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Promising candidates for thermoelectrical materials need to fulfill
several criteria: high Seebeck coefficients, good electrical conduc-
tors, and finally a thermal conductivity which should be as low as
possiblel2 The Sn clathrates appear to be promising thermoelec-
trics 34 Since Sn is heavier than Si or Ge, a Sn-based framework
should exhibit a lower thermal conductivity than its Si and Ge
counterparts. The thermal conductivity has two contributions, one
from the electrical carriers and one from the lattice vibrations. The
latter is the most significant contribution, and one way to minimize
this variable is to use compounds made from heavy elenfents.
Moreover, the size of the guest cage is larger than that of Si or Ge
clathrates, which should lead to a strong “rattling” of the guest
atoms and thus to a decrease of the thermal conductivity, as it is
observed in EgGaygGesn.t

Vacancy formation in alkali metal(A)/tin clathrateg®y1,"8
is energetically favored if compared to those with an ideal
framework AsSne>° The vacancies are located only at one
crystallographic site, making this position partially occupied in the
primitive clathrate, and they reside on two opposed corners of a
six-membered ring. Theoretical calculations show that fgfBrig,
the presence of two vacancies within one six-membered ring is the
least stable configuratioh;however, there is no experimental
verification of this important question yet. A local ordering of the
vacancy should become visible in the form of a superstructure,
which has not yet been observed.

The presence of defects in the tetrel netviBréxplains the
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Figure 1. Structure of type-I clathrate with the pentagonal dodecahedron
in blue and the tetrakaidecahedron in white.

and those of the guest atoms ar@ &hd &l. The & site is the
partially occupied position in the gSny, clathrate.

In the X-ray powder datdof a sample obtained from the reaction
of the elements, a superstructure was obsetédtdwas resolved
by a Rietveld refinement and has been confirmed by a X-ray single-
crystal structure refinemet. The structure was assigned to the
cubic space groupa3d, with a unit cell edge of 24.1162(3) A.
This parameter is twice as large as the corresponding value of the
primitive cubic clathrate observed previously (12.054(1Y Buring
the refinement, we noticed that only thecZite (Sn6) was partially
occupied. Directly attached Sn atoms (Sn4) and next-nearest
neighbors (Sn3) were described by split models. After convergence,

semiconducting behavior of these compounds, since the eight extrathe Rindices were R} 0.041 and wR2= 0.085 for all reflections,

electrons donated by the alkali metals are localized at the resulting
three-bonded Sn atoms. In the case 0§SPs, the Cs atoms do
not strongly “rattle” due to the distortion created by the Sn
vacancies. As a result, the thermal conductivity 0§$Ig, shows

the temperature characteristic of a typical crystalline insufator.
Herein, we present synthesis of §8i/{1,, where the study of
crystalline powders and single crystals show the existence of a 2
x 2 x 2 supercell. The locally relaxed structure due to the presence
of Sn vacancies significantly influences displacements of guest
atoms. These crystallographic data provide a better understandin
of the “rattling” vibration which seems to be the clue to new
thermoelectric clathrates (“phonon glass and electron crystel?).

The type-I clathrate crystallizes in a primitive cubic latti€er@n,
No. 223). The host framework consists of 46 tetrahedrally

coordinated atoms, and the arrangement of these atoms leads to

the formation of two different cages, namely a pentagonal dodeca-
hedron (with 20 atoms, 12 pentagonal faceé€]J5and a tetrakaid-
ecahedron (with 24 atoms, 12 pentagonal and 2 hexagonal face
[51%67]), as shown in Figure 1. The center of each cage is occupied
by a guest atom such as alkali or alkaline-earth metal atoms. The
crystallographic sites of the tetrahedral atoms axel6i, and 24,

5 A portion of the results was presented at the 12th Conference of GDCh Division
for Solid State Chemistry and Material Research, “Structimperty-Rela-
tions”, September 1315, 2004, Marburg, Germany. Poster abstract, see ref 1.
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and the resulting formula was BBz gs)0r RSma.

The existence of the supercell is due to an ordering of the
vacancies. In the primitive cubic cell, the partially occupied site is
distributed around ax4xis in a column of tetrakaidecahedra, while
it is distributed around a;4or 45) helical axis in the superstructure
(Figure 2). In other words, the partially occupied §ite in the
primitive cubic cell generates two sites in the superstructure, 24
and 241, with the former being filled by one-third (0.319(4)) and
the latter being fully occupied by tin atoms. The partially occupied

osition leads to a split of the adjacent Sn atoms, Sn4a and Sn4b.

he occupation factors of these two split positions refine to one-
third (0.32(3)) and two-thirds (0.68(3)), and the values are not due
to chance. Indeed, the occupation factor of Sn4a corresponds to
that of Sn6. Thus, two alternatives arise: Either Sn6 is fully
occupied and bound to Sn4a (situatibn or Sn6 is vacant and
urrounded by Sn4b atoms (situatibnwith the ratiol :Il = 1:2).

The Sn3 atom at the ideal position 82hows, first, short
distances to Sn4a (2.69(1) A) and, second, a larger ellipsoid than

S

Yhose of the other Sn atoms. The splitting of Sn3 in general positions

results in three crystallographically equivalent positions Sn3a/b/c
and leads to more balanced-S8n distances. Since each Sn3 is
bound only to one Sn4a, the atoms are connected in the following
way: Sn3ais bound to Snda (2.87(1) A), Sn3b/c to Sn4b (2.879(9)
and 2.96(1) A), and Sn3a/b/c to Sn3a/b/c (2.832(2) A). Thus, there
is no tetrakaidecahedron Rb@gwithout a vacancy.

10.1021/ja043500r CCC: $30.25 © 2005 American Chemical Society
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RbsSny, presents the first example of a binary clathrate with a
superstructuré® and straightforward bulk synthesis will now allow
the determination of the thermoelectric properties also for this
compound.
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Figure 2. Column of tetrakaidecahedra of the primitive cubic (left) and
the superstructure (right) type-l clathrate. White, dark, and blue circles

at http://pubs.acs.org.

denote partially occupied (Sn6) and fully occupied sites of tin and rubidium
respectively.

a)

126.9(3)°

Sn2 1

Figure 3. Detail of the Sn framework around the partially occupied Sn6
position (2£); Sn4 split into Snd4a and Sn4b, Sn3 €Zplit in three
equivalent positions Sn3a/b and c. (a) Situatian the neighborhood of
Sn6. (b) Situationll around the vacancy. Dark, white, and gray circles
represent fully occupied sites. All distances are in A.

Figure 3 depicts a section of the tetrakaidecahedron with re-
lated Sn-Sn distances for the two situatiohsandIl. The dis-
tance analysis shows that the-SBn contacts are in agreement
with the two models. FoF, the covalent SrSn contacts are in the
range of 2.725(6)2.87(1) A and compare to single bonds in
elementala tin. In I, the structure locally relaxes, and to
compensate for these vacancies;-Sm contacts become longer
and are typical of three-bonded atoms: 2.958(5), 2.995(6), and
2.96(1)/2.879(9) A. The angles in the relaxed situation vary be-
tween 94 and 118, whereas in the ideal clathrate, the range is
between 103 and 127. The distortion is localized at the six-
membered ring of the cage. As predicted by Mgllnitz et al. for
KgSny4, the removal of a Sn atom from the six-membered ring leads
to the diminution of the Sn5Sn1-Sn4b bond angles of°6we
find for RbgSru, 10°.5

We noticed that the positions of the Rb atoms in the tetra-
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