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The layered compounds RbAg,TeSg and CsAg,TeSs crystallize
in the noncentrosymmetric space group P6scm, with a=19.15 A,
c=14.64 A, and V=4648 A% and a=19.41 A, c=14.84 A, and
V=4839 A®, respectively. The structures are composed of neutral
[AgoTeS3] layers alternating with charge-balanced salt layers con-
taining polysulfide chains of [Sg]*~ and alkali-metal ions. RbAg,-
TeSe and CsAg,TeSg are air- and water-stable, wide-band-gap
semiconductors (Ey ~ 2.0 eV) exhibiting nonlinear-optical second-
harmonic generation.

Chalcogenide compounds can exhibit significant differ-
ences in structure, reactivity, and bonding character across
the various chalcogen analogues. While sulfide and selenide
compounds are often chemically and structurally similar, the
telluride analogues are likely to have different structures
altogether, e.g., CuQ, NiQ, and PtQ (Q = S, Se, Te).' Greater
electron delocalization and metallic character of the chalco-
gen elements from sulfur to tellurium may be correlated with
instability in covalent bonding and differences in electro-
negativity and, of course, size. From a synthetic standpoint,
these differences can be exploited to produce compounds
containing both elements in different crystallographic sites
and even oxidation states,” as opposed to a solid solution (i.e.,
where S and Te randomly occupy the same crystallographic
site). To this end, reactive chalcogenide fluxes containing
both S and Te at low temperatures (e.g., 200—400 °C) can
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allow for kinetic stabilization of complex building blocks and
yield new compounds with unique structural elements. For
example, alkali-metal S/Te fluxes can favor the in situ oxida-
tion of Te by S—S bonds, depending on the Te/S ratio, and
the generation of complex anions, such as the trigonal-
pyramidal [TeS;]*~.>* In the latter, Te is in a formal oxida-
tion state of 4+, making it isoelectronic to [AsS;]*~.*

Thiotellurite compounds in the literature have been limited
to ternary alkali,’ ternar;/ alkaline-earth,® and coinage metal-
containing compounds,>*’ with the exception of the qua-
ternary A,Mn(TeS;), (A = Cs, Rb).*® The thiotellurite unit is
particularly polarizable because of the presence of a stereo-
chemically active lone pair on the Te atom and the presumed
flexibility of the S—Te—S angles.® Compounds containing
pyramidal building blocks with stereochemically active lone
pairs, such as [AsS;]*~, [I0;] ", and [TeO,]",**? that pack
into noncentrosymmetric structures have been found to
exhibit piezoelectricity, ferroelectricity, and nonlinear optical
(NLO) properties.®!
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Here, we report the new Comrz)ounds RbAg,TeSq4 (1) and
CsAg,TeSq (2) containing [TeS;]" units formed from mixed
Te/S polychalcogenide fluxes.'' The structures'? are
composed of neutral [Ag,TeS;] layers alternatm% with charge-
balanced salt layers of polysulfide chains of [S¢]*~ and alkali-
metal ions. In the A/Ag/Te/S (A = Rb, Cs, K) system, a series
of compounds with the stoichiometry AAgTeS; was obtained
in a flux at 300—350 °C:% however, the title compounds were
synthesized at 270 °C, a slightly lower temperature. This
demonstrates the potential of the flux method for generat-
ing novel structures at different temperatures. Evidently, the
lower flux temperature stabilized the formation of the poly-
sulfide chain found in the structures; we were unable to
synthesize these compounds by direct combination reactions
(i.e., without excess polychalcogenide flux).

Optimization of the AAg,TeSq syntheses to yield pure
product for material analysis was difficult because of the
inherent stability of AAgTeS; and Ag,S as secondary phases.
In addition, the lower reaction temperature resulted in inhomo-
geneities in the melt (presumably because of higher melt
viscosity), which have made pure phase synthesis challenging.
For example, if the Te/Ag ratio was increased, the reaction
products tended to include the already known AAgTeS; phase.
However, if the Te/Ag ratio is decreased to a point where there
was a large excess of Ag, Ag,S was formed as a secondary phase.
In some reactions, both Ag,S and AAgTeS; were formed
in addition to AAg,TeSe, indicating melt inhomogeneity.
Furthermore, if the temperature was raised above 280 °C,
AAgTeS; formed in significant yield (>30%). Incidentally, a
K-containing analogue was not found for this system. Hence,
both the reactant concentration and temperature play a very
crucial role in the formation of the AAg,TeSq phases.

Compounds 1 and 2 crystallize in the noncentrosymmetric
space group P6;cm and are composed of intercalated layers
of neutral [Ag,TeS;] and [A,S¢] salt (i.e., two A" cations and
one [S¢]*~ anion for every two Ag,TeS; units), which are flat
and lie perpendicular to the ¢ axis (Figure 1). Although most
alkali-metal chalcogenide compounds have anionic frame-
works charge-balanced with alkali-metal ions, the unique
AAg,TeSq structure type is a composite of two compounds,
Ag,TeS; and A,S, that are capable of existing separately
(Figure 1). Hence, a more descriptive formulation for these
compounds is (Ag,TeS3)>-A>Se (A = Rb, Cs).

The Ag atoms are tetrahedrally coordinated by S atoms.
The pyramidally coordinated Te atoms of the thiotellurite ion
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tube. The tube was sealed and heated according to the same procedure. Isolation
in DMF resulted in mostly dark-red crystals (~95%) with some black (Ag,S)
and yellow (CsAgTeS;) secondary material.
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Figure 1. (A) SEM image of the hexagonal crystal and (B) crystal
structure view of 2 perpendicular to the [001] direction. (C) [Ag,TeSs]
layer and (D) arrangement of “horseshoe” [S¢)*” and Cs™ ions in the
[Cs,S¢] layers (S—S distance is ~2.02 A) down the [001] direction.

are found in AAngeS6, justasin Ag,TeSy*!? and AAgTeS;.
In 1, the Te3 atom is disordered, with ~14% of the electron
density 0.9167(105) A from the main peak. In AAg,TeSq,
because of the presence of the polysulfide salt [A,Sq] layer
between [Ag,TeSs] layers, the AgS, tetrahedra share corners
and edges within the same layer. This is in contrast to Ag,TeS;,
where every Ag atom in a “layer” bonds with one S atom in
an adjacent “layer” to complete its tetrahedral coordination,
leadmg to a three- d1mens1ondl structure. The hexasulfide
ions adopt a horseshoe-like'* conformation (Figure 1D). The
cocrystallized hexasulfide salt moiety in AAg,TeSg effectively
breaks up the three-dimensionality of the Ag,TeS; structure.
The resulting layered compound has less dense packing of the
atoms, decreased electronic band dispersion, and a larger
band gap (2.04 eV in AAg,TeSg vs ~0.35 eV in Ag,TeSy:;!
Figure 2A and inset).'® The difference in the alkali metal is
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Figure 2. (A) Electronic absorption spectra of 1 and 2 (inset: spectrum
of Ag,TeS;). (B) SHG intensity (arbitrary units) of 2 relative to that of
AgGaSe, over a wide wavelength range.

reflected in the increased lattice parameters going from Rb
to Cs but not in the band-gap energy (Figure 2) because the
dimensionality of the structure is maintained.

The S—Te—S angles were found to range from 97.1° to
101 .5°.2’3’°17 The Ag—S bond lengths range from 2.550(7) to
2.671(5) A, and the shortest Ag—Ag distance is 3.68 A. The
AgS, tetrahedra are distorted from the ideal geometry, with
the S—Ag—S angles ranging from 89.06(16)° to 128.18(18)°.
The large distortion of the angles from the ideal 109.5° tetra-
hedral angle is due to the side sharing of adjacent AgS,
tetrahedra; the S—Ag—S angles opposite of the “shared” sides
range from 89.06(16)° to 91.08(14)°. In [SeJ* [atoms S9—S11],
the bond length is ~2.02 A, as expected. The S—S—S angles
of the [S¢]*~ chain range from 106.1° to 119.1°.

Differential thermal analysis (DTA) revealed that 2 exhib-
its a melting point endotherm at 311 °C and a crystallization
exotherm at 310 °C. However, a second cycle of heating
and cooling shows incongruent melting because the melting
and crystallization peaks are shifted to lower temperatures
(305 and 300 °C, respectively). After DTA, a dark-red-
brown ingot was obtained. Similar results were found for 1.
Powder X-ray diffraction (XRD) of the samples after DTA
demonstrated that Ag;TeS; is formed during decomposition,
presumably with Cs,Se.'® Interestingly, the melting point
of 2 is between that of Ag,TeS; (358 °C) and that of Cs,Sg
(~182°C)."”

UV—uvisible electronic absorption spectroscopy revealed
a band gap of 2.04 ¢V for 1 and 2 (Figure 2A). Raman
spectroscopy of 1, 2, and Ag,TeS; was performed with
difficulty because extended exposure to the laser beam durin%
measurement resulted in partial damage to the samples.”
The compounds share several related peaks in the far- to mid-
IR region. The Te—S vibrations of the [TeSs]*~ units can be
seen in the Raman spectrum between 316 and 374 cm ™', with
the values shifted to slightly lower frequencies in Ag,TeS5.
The peaks near 220 cm™ ' and below are attributed to S—Te—S
bending modes.” In 1 and 2, the two peaks seen between 398
and 425 cm ™' are attributed to Ag—S and S—S vibrations in
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the [S¢]*~ polysulfide chains.?' The spectra also share a strong
peak between 460 and 472 cm ™', which is also in the range of
S—S vibrations.

Because of the centrosymmetry of the [Ag,TeS;] layers and
the disorder of the S atoms in the polysulfide chains, there
were difficulties deciding between centrosymmetric and non-
centrosymmetric space groups. A second-harmonic-generation
(SHG) measurement was performed to assess the structure
symmetry and properly refine the crystal structures. The
relative SHG signal intensities of 2 (45—63 um particle size)
compared with those of AgGaSe,, a benchmark SHG mate-
rial with NLO properties in the IR region,** under similar con-
ditions were measured at different wavelengths (600—903 nm)
to analyze the symmetry and NLO properties (Figure 2B).
The SHG results confirmed that the compounds adopt a
noncentrosymmetric space group. The relative weakness of
the SHG intensity compared to that of AgGaSe, suggests that
the noncentrosymmetry results only from the conformation
and orientation of the polysulfide chains because the neutral
layers of Ag,TeS; are centrosymmetric. Phase-matching experi-
ments using differently sized particles of 2 (10—137.5 um)
indicated that the material is type I phase-matchable.”

The AAg,TeS¢ (A = Rb, Cs) compounds have a unique
structure featuring layers of [Ag,TeS;] intercalated by layers
of [A,Sg]. This is very different from most solid-state com-
pounds, which are generally composed of an anionic or cationic
network with counterions in the interstices. Also, technically
the compounds are unusual members of the broader silver
polychalcogenide family [Ag,Q,]" as they contain a fraction
of their Q atoms in a highly oxidized state.>* These materials
also demonstrate phase-matchable SHG characteristics.'*
The NLO properties are thought to arise from the noncen-
trosymmetric orientation of the polysulfide chains between
the centrosymmetric layers of [Ag,TeS;], indicating that even
small subtleties in the structure can affect the functional
properties of materials. Stabilization of the thiotellurite and
polysulfide chain building units in these compounds by tuning
the flux temperature contributes to our understanding of flux
basicity and growth mechanisms.
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