
crystal data of Ge,Se;Te revealed unexpected Ge—Ge bonds,
which have been confirmed by STEM (scanning transmission
electron microscopy) and theoretical calculations.” Modular
stacking can lead to new inorganic-organic hybrid materials,
for example, by inserting polymer chains in tin selenides."”
Layered chalcogenides often form homologous series of
compounds, where variations of the slab thicknesses between
van der Waals gaps characterize a plethora of new phases.""
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This can lead to compounds with large lattice parameters,
which can be expected to be beneficial for thermoelectric
properties as phonon scattering on the nanometer scale de-
creases thermal conductivity."? Compounds in the binary M/X
systems with M=Sb, Bi and X=Se, Te form trigonal layered
structures built up from M, double layers (symbolized by
“2")—comparable to those in the element structures of Sb and
Bi—and tetradymite-like M,X; quintuple blocks symbolized by
“5". Complex stacking results in large lattice parameters, for ex-
ample, c=103 A for BisTe,, which features a 2555|2555 2555
sequence."”” So far, no single-crystal X-ray data have been re-
ported for such layered chalcogenides with long-periodic
stacking sequences that exhibit lattice parameters larger than
these 103 A. Electron diffraction data and high-resolution
transmission electron microscopy (HRTEM) of quenched sam-
ples, however, showed the presence of a rhombohedral bis-
muth telluride Bi,, sTe; with a 138R-type stacking sequence (&
~0.11-0.75, c~275A) of 55525552552 | 55525552552
55525552552."" In ternary systems such as TtTe(Bi,Te;), (Tt=
Ge, Sn, Pb), the structural chemistry is extended by building
blocks with septuple (“7”) TtBi,Te, slabs in addition to quintu-
ple (“5”) Bi,Te; slabs."™ The structure with the longest perio-
dicity has been found in a 159R-type germanium bismuth tel-
luride that exhibits a 557575757 | 557575757 | 557575757 stack-
ing sequence with ca~318 A as deduced from electron diffrac-
tion patterns."® However, crystal structure refinements have
not been reported for such extreme cases.

With respect to inorganic compounds, unit-cell dimensions
of more than 100 A are very unusual in general. They have
been reported for a few binary compounds like the well-
known polytypes of SiC,"” ZnS,"® Cdl," and Pbl,.”” Varying
sequences and orientations of the same structural entities
result in polytypes with huge lattice parameters of up to 990 A
in SiC.2Y Such crystallographic phenomena have usually been
observed only in small domains by electron microscopy; and
the structures were assigned by plausibility or trial and error
methods in case diffraction data were available. Only very few
actual structure refinements based on single-crystal data of
structure models with very large lattice parameters do exist. In
this respect, even lattice parameters of around 57 A as recently
observed for cesium rare-earth silicates Cs;RESiO,5s (RE=Dy-Lu,
Y, In) have been reported as being unusually large,*? although
for example, for the mineral turtmannite with c=204 A, a full
structure refinement has been carried out.”” Hexaferrites are
also prone to form anisotropic structures with large translation
periods along the stacking direction of Ba-rich and Fe-rich
slabs, which can be arranged with varying sequences that ex-
hibit  translation periods of up to 1577A for
Ba;oZNgsFe4440g0,.>" While this extraordinary layer stacking has
only been identified by electron microscopy, Rosseinsky et al.
fully refined the crystal structure of Ba/Fe/Zn oxide hexaferrite
polytypes, for example, BaFe,,Zng0,,s with c=488 A, from
single-crystal synchrotron data.””’ Hexaferrites can be identified
by the 00/ reflections in electron diffraction patterns and de-
scribed by a unified (3+1)D superspace model.?® Similar de-
scriptions have been reported for perovskite-like com-
pounds.”” Lidin et al. developed a similar superspace formal-
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ism for the system Bi/Se described above.”™ Such superspace

descriptions are well known from modulated structures, but
the (3+1)D description of long-periodic layered structures
does not mean that a somehow simpler structure is modified
by wave-like displacements or occupation modulations. in fact,
the hypothetical basic structure would consist of just one or a
few atoms. Therefore, the superspace formalism focuses, on
the one hand, on a unified description of a series of com-
pounds. On the other hand, it gives access to elegant structure
refinements in cases where the reflections of extremely large
unit cells are too closely spaced to be integrated from area-de-
tector data based on a 3D periodic indexing.

In the pseudobinary system (SnSe),Bi,Se;, compounds with
very diverse structures are formed.”” Besides cubic Sn,Bi,Se,
(x=4) with defect NaCl-type structure, and layered SnBi,Se,
(x=0.5) with defect GeSb,Te,-type structure, at least four com-
pounds (0.8<x<3) with structures derived from lillianite
(Pb;Bi,Ss)” have been discovered. Here we report the single-
crystal structure of a new compound in the system Sn/Bi/Se,
which features an extraordinarily long lattice parameter of c=
282.6 A in a 150R stacking sequence.

A complex layered phase with the chemical composition
SN, g4)Bix.@Se,; was formed during the decomposition of sam-
ples of SnBi,Se, with defect GeSb,Te,-type structure.”” The fact
that this decomposition occurred during repeated slow heat-
ing indicates that the new phase is most likely thermodynami-
cally stable at temperatures below ~500°C. The hetero-
geneous product was examined by scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectroscopy (EDX),
which revealed regions of different contrast and composition
(Figure S1 and Table S1, “S” denotes Figures and Tables in the
Supporting Information). In addition to a minority phase,
which according to EDX corresponds to Sny; 4Biy;305€30,%” and
a main phase of SnygsBi,;s5e,?” the title compound has been
identified as a main component that is slightly Sn-depleted
compared to the nominal composition SnBi,Se;.

A single crystal (Figure S2) of this unknown phase has been
characterized by transmission electron microscopy (TEM) and
EDX (Table S2). Using a fluorescence detector, this crystallite
has been centered in a microfocused synchrotron beam at the
European Synchrotron Radiation Facility (ESRF) and single-crys-
tal diffraction data were recorded.®" The crystallite exhibits a
complex diffraction pattern. Initial attempts to determine the
crystal structure from the single-crystal data by “routine data
processing” resulted in a structure close to that of BiSe.*?
However, the fact that 60% of all reflections remained unin-

525 7 525 7

7 525 7 5 7

b ®Bi/Sn
®Se

dexed indicated that this was a wrong model. Taking into ac-
count the precise positions of the reflections leads to a unit
cell with ¢=282.6(6) A; however, reasonable data cannot be
extracted as many very weak reflections lie very close to
strong ones that impede intensity integration. This problem
can be overcome by formally describing the diffraction pattern
based on the (3+1) dimensional superspace group
R3m(00y)00. This involves a formal basic cell of a=4.1819(4)
and ¢=5.6528(5) A, which contains just one atom, with a com-
mensurate modulation vector g=_87/50=1.74. This way, all re-
flections in the reciprocal lattice can be indexed (Figure S3-S5).
Following the concept outlined by Lidin et al.,”® the structure
solution and refinement were based on modulation parame-
ters of the single atom site at the origin of the small unit cell
of the basic structure (for details on the refinement see the
Supporting Information). Initially assuming one Bi and one Se
atom on this site, both fully occupied, the additional dimen-
sion in (34 1)D superspace can be used to modulate the occu-
pancy using discontinuous functions. Crenel functions were
used to describe the occupancy modulation by defining inter-
vals in the additional dimension x4 where the corresponding
atom exists. The refinement of the crenel function width A de-
fines the overall chemical composition.

The refined value of A[Se1]=1—A[Bi1]=0.5398(2) was con-
strained to 0.54 in order to provide an integer number of
atoms in the unit cell. The resulting sum formula Biy4s5e,s4 and
a g-vector of q=1.74=87/50 correspond to a commensurate
structure with a stacking sequence of 7525757525
7525757525|7525757525 (Figure 1). A refinement of positional
modulation waves for Se and Bi shows their displacements
along [001] (x3 direction), which became obvious from F,
Fourier maps (Figure S6). Mixed occupancy of Sn and Bi was
taken into account by a further modulation of site occupancy
factors, again constrained to full occupancy. The refinement re-
veals a varying Sn fraction on the cation sites. The occupancy
of the atoms as a function of the t variable in superspace (Fig-
ure S7) shows where the atoms are present in the x4 dimen-
sion. The Sn fraction amounts to 4% in the double layers,
whose structure corresponds to that of elemental Bi, up to
16% at the central position in septuple layer (Figure S8). This
results in a sum formula of Sn,g4Bis,Se,, well in line with
the EDX analyses (Table S1 and S2). The range of interatomic
distances is comparable to those found in other bismuth sele-
nides and tin bismuth selenides (Table S3, visualized as a func-
tion of t in Figure S9). Crystallographic data® are shown in
Table S4, structure parameters including modulation parame-

7 525 7 525 7 5 7 525 7

Figure 1. Crystal structure of Sn,gBi 4 Se€,; vViewed along [100]: 150R stacking sequence of 7525757525 |7525757525|7525757525 (cf. text); Se atoms are
displayed in black, Bi/Sn atoms in gray; (Bi,Sn)Ses octahedra are highlighted in order illustrate the different thicknesses of the rock-salt-like slabs; the zigzag

lines correspond to (Bi,Sn), layers; the unit cell is indicated.
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ters are given in Tables S5 and S6 (note that R values for some
“satellite orders” are affected by adjacent very strong reflec-
tions of other orders and that the intensity does not decrease
with increasing “satellite order” as there is no wave-like modu-
lation).

The long-periodic trigonal structure of Sn,gyBisga@Se,; With
a 150R stacking sequence is built up from three different kinds
of slabs: double and quintuple layers known from the system
Bi/Te, an additional septuple layers obtained by the introduc-
tion of Sn. The 7525757525|7525757525|7525757525 se-
quence corresponds to an extremely large lattice parameter of
the 3D-periodic structure, which amounts to 282.6 A. This is
the first layered chalcogenide with three different building
blocks, and it features by far the longest translation period
found in the system Sn/Bi/Se. Taking into account the slabs,
the formula can be written as
(Sng.1Bi; 6),(SN 3Bi; ;5€3)5(SNg4BiysS€,)s. Assuming Bi® and Sn° in
the double layers and Sn®", Bi*" and Se’” in the quintuple and
septuple slabs, the overall charge of the compound is neutral
within standard deviations. Sn/Bi cation disorder in septuple
slabs has also nicely been confirmed by X-ray diffraction and
Méssbauer spectroscopy of SnBi,Se,.?¥

A structure model in 3D derived from the description in su-
perspace (Figure 1) can be only be refined tentatively
(Table S7) using a 3D dataset. Since such a 3D dataset corre-
sponds to a (3+1)D one with satellite reflections up to the
30" order, the model has too many parameters without a rea-
sonable amount of observed data. Thus, the commensurately
modulated description is inevitable although there is no wave-
like modulation as known from typical modulated structures.
However, the refined atom positions of such a 3D model do
not deviate much from those directly derived from the (3+1)D
superspace model (Table S8). Referring to the superspace de-
scription of bismuth selenides by Lidin et al.,”® the g-vector of
87/50=1.74 can be correlated to the stacking sequence and
the resulting number of atom layers in the unit cell (Table S9).
STEM-HAADF images (Figure 2) confirm the long-periodic
stacking sequence of Sn,g4Biy,qSe,; as derived from the
single crystal data. The presence of Sn on all metal atom sites
as indicated by the X-ray data corresponds well with aberra-
tion-corrected STEM-HAADF and chemical mapping by atomic-
resolution EDX. Figure 3 shows a 525 stacking sequence with a
double layer in the center (a—d) and a 57 stacking sequence
with a van der Waals gap between the two blocks (e-h). Inten-
sities in STEM images and their projection perpendicular [001]
further confirm the atom distribution along the sequence (Fig-
ure S10). Selected-area electron diffraction (SAED) patterns and
Fourier transforms of STEM images along [210] match the dif-
fraction pattern calculated from the 3D model derived from
the (3+ 1)D structure refinement (Figure 4) and thus addition-
ally confirm the lattice parameter of 286.6(6) A. A further SAED
pattern along [100] with the corresponding simulation is
shown in Figure S11.

Occasionally, stacking faults and different stacking sequences
have locally been observed during extensive electron micros-
copy studies (Figure S12). Yet, the presented structure is by far
the predominant stacking sequence.

Chem. Eur. J. 2020, 26, 10676 — 10681 www.chemeurj.org

In conclusion, repeated annealing afforded Sn,gyBisg45€27
a new compound in the system Sn/Bi/Se with an extraordinari-
ly long-periodic 150R stacking sequence 7525757525 |
7525757525]7525757525, resulting in a lattice parameter of
c=282.6(6) A. The structure is built up from three different
types of slabs, which significantly expands the plethora of
known structure models for layered chalcogenides. In
SN, 8@BixnaeSess the structural features of binary pnictogen-
rich chalcogenides, that is, double and quintuple layers and
those of ternary tetradymite-like chalcogenides, that is, quintu-
ple and septuple layers, are combined and lead to the unusual
long-range ordering. It remains, however, an open and very in-
triguing question, why such structures form and why they are
seemingly thermodynamically stable. The large unit cell and
the mixed occupancies impede theoretical calculations as alter-
native models with different arrangements of the same build-
ing blocks will show only tiny differences in the strength of
van der Waals interactions between the slabs. For example, in
the related compound Ge,Sb,Te;, which features much smaller
translation periods, activation energies for transitions between
ordered and disordered models, which differ by ca. 1eV in
energy, have been calculated to be as low as 0.005 eV.”* The
structure model was obtained by means of X-ray diffraction
using a microfocused synchrotron beam and confirmed by
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Figure 2. Fourier-filtered STEM-HAADF image (300 kV) along [210] with an
image of the crystal structure of Sn,g,Biy,4Se,; in the corresponding pro-
jection as an overlay; the asymmetric unit (7525757525 sequence, cf. text) is
shown on the right in an enlarged image. In the HAADF images, brighter
contrast corresponds to Bi/Sn atom columns and darker contrast to Se atom
columns. Se atoms are displayed as gray circles and Bi/Sn as white circles.
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Figure 3. STEM-HAADF images along zone axes [210] (a) and [110] (e),
brighter contrast corresponds to Bi/Sn atom columns and darker contrast to
Se atom columns; (c, g) EDX maps of the indicated (red box) section of the
STEM-HAADF images with (b, f) corresponding structure projections and (d,
h) integrated EDX signal projected perpendicular to the layers (projection
along [210] or [110], that is, parallel to the layers, Se signals and atoms are
highlighted in green and Bi/Sn signals and atoms in red and blue, showing
mixed occupancy on all cation positions as indicated by the violet color. (b),
(c) and (d) show a 525 stacking sequence with a double layer in the center;
(f), (g) and (h) depict a 57 stacking sequence with a van der Waals gap be-
tween the two blocks. (a, c) were recorded using 200 kV, (e, g) using 300 kV
accelerating voltage.

STEM-HAADF measurements with atomic resolution and EDX
mappings. The synergism of these methods enables unprece-
dented accuracy of structure determinations of microcrystalline
compounds and promotes the discovery of numerous new re-
lated layered compounds with mixed site occupancies. These
may exhibit intriguing physical properties such as thermoelec-
tricity or non-trivial topological behavior.

Experimental Section

SNy gaBiynawSe,; was formed during the decomposition of a
quenched sample of SnBi,Te,”” upon repeated heating. For TEM
measurements, the powdered sample was drop-cast on a copper
grid coated with a holey carbon film. This grid was fixed on a glass
capillary for single crystal data collection at the European Synchro-
tron Radiation Facility (ESRF). For STEM measurements, polycrystal-

Chem. Eur. J. 2020, 26, 10676 — 10681 www.chemeurj.org

Figure 4. Comparison of an experimental SAED pattern (top, zone axis
[210]), a Fourier transform of the STEM-HAADF image displayed in Figure 2
(bottom) with a simulated SAED pattern (middle, based on the structure
model from single crystal data); for better comparability, cutouts of the sim-
ulation are repeated as insets in the experimental pattern.

line pieces were embedded in epoxy resin and mechanically cut
and thinned to a thickness of ~20 um in the center using a
dimple grinder. Electron transparency was achieved by polishing a
hole in the center of the disc by Ar-ion milling (Figure S13). Further
details are given in the Supporting Information.

10680 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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