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Abstract: BaGes constitutes a new type of intermetallic clathrate
obtained by decomposition of clathrate-l BagGesOs; at low
temperatures. The crystal structure consists of characteristic
layers interconnected by covalent bonds. BaGes is a semicon-
ducting Zintl phase.

Intermetallic clathrates constitute a class of cage compounds in
which electropositive metal atoms are encapsulated in covalent
frameworks of mainly Group 14 elements (Si, Ge, Sn). The crystal
structures commonly found are related to the type | and type Il gas
hydrates.* By increasing the content of electropositive elements,
related crystal structures form which have no corresponding gas
hydrate structure, e.g., the clathrate type cP124.% In the binary
system Ba—Ge, two clathrate types have been reported, namely
the clathrate cP124 BasGeys® and the clathrate-l BagGeysds (O
stands for vacancy).* Here we report on the synthesis, crystal
structure, and physical properties of BaGes, which constitutes a
new clathrate type, oP60, with the orthorhombic space group Pmna
(Figure 18). The compound is a diamagnetic semiconducting Zintl
phase and represents a new prototype structure for thermoelectric
materials.®

BaGe; was originally detected by optical and scanning electron
microscopy within grains of BagGeydds.** However, according to
the binary phase diagram,*® the two phases are not in thermal
equilibrium. BagGey3; forms as a high-temperature phase at 770
°C from BasGeys and o-Ge and decomposes peritectically at 810
°C to a-Ge and the respective melt. All attempts to react BasGexs
with o-Ge to BaGes at temperatures below 770 °C failed.
Quenching of a melt with nominal composition BaGes between
steel plates® results in BagGeys along with BagGesds. By slow
cooling over several hours to room temperature, a mixture of
BasGeys and o-Ge is obtained. After solidifying the melt within
2—3 min, BaGes could be identified along with BagGesss, BasGeys,
and a-Ge. Obvioudy, BaGes forms via decomposition of BagGey3
but only at low temperatures:

Ba;Ge,00; — 8BaGe; + 3Ge 1)

The preparation of phase-pure BagGeysds was recently achieved
by rapid quenching,*® thus allowing for detailed investigations of its
decomposition dong with the formation of BaGes. Bulk pieces of
BagGepd; were anneded in glassy carbon crucibles under Ar
amosphere a various temperatures between 300 °C and 790 °C.
Annedling at 300 °C for 40 d resulted in the complete disproportion-
ation of BagGeysd; into amicrocrystalline product of BaGes; and o-Ge
(~5 wt %). At 400 °C, the conversion of BagGeylz was complete
within 12 h (Supporting Information (Sl), Figure S1); at 520 °C it
was complete within 1 h. No decomposition of BaGe; was detected
after further annealing for 7 weeks at 520 °C. Differentia scanning
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Figure 1. (a) Crysta structure of BaGes with channels and covalently
bonded layers along [100]. (b) Perpendicular view down [010]. Bal inside
blue dodecahedra, Ba2 in gray, Ba3 in black, alternatively occupied Ge
sites in red and white. Respective features in clathrate-l (c) and clathrate
cP124 (d).

calorimetry of BaGes on heating (Sl, Figure S2, p S9) showed a broad
endothermic signd at ~590 °C, indicating the peritectoid transforma-
tion into BasGexs and a-Ge. From long-time annealing experiments
on BaGes, the peritectoid temperature was estimated to be ~550 °C.
Hence, contrary to the previous conclusion,*® BaGes is an equilibrium
phase. A direct reaction of BaGe, or BasGeys with o-Ge, which should
yield BaGes, was found to be kinetically hindered below 550 °C. The
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Figure 2. Synchrotron powder X-ray diffraction pattern of BaGes (A =
0.35415 A, dotted line) with the calculated profile after Rietveld refinement
(solid line) and difference curve (below). The two most intense a-Ge
reflections are marked. Inset: Selected area electron diffraction pattern along
[010] in TEM.

conversion of BasGeyl; to BaGes and a-Geisreversible. Phase-pure
BagGeysd; was retrieved after annealing BaGes and a-Ge at 790 °C
for 2 weeks.

Synchrotron powder diffraction data were collected for BaGes
obtained at 400 °C (Figure 2; Sl, p. S7). Besides the reflections of
a-Ge, dl reflections were indexed on the basis of a primitive
orthorhombic unit cell . Structure solution succeeded in space group
Pmna by use of powder X-ray and electron diffraction data (S, pp
S7—-S8). Rietveld refinement” revealed the chemical composition
BaGes, in good agreement with results from wavel ength-dispersive
X-ray spectroscopy (Bag.gg1)Ges.022), SI, p S9). The crystal structure
of BaGes may be described as intermediate between BagGesss
(clathrate-1, Figure 1c) and BasGeys (clathrate cP124, Figure 1d).
It contains only one type of polyhedral cages, Gey, dodecahedra
centered by Bal atoms, arranged on a B-centered orthorhombic
lattice. Ba2 atoms are assembled in channels, in analogy to BasGeys,
while Ba3 atoms are located in cavities resembling the Gey
polyhedra of BagGesds. The Gey dodecahedra in BaGes are
connected via pentagons and hexagons to 2D layers perpendicular
to [010]. Similar layers, but fully separated from each other, have
been observed in the crystal structure of AsNayeSn,s (A = Cs, Rb,
K).2 In BaGes, the layers are interconnected by covalent bonds via
(3b)Ge™ species. These atoms occupy aternatively two crystal-
lographic sites with occupancy of 0.5, introducing disorder in the
crystal structure. An ordered arrangement of (3b)Ge™ atoms in
isomorphic subgroups of Pmna could not be revealed from Rietveld
refinements.

Twenty Ge atoms per unit cell (Z = 10) are three-bonded, leading
to the electronic balance [Ba2"]10[(3b)Ge]20[(4b)Ge" 3. Hence,
BaGes can be considered a Zintl phase, which isfurther corroborated
by measurements of the physical properties (SI, p. S10). In contrast,
the clathrates BasGeys and BagGessd; contain excess electrons
according to [Ba2]¢[(30)Ge]s [(4b)Ge’],; x 4e and
[Ba?*]g[(3b)Ge 112 (4b)Ge? 51 x 4e™, respectively, and are metals.
BaGes is diamagnetic in the whole investigated temperature range,
with y ~ —210 x 107% emu mol~* at 300 K (Figure 3a). A rough
estimate of the diamagnetic contribution using the tabulated
diamagnetic increments for Ba?" cations™ and for Ge atoms in
a-Ge™ gives yee ~ —110.5 x 107% emu mol~ . The lower
experimental value might be due to the contribution of the Ge™
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Figure 3. (a) Magnetic susceptibility x(T) and (b) electrical resistivity p(T)
of BaGe;s at low temperatures.

anions, for which no increments have been reported yet. The
temperature dependence of the electrical resistivity indicates a
semiconducting behavior (Figure 3b). The small hump observed
around 170 K might point to the ordering of the (3b)Ge™ atoms,
similar to what was observed for BasGeys.>¢ To understand the
anomal ous conduction behavior, further investigations are required.

BaGe; is a Zintl phase crystallizing with a new clathrate type.
The compound was obtained from decomposition of BagGe,s; at
different temperatures between 300 °C and 520 °C. Its semicon-
ducting behavior together with acomplex crystal structure may lead
to interesting thermoelectric properties.
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