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Abstract

The new polyselenide Ba,SnSes was prepared from the elements under exclusion of air at temperatures between 650 and 750 °C.
Ba,SnSes crystallizes in the ortlol(grhombic space group P2,2,2;, with the lattice parameters of a« = 12.3572(8) A, b = 17.235(1) A,
c=18.134(1) A, V = 3862.1(4) A (Z = 16). Its structure comprises nonlinear Se»%‘ trimers, isolated SnSe, tetrahedra and trimeric
Sn;3Se;( units, the latter consisting of a central (distorted) SnSeq octahedron sharing two opposite basal edges with two SnSey
tetrahedra. The structural differences to its Sr and Te analogs, Sr,SnSes and both modifications of Ba,SnTes, are intriguing, and

illustrated in detail in this article. Ba>,SnSes is a dark brown semiconductor with a computed band gap of 1.2¢eV.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Quite recently we commenced to investigate tin
polychalcogenides with the intent of evaluating their
use for the thermoelectric energy conversion. This area
in general has enjoyed impressive success in the past
years [1-5]. Common knowledge dictates that good
thermoelectrics are semiconductors forming complex
crystal structures with heavy constituent elements [6,7],
and calculations revealed that their band gaps ideally
encompass 6-10kg7, with kg = Boltzmann constant,
T = operating temperature [8]. This range corresponds
to band gaps between 0.16 and 0.26eV at room
temperature.

On our quest for narrow gap semiconductors we
published two Sn polychalcogenides in the year 2004,
Sr,SnSes [9] and a new modification of Ba,SnTes [10]
with calculated band gaps of 09eV and 0.25eV,
respectively. In the latter case, we experimentally
deduced the band gap to be 0.18¢V from temperature
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dependent electrical conductivity measurements. Both
of these compounds form crystal structures with quite
unique motifs, namely unusually distorted Sn—Se poly-
hedra in Sr,SnSes, and distorted SnTes trigonal
bipyramids and a nonclassical Te‘;_ unit in Ba,SnTes.
Electronic structure calculations were performed on the
former by Hoffmann et al. because of the peculiar
geometry around one Sn site, based on unpublished
concurrent data from Johrendt et al. [11]. Later in 2004,
the related SrySn,Sey was introduced in detail [12]. So
far, the Ba—Sn—Se system remained literally unexplored.
With this contribution, we present the new polyselenide
Ba,SnSes, formally isovalent with Sr,SnSes and
Ba,SnTes but exhibiting different structure motifs.

2. Experimental
2.1. Synthesis and analysis
The elements were acquired either in pieces (Ba: 99%

nominal purity, ALDRICH) or in powder form (Sn:
99.8%, —325 mesh, ALFA AESAR; Se: 99.5%, —100


www.elsevier.com/locate/jssc

1088 A. Assoud et al. | Journal of Solid State Chemistry 178 (2005) 1087-1093

mesh, ALDRICH). Ba,SnSes was prepared starting
from the elements in the stoichiometric ratio of 2:1:5.
This mixture was placed into a fused silica tube, which
was then sealed under vacuum. The tube was put into a
resistance furnace, heated to 750 °C within three days,
kept at 750 °C for four days, cooled down to 700°C
within ten minutes, and then annealed at 650 °C for four
days. In the final step, the furnace was cooled down to
room temperature within four days. The brown—black
reaction mixture appeared to be homogenous. The
powder diagram obtained utilizing the INEL powder
diffractometer with position-sensitive detector (CuKo,
radiation) gave no hint to the formation of any known
binary compound. After the successful structure deter-
mination described below we verified that Ba,SnSes was
obtained in quantitative yields.

We performed an EDX investigation (EDX: energy
dispersive analysis of X-rays) using an electron micro-
scope (LEO 1530) with an additional EDX device
(EDAX Pegasus 1200). The scans were performed with
an acceleration voltage of 21kV under high dynamic
vacuum. No impurities (e.g., stemming from the
reaction container) were detected. Taking the Lo peaks
of Ba, Sn, and Se (at 4.465keV, 3.443keV and
1.419keV, respectively) into account for the (standard-
less) quantitative analysis, the Ba:Sn:Se ratios were
calculated to be 23:11:66 at% (averaged over three
crystals). This compares reasonably well with the ratio
of 25:12.5:62.5 expected based on the 2—1-5 stoichio-
metry.

2.2. Crystal structure study

A bar-shaped dark brown crystal was mounted onto
the Smart APEX CCD (BRUKER, utilizing MoKu
radiation). The scans of 0.3° in w were done in two
groups of 606 frames (each with an exposure time of
60s) at ¢ = 0° and 60°. The data were corrected for
Lorentz and polarization effects. Absorption corrections
were based on fitting a function to the empirical
transmission surface as sampled by multiple equivalent
measurements using SADABS [13].

The structure solution and refinement were carried
out with the SHELXL package [14]. We expected
orthorhombic symmetry based on the three 90° angles,
and a#b#c. This was verified by the internal R value of
4.2% in the orthorhombic crystal system. The systema-
tic absences were unambiguous, limiting the possible
space groups to one, namely P2,2,2,. The structure
solution (Direct Methods) in this space group was
successful, yielding 32 independent atom sites. The 20
sites occupied by clearly the lightest atom were assigned
to be Se positions. Then the sites with no contacts to Se
atoms <3 A were identified as Ba positions, and the
remaining four sites all exhibited bonds to Se atoms
starting at 2.5 A, typical for Sn'Y atoms. This model was

Table 1
Crystal data and structure refinement of Ba,SnSes
Empirical formula Ba,SnSes
Formula weight (g/mol) 788.17
Temperature (K) 298(2)
Wavelength (A) 0.71073
Space group P2,2,2,
Cell dimensions
a(A) 12.3572(8)
b (A) 17.235(1)
¢ (A) 18.134(1)
V(A% 3862.1(4)
No. of formula units per cell 16
Calculated density (g/cm?) 5.422
Absorp. coeff. (mm™") 29.40
F(000) 5312
Crystal size (um) 80 x 78 x 25
260 range 3.26-60.0
Reflections collected 32119

Independent reflections (Rin,) 11107 (0.042)

Observed reflections\refined parameters 9435\291
Absorption correction Empirical
Min./max transmission 0.77/1
Goodness-of-fit on F 1.25

R(F), Ry(F?) (I>2a(1)) 0.055, 0.075
R(F), R,(F?) (all data) 0.067, 0.078
Extinction coefficient 0.000034(3)
Max. diff. peak, hole (e/A%) 2.76, —2.50

confirmed by the uniform distribution of equivalent
displacement factors, all being of the order of 0.01 A2
The final refinement converged with an acceptable
residual factor of Rw(Fg) = 7.8% (all data). Details of
the structure determination are given in Table 1, and
atomic positions with equivalent displacement para-
meters may be found in Table 2. Further details of the
crystal structure investigation can be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany, on quoting the depository
number CSD-414418.

2.3. Electronic structure calculation

The band structure of Ba,SnSes; was calculated
employing the self-consistent tight-binding first princi-
ples LMTO approximations (LMTO = linear muffin tin
orbitals [15,16]). In the LMTO approach, the density
functional theory is used with the local density
approximation (LDA) [17]. The integration in k space
was performed by an improved tetrahedron method [18]
on a grid of 92 irreducible k points of the first Brillouin
zone. Integrated COHP values of selected bonds were
extracted from the energy-partitioning Crystal Orbital
Hamilton Population scheme [19] to gain information
about the bond strengths, comparable to the longer
established Mulliken Overlap Populations [20] extracted
from the Crystal Orbital Overlap Populations [21].
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Table 2
Atomic coordinates and equivalent displacement parameters of
Ba,SnSes

Atom X y z Ueq//&2

Bal 0.36392(7) 0.17696(4) 0.00290(4) 0.01098(16)
Ba2 0.35890(7) 0.17831(4) 0.25424(4) 0.01131(16)
Ba3 0.49582(7) 0.42713(4) 0.74393(4) 0.01061(16)
Ba4 0.48992(7) 0.43262(4) 0.49505(4) 0.01091(16)
Bas 0.36648(7) 0.17654(4) 0.75223(4) 0.01079(16)
Ba6 0.86690(7) 0.31800(4) 0.49689(4) 0.01149(16)
Ba7 0.00565(7) 0.56863(5) 0.74664(4) 0.01202(17)
Bag 0.00594(7) 0.57018(5) 0.49446(4) 0.01160(17)
Snl 0.18608(7) 0.37434(5) 0.87227(5) 0.01538(17)
Sn2 0.18095(7) 0.36774(5) 0.07380(5) 0.01277(18)
Sn3 0.67839(7) 0.13009(5) 0.32934(5) 0.01124(18)
Sn4 0.15057(6) 0.31601(4) 0.36210(5) 0.00921(16)
Sel 0.35638(9) 0.32662(6) 0.37090(7) 0.0123(2)
Se2 0.36091(9) 0.32428(6) 0.12441(7) 0.0123(2)
Se3 0.01458(10) 0.42533(6) 0.36916(8) 0.0123(2)
Se4 0.50851(10) 0.07427(7) 0.87817(8) 0.0121(3)
Se5 0.37747(9) 0.31577(6) 0.87290(7) 0.0100(2)
Se6 0.85666(10) 0.17379(7) 0.38085(7) 0.0126(3)
Se7 0.49115(9) 0.07479(6) 0.13126(8) 0.0105(2)
Se8 0.61984(11) 0.23906(7) 0.24368(7) 0.0132(3)
Se9 0.18919(10) 0.10163(6) 0.12828(8) 0.0129(2)
Sel0 0.50828(10) 0.07515(7) 0.38330(7) 0.0132(3)
Sell 0.23959(11) 0.47585(7) 0.76077(7) 0.0121(3)
Sel2 0.62084(11) 0.23698(7) 0.01859(7) 0.0111(3)
Sel3 0.19057(10) 0.10201(7) 0.38456(7) 0.0128(3)
Sel4 0.18849(10) 0.10708(6) 0.87936(7) 0.0125(3)
Sel5 0.24001(11) 0.47496(7) 0.98323(7) 0.0129(3)
Sel6 0.81077(10) 0.60820(6) 0.87257(8) 0.0137(3)
Sel7 0.24909(11) 0.99666(7) 0.05314(7) 0.0114(3)
Sel8 0.25075(11) 0.99722(7) 0.30416(7) 0.0116(3)
Sel9 0.11120(11) 0.23874(7) 0.47773(7) 0.0127(3)
Se20 0.11061(11) 0.25039(7) 0.24014(7) 0.0115(3)
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2.4. Resistance measurement

We pressed part of the ground phase-pure sample into
a bar-shaped pellet of the dimensions 6 x 1 x 1 [in mm]
for physical transport measurements, since no single
crystals of sufficient dimensions were available. The high
internal resistance of the pellet inhibited Seebeck and
electrical resistance measurements. Based on our experi-
ences with other high resistance materials, we conclude
that the specific resistance of the as-cast Ba,SnSes
sample must be above 100 kQ cm at room temperature.

3. Results and discussion
3.1. Crystal structure

The polyselenide Ba,SnSes crystallizes in a new
structure type. This structure contains a trimeric SnzSe;,
unit, an additional, not connected SnSe, tetrahedron,
and bent Se3” units. Fig. 1 reveals how these motifs are
embedded in the matrix of the cations, here Ba’",
compared to the corresponding, but in part different
structure motifs of Sr,SnSes [9].

Each Sr*" and each Ba®>" cation are surrounded by
nine Se atoms, with Sr—Se distances ranging from 3.12 to
3.37A, and Ba-Se distances being between 3.24 and
3.70 A, the vast majority of the latter between 3.3 and
3.5A. The stacking of S** and Ba’", forming linear
chains parallel to the c-axis, is topologically equivalent
in Sr,SnSes and Ba,SnSes. Correspondingly, the cell
dimensions are quite comparable, with Ba,SnSes; ex-
hibiting slightly larger cell parameters because of the
larger cation, and a doubled c-axis: the values in A are
a=124,b=17.2, c = 18.1 for Ba,SnSes, and a = 12.1,
b =16.6, ¢ = 8.6 for Sr,SnSes. In both cases, the Seg_

Fig. 1. Crystal structures of Sr,SnSes (left) and Ba,SnSes (right).
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units are stacked on top of each other to fill an almost
square channel formed by the cations. Its dimensions
(from cation to cation) are 446 A x 4.83A in Sr>SnSes,
and 4.62 A x 4.94 A in Ba,SnSes.

Similarly, a rectangular channel of the cation chains,
which runs along the c-axis as well, surrounds the Sn—Se
polyhedra. Its dimensions are 4.45A x 6.45A in
Sr>SnSes, and 4.63A x 6.65A in Ba,SnSes. An evident
difference between these two structures is that the Sn—Se
polyhedra in Sr,SnSes share an edge with its counter-
parts of the neighboring Sr channel, while the ones in
Ba,SnSes are not interconnected in that direction. In
Ba,SnSes, SnSe, tetrahedra alternate with the trimeric
Sn;3Se;y units along the c-axis (Fig. 2). Two of these
columnar motifs run side by side—without sharing
common atoms—within neighboring channels of Ba®"
cations, while the C-shaped tetrameric SnsSe;4 unit of
Sr,SnSes extends itself into two channels of Sr**
cations. The more pronounced condensation in the a,b
plane of Sr>SnSes, ultimately connected to the different
Sn—Se polyhedra, may be a consequence of the smaller
cation matrix surrounding the Sn—Se units. As well, the
C-shaped unit of Sr,SnSes repeats itself after 8.64 A,
while the alternating Sn3Se;, and SnSes units of
Ba,SnSes are repeated every 18.1 A, ie., averaged
4.53A per Sn atom, compared to 4.32A in SrySnSes.
Moreover, a 3.46 A distance (dashed line in Fig. 2)
connects the SnySe;, fragments to an infinite chain
running along [001]. Hence we postulate that the steric
effect of the larger cation in Ba,SnSes causes the more
isolated Sn—Se fragments, and thereby different Sn—Se
polyhedra.

The trimeric Sn3Se;q unit of Ba,SnSes is composed of
an irregular SnSes octahedron in its center, with its
Sn1-Se bonds ranging from 2.56 to 2.99 A (Table 3).
The various bond angles are close to the expected
values, e.g., varying from 87.1° to 94.5° instead of the

Se20 b

b Sn4 Se3 c
I, J Sel
. A2 .
% / J\ . . Sel9f
Seb } Sel0
Sn
SeB k. Sell
SeS Se7
Sn
Sel2 Sels
%
Se2 ¢ Sed
Se20
Sn4 Se3
Sel
Sel9 L

Fig. 2. Sn—Se polyhedra in Sr,SnSes (left) and Ba,SnSes (right).

ideal 90° (Table 4). This octahedron is connected via two
of its opposing basal edges to two Se, tetrahedra
centered by the Sn2 and Sn3 atoms, which lines up the
three Sn atoms of the Sn3Se;y unit in an approximately
linear arrangement (Fig. 2). These two tetrahedra are
quite comparable to the third one, which is centered by
Sn4. The Sn4Se, tetrahedron, the most regular one in
this structure with Se-Sn—Se bond angles between 100.2°
and 127.3°, does not share any Se atoms with the
SnjSejo unit. All Sn2-Se, Sn3-Se, and Sn4-Se bonds are
in the range of 2.51-2.58 A. These are expected lengths
for Sn'V-Se bonds; e.g., the isolated Sn'VSe, tetrahedra
of K4SnSe, exhibit bonds between 2.49 and 2.53A [22].
An example for the uncommon octahedral Sn'Y
coordination is found in the binary selenide SnSe, with
six Sn—Se bonds of 2.68 A per Sn atom [23], while the
Sn1-Se bonds in Ba,SnSes average to 2.75 10\, with two

Table 3
Selected Sn—Se and Se—Se distances (A) of Ba,SnSes
Snl-Se7 2.5642(14) Sn2-Se4 2.5097(15)
Sn1-Se5 2.5715(14) Sn2-Se2 2.5196(15)
Snl-Sel5 2.7386(16) Sn2-Sel2 2.5721(15)
Snl-Sell 2.7544(16) Sn2-Sel5 2.5778(16)
Snl-Sel2 2.8719(15)
Sn1-Se8 2.9852(16)
Sn3-Sel0 2.5045(15) Sn4—Se3 2.5279(13)
Sn3-Se6 2.5085(15) Sn4-Sel9 2.5311(15)
Sn3-Se8 2.5425(15) Sn4-Se20 2.5327(15)
Sn3-Sell 2.5644(16) Sn4-Sel 2.5548(14)
Se9-Sel7 2.3828(17) Sel3-Sel8 2.4372(17)
Sel6-Sel7 2.3794(17) Sel4-Sel8 2.3780(17)
Table 4
Selected Se—-Sn—Se and Se—Se bond angles [deg] of Ba,SnSes
Se7-Sn1-Se5 176.67(5) Se4-Sn2-Se2 137.85(6)
Se7-Sn1-Sel5 91.74(5) Se4-Sn2-Sel2 105.09(5)
Se5-Sn1-Sel5 91.23(5) Se2-Sn2-Sel2 106.47(5)
Se7-Sn1-Sell 89.43(5) Se4-Sn2-Sel5 100.14(5)
Se5-Snl-Sell 91.83(5) Se2-Sn2-Sel5 101.26(5)
Sel5-Snl-Sell 94.51(4) Sel12-Sn2-Sel5 99.78(5)
Se7-Sn1-Sel2 88.96(5)
Se5-Sn1-Sel2 89.59(5) Se10-Sn3-Se6 134.84(6)
Sel5-Sn1-Sel2 89.14(5) Se10-Sn3-Se8 106.21(5)
Sel1-Sn1-Sel2 176.05(5) Se6-Sn3—Se8 104.81(5)
Se7-Sn1-Se8 87.06(5) Sel10-Sn3-Sell 103.13(5)
Se5-Sn1-Se8 89.90(5) Se6-Sn3-Sell 101.07(5)
Sel5-Sn1-Se8 177.23(5) Se8-Sn3-Sell 102.75(5)
Sel11-Sn1-Se8 87.98(4)
Sel2-Sn1-Se8 88.34(4) Se3-Sn4-Sel9 102.85(5)
Se3-Sn4-Se20 104.33(5)
Se9-Sel7-Sel6 110.64(7) Se19-Sn4-Se20 116.80(5)
Se3-Sn4—Sel 127.25(5)
Sel3-Sel8-Sel4 108.27(6) Sel19-Sn4-Sel 100.21(5)
Se20-Sn4—Sel 106.29(5)
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shorter ones to the apices (2.56A, 2.57A), and the
longer ones in the basal plane (2.74-2.99 A).

The nominally six-coordinated Snl atom of Sr,SnSes
exhibits a much more distorted coordination than the
Snl of Ba,SnSes, with two apical Sn—Se bonds of 2.52
and 2.54 A, and four basal contacts of 2.64, 2.68, 3.11,
and 3.46A. However, the latter may be neglected,
leading to a five-fold (or 4+ 1) coordination of Snl in
Sr,SnSes. Noting that all Snl-Se contacts of Ba,SnSes
are shorter than 3 A, we expect all of them to be
bonding, and hence regard Snl as six-coordinated.

We calculated the bond valences (s) of these Sn—Se
interactions via the Brown-Altermatt approach [24]:

s = expl(ro — r)/Bl,

with rg —2.527A for Sn-Se bonds, and r being the
actual bond distance. B was empirically determined to
be 0.37 A. These parameters worked rather well for the
four-coordinated tetravalent Sn atoms, with summed
bond valences of 3.82-3.98 per Sn atom (Sn2, Sn3, Sn4)
in Ba,SnSes. The four-coordinated Sn atom of Sr,SnSes
has a valence of 3.91. As well, the six-coordinated Sn
atom of Sn'¥Se, exhibits a valence (3.97) very close to
the expected value of 4.0. On the other hand, the Snl
atoms of both Sr,SnSes and Ba,SnSes have significantly
smaller values, namely 3.68 and 3.58, respectively.
Despite this, their calculated valences are clearly more
indicative of Sn'" than of Sn', as expected based on
electron counting. (The trend observed indicates that a
higher B value might be more appropriate.)

A different deviation from the common four-fold
coordination of the Sn atoms was detected in monoclinic
Ba,SnTes [10], while orthorhombic (kinetically stabi-
lized) Ba,SnTes comprises exclusively four-coordinated
Sn atoms [25]. The five-coordinated Sn3 atom of
monoclinic Ba,SnTes exhibits three short Sn—Te bonds
between 2.75 and 2.83 A, and two longer ones of 3.00
and 3.39 A. Its coordination sphere is best described as a
trigonal bipyramid, with the two longer Sn—Te distances
forming the apical bonds, and the three shorter ones the
basal bonds. Again, we observe the same trend, i.e., that
the higher coordinated Sn atom (here: Sn3) has a smaller
totaled bond valence (using ry = 2.735A, B=0.37A),
namely 3.31 vs. 3.62 (Snl) and 3.80 (Sn2).

Se Sel el6 14
240 239 2.38 238
Scl< 5% 17 Sel8

9 9 b W

(a) (b)

In addition to these four isovalent tin polychalcogen-
ides (Sr,SnSes, Ba,SnSes, and the two modifications of
Ba,SnTes) exhibiting four different Sn—Q coordination
polyhedra, there are three different polychalcogenide
groups, namely nonlinear Q%f groups (Sr,SnSes,
Ba,SnSes), Q%’ dumbbells (orthorhombic Ba,SnTes),
and nonclassical Q‘S" groups in monoclinic Ba,SnTes
(Fig. 3). The two symmetry-independent Se3~ groups of
Ba,SnSes are almost identical, and compare well with
the one of SrSnSes. All these Se-Se bonds in both
compounds are in the rather small range of 2.38-2.44 A,
and the bond angles are all typical, with 106-111°. These
nonlinear groups, and the Te%’ group, are classical Zintl
anions of the expected geometry with regular single
bonds, allowing for a straightforward assignment of
formal charges. The 34 valence-electrons of the Tes™
group with two central ‘half bonds’ (3.0 A) and two
terminal single bonds (2.8 A) were assigned based on its
structural analogy to the supposedly isoelectronic I3
group of IsAsFg [26] and the Tes~ group of NaTe [27].
The fact that Ba,SnTes exhibits a different polyanionic
unit confirms the tendency of tellurides to show
nonclassical hypervalent bonding, e.g., compounds like
Cs3Tey, [28] have no counterparts among the selenides.

3.2. Electronic structure

The densities of states (DOS curves) of Ba,SnSes and
Sr,SnSes are being compared in Fig. 4. The energy
windows start below the Se—p dominated domains, with
the Fermi level separating the filled from the unfilled
Se—p states. The latter stem from the antibonding Se—Se
interactions. It is evident that the bandwidth of the filled
states is smaller in case of Ba,SnSes (about 4.5eV,
compared to 5.5¢eV in Sr,SnSes). The larger band gap of
Ba,SnSes (1.2eV, compared to 0.9eV) is a direct
consequence of this difference, and it becomes visible
by the dark-brownish color of Ba,SnSes, vs. the black
appearance of Sr,SnSes. This trend can be qualitatively
understood on the basis of the enlarged lattice
parameters of Ba,SnSes, compared to Sr,SnSes, caused
by the larger cation. Hence the secondary Se—Se
interactions are generally longer in Ba,SnSes, leading
to smaller dispersions. For example, the Sej™ groups are

e3 3.02

ﬁ 3.10

@‘ 2.34
(© () ]\tﬂé

Fig. 3. Polychalcogenide units, from left to right: (a) the two Se%’ units of Sr,SnSes; (b) the two Se%’ units of Ba,SnSes; (c) the Te3™ unit of

orthorhombic Ba,SnTes; and (d) the Teg" unit of monoclinic Ba,SnTes.
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Fig. 4. Densities of States of Sr,SnSes (left) and Ba,SnSes (right). Dashed horizontal line: Fermi level (EF).

stacked along the c-axis, in both structures, with
intermolecular Se-Se distances of 3.58-3.76A in
Ba,SnSes, and 345349 A in Sr,SnSes. The shortest
Se-Se distances, aside from those of 2.4 A in the Sei™
groups, are 3.41 A in Ba,SnSes and 3.20A in Sr,SnSes.
Moreover, the band gap of monoclinic Ba,SnTes is
significantly smaller, experimentally determined to be
0.18eV, and computed to be 0.25eV, because of the
higher lying Te states, compared to the Se states.

We calculated the ICOHP [29] values of the different
Sn—Se interactions of both Sr,SnSes and Ba,SnSes and
the same for the Sn—Te interactions of the two Ba,SnTes
modifications, to investigate whether the lengthier
distances correspond to bonding interactions or not.
The same was done for the Q—Q interactions within the
polychalcogenides. For comparison, we plotted the
relative ICOHP values in Fig. 5, i.e., the values divided
by the one of the strongest interaction of that kind in
that structure. In all cases, a strong bond strength—
bond length correlation is apparent. All Se-Se and
Sn-Se bonds <2.7 A and Sn—Te bonds <2.9 A are quite
strong, being above 50% of the respective maximum.
The Te-Te bonds may be divided into two kinds, the
first being shorter than 2.9 A, all (three) being above
88% of the strongest Te-Te bond, and the second one
being between 3.0 and 3.1 A, with relative strengths of
52% and 41%—supporting the classification into full
and half bonds. The Sn—Q bonds become progressively
weaker with increasing distance, with the Sn—Se curves
running approximately parallel to the Sn—Te curves.

Where is the cut-off for the Sn—Q bonds? All bonds
within the SnSeq4 tetrahedra of both polyselenides are
shorter than 2.6 A, and have relative ICOHPs of at least
81%. The two longest of the SnlSeq octahedron of
Ba,SnSes (2.87 and 2.99 A) still exhibit 34% and 20%,
respectively, of the strongest Sn—Se bond of Ba,SnSes

10 1
08 T

0.6 T ® Sr2SnSe5: Sn-Se ¢

< Sr28nSe5: Se-Se A
® Ba2SnSe5: Sn-Se
04 T 5 Ba2SnSes: Se-Se .
A m-Ba2SnTe5: Sn-Te
0.2 + A m-Ba2SnTe5: Te-Te ]

@ 0-Ba2SnTe5: Sn-Te ¢ A
O 0-Ba2SnTe5: Te-Te

ICOHP/ICOHPmax

L, ¢

0.0

22 24 26 2.8 3.0 32 3.4 d/A

Fig. 5. Relative ICOHP values vs. interatomic distances of A4,SnQs
(4 = Sr, Ba; Q = Se, Te).

(Sn3-Sel0, 2.51 A: ICOHP = —3.08 eV). This compares
well to the 3.11A interaction of Sr>SnSes  with
15%—numbers that most researchers will consider to
be relevant. On the other hand, the 3.46 A interaction of
Sr,SnSes stands out with only 3%, as well as with a large
length difference to the next shorter Sn—Se distance
(0.35A). We therefore suggest to consider all Sn—Se
interactions up to 3.11 A as bonds (solid lines in Fig. 2),
which leads to coordination numbers for the Sn atoms
of 4 and 5 in Sr,SnSes, and of 4 and 6 in Ba,SnSes. In
analogy, we propose to include all Sn—Te distances up to
3.4A, resulting in Sn coordination numbers of 4 and 5 in
BaZSnTe5.

3.3. Physical properties

Our electronic structure calculation of Ba,SnSes
yielded a band gap of 1.2eV, while the dark brown
appearance is indicative of a gap at the edge of the
visible range, 1.7eV. This difference of 30% is not
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atypical for LMTO calculations [30,31], as we found a
25% deviation in another barium selenide, BaslLa
Ge3SbSe;; [32].

Based on the band gap size >1¢eV, one expects the
resistivity for the undoped material to be large.
Correspondingly, the resistance went out of scale in
our measurement attempts, indicating a resistivity above
100 kQ cm at room temperature.

4. Conclusion

The new polyselenide Ba,SnSes crystallizes in a new
type that consists of nonlinear Se;~ units, distorted
Sn'VSe, tetrahedra and Sn'YSeq octahedra. This differs
from both modifications of Ba,SnTes, where Te%’, Te‘s",
Sn'VTe, tetrahedra and Sn'YTes trigonal bipyramids
were found. Moreover, only four- and five-fold co-
ordinated Sn'Y atoms occur in the recently published
Sr,SnSes. Our calculations show that all these Sn—Q
interactions have bonding character.

The formation of different Sn—Se polyhedra in
Ba,SnSes, compared to Sr,SnSes, appears to be a matrix
effect, caused by the larger surrounding Ba®* channels.
On the other hand, the electronic differences between Se
and Te atoms may be responsible for the different
polyanionic units, which in turn lead to variations in the
Sn—Q units.

Within this 4,SnQs series, Ba,SnSes exhibits the
largest band gap, computed to be 1.2¢eV, and is the only
material that is not black but dark brown. The band
gaps are smaller in Sr,SnSes because of the shorter
intermolecular Se—Se contacts leading to a higher band
dispersion, and in Ba,SnTes because of the lower
ionization potential of Te, compared to Se, leading to
higher lying Te states.
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