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Abstract: Sn,,sAs,lg, a new cationic
clathrate, has been prepared by using
an ampoule technique. According to
the X-ray powder diffraction data, it
crystallizes in the face-centered cubic
space group F23 or Fm3 with a unit-
cell parameter of a=22.1837(4) A.
Single-crystal X-ray data allowed solu-
tion of the crystal structure in the sub-
cell with a unit-cell parameter of a,=
11.092(1) A and the space group Pm3n
(R=5.7%). SnyysAS,,lg (or
Snygs[35A8,]5, accounting for the va-
cancies in the framework) possesses
the clathrate-I type crystal structure,
with iodine atoms occupying the cages
of the cationic framework composed of

tin and arsenic atoms. The crystal struc-
ture is strongly disordered. The main
features are a random distribution of
vacancies, and shifts of the tin and ar-
senic atoms away from their ideal posi-
tions. The coordination of the tin
atoms has been confirmed by using
%Sn Mossbauer spectroscopy. Electron
diffraction and high-resolution electron
microscopy (HREM) analyses have
confirmed the presence of the super-
structure ordering, which results in a
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doubling of the unit-cell parameter and
a change of the space group from
Pm3n to either F23 or Fm3. Analysis
of the crystal structure has led to the
construction of four ordering models
for the superstructure, which have been
corroborated by HREM, and has also
led to the identification of disordered
regions originating from overlap of the
different types of ordered domains.
SnysAs,ls is a diamagnetic semicon-
ductor with an estimated band gap of
0.45eV; it displays abnormally low
thermal conductivity, with the room
temperature value being just
0.5Wm K™

Introduction

The search for new thermoelectric materials is motivated by
the quest for an environmentally friendly and energy-saving
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approach to small-scale, solid-state refrigeration and/or

power generation. An effective thermoelectric material
should have a high electrical conductivity (o), a large See-

beck coefficient (S), and simultaneously possess low thermal

conductivity (x) such that the dimensionless figure of merit
(ZT=S5To/x) considerably exceeds unity. The “phonon
glass, electron crystal” (PGEC) concept introduced by

Slack™ identifies the range of crystal structures potentially

relevant for thermoelectric cooling purposes, such as cage-

like structures incorporating loosely bound guest atoms. In

such structures, the guest atoms are trapped inside oversized
cages and may “rattle”, leading to a suppression of thermal

conductivity due to effective phonon scattering, without im-

peding the transport of charge carriers. Filled skutteru-
dites,? as well as intermetallic clathrates and clathrate-like
compounds,”! are considered to conform to the PGEC con-
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cept, and recent investigations of their physical properties!**!
have confirmed these classes of compounds to be prospec-
tive thermoelectric materials. Intermetallic clathrates of the
type AsTy, (A=alkali metal; T=a tetrel, i.e., a group 14
element),”” in which three-dimensional (3D) host frame-
works composed of the tetrel encapsulate the A guests
within cages, adopt a crystal structure that closely resembles
those of gas hydrates. A large group of binary, ternary, and
even quaternary intermetallic compounds share the same
type of crystal structure, originally observed for chlorine hy-
drate, which is known as the clathrate-I type.”! Along with
the intermetallic clathrates-I, there is also a group of clath-
rates-I with the reversed host-guest polarity,® in which
halide or telluride anions balance a positively charged
framework, which is again based on tetrels but with the ad-
dition of pnictogens or tellurium. Despite the structural sim-
ilarity, these clathrates-I exhibit specific structural features,
such as vacancy formation, deviation from cubic symmetry,
and superstructure formation, as well as a variety of physical
properties, including glass-like thermal conductivity.”) The
clathrate-I structure type provides quite a number of oppor-
tunities for varying the composition and the vacancy concen-
tration, which seems to be necessary for enhancing the ther-
moelectric efficiency. Therefore, comprehension and delin-
eation of the structure—property relationships for these
clathrate-like compounds is a key requirement for the devel-
opment of novel thermoelectric materials.

Herein, we report the synthesis of a new clathrate com-
pound with reversed host-guest polarity, Sny;sAs;ls, in
which vacancy formation gives rise to a new 2x2x2 super-
structure of the clathrate-I type. We have investigated
SnyysAs,,Ig by means of X-ray diffraction, electron microsco-
py, Mossbauer spectroscopy, and by measurements of mag-
netic susceptibility, thermal and electrical conductivity, and
thermopower. In particular, a very low thermal conductivity
is reported for Sny,sAs,,ls.

Results and Discussion

Composition and X-ray powder data: We have shown previ-
ously that the composition of cationic type-I clathrates
based on tin conforms to the Zintl-Klemm concept.* ! For
clathrates with a cationic framework, this means that four
electrons per framework atom or vacancy and one electron
for each guest halogen atom are required. In this sense, a
hypothetical [Sn,,P,,] framework contains 22 excess elec-
trons, as each phosphorus atom contributes five electrons.
Eight of these electrons are transferred to iodine, and the
remaining 14 electrons are compensated by removing 14/5=
2.8 phosphorus atoms, leading to the composition
Sn, P19, 15 5ls, which is in good agreement with the observed
composition of Sny,Pig30) 575" In the Sn-As-I system,
the formation of a clathrate-I-type compound is also ob-
served, but all attempts to obtain Sn,,As,g3[1,;Iy with the
vacancies at the arsenic positions have been unsuccessful.'”
Thus, in this work, we have assumed that the vacancies

Chem. Eur. J. 2007, 13, 5090 -5099

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

occur at the tin sites. According to the Zintl concept, 14 re-
sidual electrons of the ideal [Sn,As,,] framework can be
compensated by removing 14/4=3.5 tin atoms, leading to a
clathrate-I compound with the composition Sn,,s[155As,1s,
which is indeed what we have observed in our experiments.
A sample with a starting composition of Sny, sAsxI; was syn-
thesized by means of an ampoule technique. The Sn/As/I
ratio of the sample, as assessed by EDXS analysis, was
found to be 40(1):45(1):14.8(4), which is in good agreement
with that of 40.6:43.6:15.8 calculated for Sn,,s;Asyls. The
composition of the new cationic clathrate-1 Snyys[135As»lg
is in full accord with the Zintl electron-counting scheme.
X-ray analysis of the sample after two-step annealing
showed the presence of only one low-intensity peak (I<1%
of the strongest peak) due to SnAs. The majority of diffrac-
tion peaks in the X-ray powder pattern could be indexed in
the cubic system with a primitive unit-cell parameter of ay,=
11.092(1) A, which is typical for clathrate-I compounds.
However, indexing of all weak reflections, except for one
belonging to SnAs, was only possible in an F-cubic system
by doubling the unit-cell parameter (Figure 1). The value
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Figure 1. X-ray pattern of Sn,,s[];sAs,I; after the second annealing. The
inset shows an enlarged portion of the pattern including the representa-
tive peaks with odd Miller indices. The unique observed reflection of
SnAs is marked with an asterisk.

a=22.1837(4) A was obtained from least-squares fits, con-
firming the formation of a 2x2x2 superstructure from the
clathrate-I structure type by doubling the unit-cell parame-
ter and a simultaneous change from a primitive to a face-
centered cubic lattice. The same value, albeit with lower ac-
curacy, was obtained for the sample after the first annealing;
the lower accuracy can be attributed to the non-equilibrium
state of the sample.

Crystal structure determination: Examination of systematic
absences in the single-crystal X-ray data set (a=
22.1837(4) A) suggested possible space groups as F23, Fm3,
FA32, F43m, and Fm3m. All reflections with odd Miller indi-
ces (superstructure reflections) were of very low intensity.
Thus, in the first step, the structure was solved by using the
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reflections of the primitive lattice with a unit-cell parameter
of 11.092(1) A, typical for clathrate-I compounds, and the
space group Pm3n (no.223) (R,,=7.4%). All atomic posi-
tions of the ideal clathrate-I structure were located by direct
methods. The 2a and 6b positions of the guest atoms were
occupied by iodine, the 6¢ and 16i positions were set as ar-
senic, and the 24k position was set as tin, in analogy with
the crystal structure of Sn,,Py:Is.l" Analysis of the differ-
ence Fourier map revealed four maxima lying close (ca.
0.60 A) to the 6¢ arsenic position, Asl, and three maxima
near (ca. 0.57 A) the 16i position of As2 (Figure 2a and b).

a) b) c)

No As1 atom

No As2 atom No tin atoms

As1 in 24k _ As2 in 48/

Figure 2. Difference electron density diagrams for Sn,)s[];5Asyls. The
isolines (positive, solid; negative, dashed) are drawn at increments of
2eA?, and the frame size is 2x2 A: a) difference electron density in the
plane containing one edge of a tetrahedron formed by the Asl atoms;
the ideal position of Asl is ~0.1 A off-plane; b) difference electron den-
sity in the plane containing a triangle formed by the As2 atoms; the ideal
position of As2 is in the center of the picture; c) difference electron den-
sity near the positions of atoms Sn31, right cross, and Sn32, left cross; a
cut with z=0 is shown.

For further refinement, Asl
and As2 were shifted to the re-
spective 24k and 48! positions,

. Sn 34Aspls.
and their occupancy factors Doy

the difference Fourier map revealed no remaining density at
the 6¢ and 16i positions. It was also found that the occupan-
cy factors for both iodine positions did not deviate from
unity. A splitting of the 24-fold tin site into two partially oc-
cupied sites, Sn31 and Sn32, was observed (Figure 2c). The
Sn31 to Sn32 distance is only 0.84 A, which implies that the
presence of any of these atoms in its site causes a vacancy in
the neighboring atom position. The occupancy factors for
each tin position were refined independently; the sum of the
occupancies of Sn31 and Sn32 turned out to be substantially
less than unity. The final refinement converged at R, =0.057
for the calculated composition Snyq)[1;4ASylg. Crystallo-
graphic data and atomic parameters are presented in
Tables 1 and 2, respectively. Salient interatomic distances
are summarized in Table 3, and a view of the crystal struc-
ture is shown in Figure 3.

Table 1. Crystallographic data for Snyg1)[134A85]s.

chemical formula Snyg61)Aspls

M, 5108.45

space group Pm3n (no. 223)
T[K] 295

cell parameter a [A] 11.092(1)
VA7 1364.7(3)

VA 1

2 [A] 0.71073

Petea [gem ] 6.223

u [mm™] 27.04

R, wR, 0.057, 0.121

[a] Guinier data. [b] Ry=%|F,|—|F.|/S|F,|. [c] wRy=[Ew(F2—F2)
Sw(F2)", w=[0*(F?)+Bp]™; p=(F:+2F)/3; B=82.2911.

With the aim of obtaining a structure solution in the face-
centered cubic supercell, we analyzed the splitting of the
Wyckoff positions upon subgroup-supergroup transforma-
tion from the space group Pm3n, corresponding to the ideal
clathrate-I structure type.® This revealed two probable
space groups, Fm3 and F23 (R;,;=4.0%). In the space group
Fm3, all atomic positions could be found by means of direct
methods. A further refinement revealed extreme anisotropy
in the displacement parameters for all of the framework
atoms. In addition, multiple peaks in the difference Fourier
map were found close to each atomic position of the frame-
work, leading to a significantly high R value. A reduction in
symmetry to the space group F23 did not remove these
peaks. The best possible crystal structure solution obtained
in the F23 space group had R;=16.6%, which cannot be

Table 2. Atomic coordinates, site occupancy factors (S.O.F.), and equivalent displacement parameters (U,,) for

were set as 1/3 and 1/4’ respec- Atom Wyckoff xla ylb zlc S.OF. U,
tively. These values did not I 2a 0 0 0 1 0.0146(6)
change upon refinement and 2 6d e 0 h 1 0.0210(4)
i : ‘ Asl 24k 0.2310(7) 0 0.480(1) v, 0.022(3)
were fixed during the final Agp 481 0.195(5) 0.177(2) 0.190(7) , 0.021(3)
stages of the refinement in  Sn31 24k 0 0.3111(1) 0.1277(1) 0.714(8) 0.0196(4)
order to avoid severe parame-  Sn32 24k 0 0.3256(8) 0.054(1) 0.144(6) 0.029(2)

ter correlations. Analysis of
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[a] U, is defined as one-third of the trace of the orthogonalized U tensor.
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Table 3. Selected interatomic distances [A] in the structure of
Sy 61y [34A82 s

Ranges of bond lengths within the framework

Sn31-As2 2.49(7)-2.71(2)
Sn31-Asl 2.59(1)-2.626(5)
Sn32-Asl 2.60(1)-3.08(1)
Sn32-As2 2.92(8)-3.11(1)
Sn31-Sn31 2.832(3)
As2—As2 2.407(8)-2.422(8)

Short distances resulting from the splitting of the framework positions

Sn31-Sn32 0.84(1)
Sn31-Sn32 2.02(1)
Sn31-Asl 2.193(8)
Sn32-Sn32 1.19(2)
Asl-Asl 0.45(2)-0.53(1)
As2-As2 0.25(3)

Ranges of host-guest distances
11-As2 3.601(3)
11-Sn32 3.659(9)
11-Sn31 3.728(1)
12-Sn32 3.432(5)
12-Sn31 3.752(1)
12-Asl 3.780(6)-3.92(1)
12-As2 3.97(3)4.13(9)

considered as reliable. Thus, further analysis of the crystal
structure was performed based on the subcell obtained in
the space group Pm3n.

[001]

Figure 3. The subcell of the crystal structure of Snyys[;5AsyIg. Iodine,
purple; Sn31, light blue; Sn32 dark blue; Asl, green; As2, yellow.

Description of the crystal structure: Sny;sAs,,Is possesses a
clathrate-I-type structure. The iodine atoms reside in the 2a
and 6d positions of the Pm3n space group in the centers of
20- and 24-vertex polyhedral cages, respectively, which are
formed in the framework composed of the tin and arsenic
atoms (Figure 3). As a consequence of the splitting of the
24-fold tin position into two, Sn31 and Sn32, the Sn31 atoms
are joined into pairs with an Sn-Sn separation of 2.84 A.
Each Sn31 atom is further bound to three arsenic atoms,
thus completing its distorted-tetrahedral coordination. The
Sn31-As distances fall in the range 2.49-2.71 A, making
them comparable with the Sn—As distances in another cat-
ionic clathrate based on tin and arsenic, Sn;y;Cu,;Asylg

Chem. Eur. J. 2007, 13, 5090 -5099
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(2.54-2.85 A).®) Sn32 forms only three bonds to arsenic
atoms and has one much longer interaction (3.43 A) with
iodine 12.

The separation between Sn32 and another tin atom, Sn31
or Sn32, is too short for a real covalent bond (2.02 or
1.2 A); therefore, Sn32 does not form homonuclear bonds
and its coordination is best described as involving three ar-
senic atoms plus one iodine atom in the second coordination
sphere. Hence, if the Sn31 position is occupied, then another
Sn31 is present in the adjacent position. If Sn32 is occupied,
then the adjacent position is vacant. Therefore, the sum
total of Sn31 and Sn32 atoms and vacancies in the 24k posi-
tion should amount to 100 %, which is in perfect agreement
with the value of 100.2(6) % obtained by independent re-
finement of the occupancies of the Sn31 and Sn32 sites. Fur-
thermore, the Asl and As2 atoms are not located in the
ideal 6¢ and 16/ positions, but are somewhat displaced. As2
is tetrahedrally coordinated by three tin atoms and one ar-
senic atom in another As2 position at a distance of 2.41 or
2.42 A. Asl does not form any homonuclear bonds and is
surrounded by four tin atoms. It should be noted that the
presence of the vacancies at the tin sites implies that some
of the Asl and As2 atoms have different coordination.
However, the random distribution of the vacancies, coupled
with the displacement of the arsenic atoms from their ideal
positions, precludes further meaningful analysis of the coor-
dination of the arsenic atoms.

For a clarification of the peculiarities of the crystal struc-
ture of the title compound, it is useful to compare the struc-
ture of Sny,s[135As,,I5 with that of the phosphorus analogue,
Sn,y P93, 71s (Scheme 1). Sny,Piyslg adopts the clathrate-1-

Ideal clathrate-I

Sn,.P,, I, structure type Sn,, (As,,I,, subcell

N <« 2g |« 2 —»|2q¢ — 11

12 <«— 6d [«— 6d —»(6d —> 12
(S.OF5483)%) Pl <— 6¢ [«— 6¢ —>»[24k —> Asl (S.OF25%)

P2  <«— 16i [«— 16i —>|48] — As2 (SO.F333%)
(S.0F45()%) Sn31 <— 24k \24k /241( —> Sn31 S.OF71.4N%)
(S.0.F55(1)%) Sn32 <— 24k | &~ S [24k —> Sn32 (S.OF 144(6)%)

Scheme 1. Comparison of the site occupancy (S.O.F.: site occupancy fac-
tors) in SnyPyos15"" and SnysAsy,ls; space group Pm3n.

type crystal structure, in which a positively charged frame-
work built up of tin and phosphorus atoms traps guest
iodine anions in large polyhedral cavities.'""”) All atoms are
located in their appropriate positions of the space group
Pm3n corresponding to the clathrate-I type. The phosphorus
atoms fully occupy the 16i position and partly occupy the 6¢
position. The 24k position is split into two partially occupied
positions, Sn31 and Sn32, in a 55:45 ratio, evoking a differ-
ent coordination of the tin atoms. Sn31 is four-coordinated
by three phosphorus atoms and one tin atom, while Sn32
has 343 coordination in the form of a distorted octahedron,
consisting of one tin atom and two phosphorus atoms at
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short distances plus three other Sn2 atoms at long distances
(d>3.15 A). Distances between 12 in the larger cage and
the atoms of the framework exceed 3.60 A in all cases. On
the contrary, in the crystal structure of Sn,,sAsyl;, vacancies
are formed in the tin positions, as a result of which the Sn32
atom forms only three heteroatomic covalent bonds and has
one iodine atom at a distance of 3.43 A, which is much
shorter than the typical distances between the guest iodine
atoms and the host framework atoms observed in the crystal
structure of Sn,,P;g5ls.

Mossbauer spectroscopy: The existence of two tin positions
with different environments in Sn,;sAs,,Is has been con-
firmed by using ''°Sn Méssbauer spectroscopy. The spectrum
is best fitted as a superposition of two doublets with the fol-
lowing hyperfine parameters (0 isomer shift, 4 quadrupole
splitting) and absorption (A) (Figure 4): first doublet: 0=

04 — Sn32

Absorption / %
o

10

-5 0 5
Velocity / mms™'

Figure 4. '"Sn Mossbauer spectrum for Snyys[1;sAsls. Lines show the
fitting doublets, brackets show the location of the doublets.

2.23(1) mms~!, 4=0.66(1) mms~', A=87(1)%; second dou-
blet: 6=2.92(4) mms™', A=1.52(7) mms~', A=13(1)%.
The doublet intensities are consistent, within experimental
error, with the distribution of tin atoms over the aforemen-
tioned two sites of the crystal structure of Sny,sAsyls, 83(2)
and 17(2) %, corresponding to crystallographic occupancies
of 0.714(8) and 0.144(6) for the Sn31 and Sn32 positions, re-
spectively. The first component of the spectrum can be at-
tributed to the four-coordinated tin atom Sn31, which is
bonded to three arsenic atoms and one tin atom. The isomer
chemical shift and quadrupole splitting of the first doublet
are very close to those reported for Snyo;Cuy;Asyly (0=
2.12mms™!, A=0.61 mms™),’! which may be attributed to
the fact that the four-coordinated tin has similar 1Sn+3 As
coordination. The noticeably large values of the quadrupole
splitting and isomer shift for the second component reflect
the coordination of Sn32, which is bonded to three arsenic
atoms and has one iodine atom at a distance of 3.43 A. The
high isomer shift for the second component indicates a
higher s-orbital contribution to the environment of the Sn32
atom. However, the noticeably large value of the quadru-
pole splitting (4=1.52(7) mms~") most likely reflects the
341 coordination of the Sn32 atom and corresponds to the
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axial asymmetry of the valence orbitals, which typically
leads to an increased quadrupole splitting.

Superstructure and ordering models: Electron diffraction
(ED) patterns for Sny,sAsyl; along the main zones are
shown in Figure 5. The patterns could only be indexed in a

. o Q5.

Figure 5. ED patterns along the major zones of Snys[J35A8y]s.

cubic unit cell having a parameter twice as large as that of
the type-I clathrate (a~22 A ~2xa,). The ED pattern along
[-111]* indicates the presence of a threefold axis running
along the main diagonal of the cubic unit cell. No additional
systematic extinctions, except those corresponding to the
face-centered cubic lattice, were observed. Fourier trans-
form (FT) of the HREM images for the [011] orientation re-
sulted in the pattern shown in the upper-left corner of
Figure 6. Comparing the FT and the ED patterns, one can

Figure 6. HREM image of Sn,sAs,I; along [011]. The FT pattern is
shown in the upper-left corner. A simulated image (T=30A, AF=
100 A), calculated on the basis of the crystal structure refinement on the
superstructure cell, is shown in the upper-right corner.

see that superstructure spots corresponding to the F lattice
are present in the FT pattern, which can only be completely
indexed in a face-centered cubic space group, in good agree-
ment with the experimental [011]* ED pattern (Figure 6).
On the contrary, a computer simulation (not shown) based
on the Pm3n space group, corresponding to the ideal clath-
rate-I structure with all atoms residing in their appropriate
positions, does not fit the observed pattern.

The ED study and HREM investigation of Sn,,sAs,ls
thus confirmed the presence of a superstructure ordering,
resulting in a doubling of the unit-cell parameter and a
change of the space group from Pm3n to either F23, Fm3,
F432, FA3m, or Fm3m. Nevertheless, all attempts to refine

Chem. Eur. J. 2007, 13, 5090 -5099
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the crystal structure in this doubled unit cell and the listed
space groups using X-ray data led to strong disorder in the
tin and arsenic positions and high R values. Each tin posi-
tion obtained during the refinement exhibited the same type
of splitting as in the substructure cell. In order to shed some
light on this problem, an HREM study was performed. First,
possible ways in which the tin atoms could be ordered in the
superstructure unit cell were evaluated. For this, the atom
positions obtained from the structure refinement on the sub-
structure unit cell were transformed into a face-centered
unit cell with doubled parameters. It was observed that the
arrangement of atomic positions in the superstructure cell
fitted the symmetry of the space groups Fm3 or F23, where-
as a transformation from space group Pm3n to F432, FA3m,
or Fm3m was impossible. It should be noted that neither the
F23 nor the Fm3 space group represents the maximal non-
isomorphic subgroup of the space group Pm3n according to
the International Tables for Crystallography.'¥l These
group-subgroup relations can only be described as a combi-
nation of “klassengleich” (class-equivalent) and “translatio-
nengleich” (lattice-equivalent)
symmetry reductions."™) The

FULL PAPER

Pm3n. Transformation to the superstructure unit cell trans-
fers each tin position into four 48k positions of the space
group F23, hence giving rise to eight positions for the tin
atoms (Table 4). The title compound has a composition
close to Sn, [1;Asylg, which comprises 75% Sn31 atoms,
12.5% Sn32 atoms, and 12.5 % vacancies in the 24k tin posi-
tion of the subcell; therefore, four possible types of tin or-
dering may exist in the supercell. Analysis of the obtained
atomic positions shows that the tin atoms have almost the
same coordination as they do in the substructure unit cell.
Each of the following combinations of tin positions in the
superstructure cell may be present: i) Sn31a, Sn31b, Sn31c,
Sn32d; ii) Sn31a, Sn31b, Sn32c¢, Sn31d; iii) Sn31la, Sn32b,
Sn31c, Sn31d; iv) Sn32a, Sn31b, Sn3lc, Sn31d (Table 4). In
each ordering model, full occupancy can be assigned to the
Sn31a, Sn31b, Sn31c, and Sn31d positions. At the same time,
the Sn32a, Sn32b, Sn32c, and Sn32d positions should always
have 50 % occupancy, because each of them forms a pair of
symmetrically equivalent positions lying at a physically un-
reasonable distance (~1 A) from each other.

Table 4. Transformation of the tin atom positions during the transition from the subcell to the supercell.

corresponding group relations

Tin atom positions in a subcell (Pm3n)

Tin atom positions in a supercell (F23)

. Atom Pos. xla zle Atom Pos. xla ylb zlc
and the transformation of the
Wvckoff iti h . Sn3la 0 0.1555 0.0639
yckoff positions are shown in Sn3lb 0 01555 04361
Scheme 2. Sn31 0 03111 0.1277
The space group F23 was Sn3lc 0.4055 A 0.1861
chosen for the construction of 24k 48h
ordering models as it is the less Sn3ld 0.5945 y 0.8139
g . R Sn32a 0 0.1628 0.0269
symmetric one. As mentioned Sn32b 0 _0.1628 04731
above, in the substructure unit  Sp32 0 0.3256 0.0538
cell, two close-lying tin atoms, Sn32c 0.4128 s 0.2231
Sn32d 0.5872 3/, 0.7769

Sn31 and Sn32, occupy the 24k

position of the space group

Pm3n 2a 6d|6c 16i 24k
(P4,/Im32/n)| 11 12 |Asl As2 Sn

2
sz'fns? 5[ 1a | 1b Jogler] 8i | 12j [ 12k |

2a,, 2a 2a,

LA AL

(F2im3) 8c [48n[48h| 32f | 32f | 32f [ 32f [48H[48H] 96i
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,’:: 23) [4a]4b]4c[4dpsHasHiceliod6e]ioei6e]i6e16] 6epsHus HasHAsH

=

Scheme 2. Group-subgroup relationship for SnysAs,,Iz using the formal-
ism of ref. [15] and splitting of the Wyckoff positions during the transfor-
mation from the ideal clathrate-I space group Pm3n to the F23 and Fm3
space groups.
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It should be noted that no reasonable way of ordering the
arsenic atoms was found in the superstructure cell, and so
these atoms were placed in their “ideal” positions as taken
from their “ideal” positions 6¢ and 16i in the substructure
unit cell according to Scheme 1. Based on the models ob-
tained, HREM computer image simulations were per-
formed. The simulated images along [011] appear to be very
similar for all four models and do not differ significantly
from the image calculated for the disordered crystal struc-
ture refined in the supercell. The information along the
[001] orientation is more useful and is reproduced in the
lower-right corner of Figure 7. One can see that ordering of
the tin atoms results in fine changes in the contrast. The or-
dering results in the transformation of two bright dots, indi-
cated by arrow I, into a diffuse line, indicated by arrow II.
Careful examination of the HREM images obtained for thin
crystallites reveals that the ordering of the tin atoms really
exists (Figure 7, bottom left). However, it appears to be im-
possible to distinguish between the ordering models present-
ed here. Figure 8 shows projections on the [001] plane for
the four ordering models. In this projection, all four of the
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Figure 7. HREM image of Sny s[];sAsxls along [001]. Bottom left, an
enlargement of the HREM image; bottom right, a simulated image for
an ordered model (T=75 A, AF=-750 A); fine changes in contrast that
appear due to the ordering of tin atoms are indicated by arrows.

Model ii rotated by 90°
and shifted by ('/,, ', /)

Model 1 rotated by 90°
and shifted by ('/,, '/ '1'4)

LA

Figure 8. Ordering models of the crystal structure of Sny;s[J;5Asxlg in
the space group F23. Projections on the [001] plane. The color code is
the same as for Figure 3.

models look similar if two of them, (i) and (ii), are rotated
through 90° and all atom positions are shifted by (‘/4, '/s, '/4).
Thus, the only difference for HREM imaging of the differ-

5096 —

www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ent ordering schemes is the 90° rotation. In practice, all or-
dering models may be simultaneously present in a crystal-
lite. As reflected in Figure 9, some of the HREM images

Figure 9. HREM image of Snys[1;5Asylg along [001]. A computer-simu-
lated image, based on the structure refinement in the supercell, space
group F23 (T=75 A, AF=-750 A), is inserted in the upper-left corner.

along [001] correspond to the simulated images obtained by
using a disordered model refined in the supercell space
group F23. This suggests an overlap of different types of or-
dered domains. We consider that intergrowth of randomly
distributed small domains with different types of tin order-
ing is the reason why the crystal structure could not be relia-
bly refined in the superstructure cell.

It should be stressed that the basic motif of the crystal
structure is the same for all of the ordering models and
therefore no domain boundaries are observed by HREM.
Two points should be considered. First, the ordering in the
space group Fm3 will give a similar picture as in the space
group F23, but with only two possible ordering variants. The
24k position of the Pm3n subgroup transforms into one 96i
and two 48h positions in the space group Fm3 (Scheme 2).
Consequently, the Sn32 atoms can occupy only one of the
48h positions, leading to solely two possible ordering var-
iants. The second important point is that, as mentioned
above, all ordering models have been calculated for the
composition Sny [J;Asxlg, assuming that the occupancy of
the 24k position in the subcell is 75% Sn31 atoms, 12.5%
Sn32 atoms, and 12.5% vacancies (the sum of the three-co-
ordinated tin atoms and vacancies is exactly one-quarter
(25%) of the total amount of tin atoms). However, the ex-
perimentally determined composition from the crystal struc-
ture solution in the subcell, which is in perfect agreement
with the Zintl formalism, is Snygeq) 540 AS0ls (71.4(6) %
Sn31 atoms, 14.4(6) % Sn32 atoms, and 14.2(6) % vacancies
in the 24k tin position in the subcell). Thus, the total
amount of vacancies and, consequently, the amount of
three-coordinated tin atoms should be more than one-quar-
ter of all tin atoms, namely 28.6 %. For the ordered models,
the “excess” vacancies (1.7 % ) should be somehow distribut-
ed over those three 48h tin positions of the F23 space group
for which we initially assumed full occupancy. This leads us
to the conclusion that a complete ordering of the tin atoms
is not possible, even in the space group F23. These “excess”
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vacancies in the tin atom positions may be an additional
factor in facilitating the intergrowth of differently ordered
domains.

Other types of clathrate-I superstructure have been re-
ported in the literature."" %8 Full ordering of the vacancies
is observed in BagGe,;,'”) in which the number of vacancies
strictly corresponds to the multiplicity of the Wyckoff posi-
tion in the superstructure space group Ia3d. In RbgSn,,""!
and Sn,In P, I, partial ordering of the vacancies is as-
sociated with partial occupancies of various atomic positions
in the space groups la3d and P4,/m, respectively. However,
in both cases, the crystal structures were successfully solved
in the superstructure space group.

Magnetic and transport properties: Sn,,sAs,,Iz possesses the
typical physical properties of a Zintl phase;!'”! it is a low-gap
semiconductor and a diamagnet. Measurements of the tem-
perature dependence of the magnetic susceptibility in high
external magnetic fields (Figure 10) have revealed the dia-

J / emu mol!

3x1077

0 100 200 300 400
T/K

Figure 10. Molar magnetic susceptibility as a function of temperature for
Snyy5[J35A8,,15: A=0.2 Tesla; @ =3.5 Tesla; m=7.0 Tesla.

magnetic behavior of Sn,sAs,I;. The increase in y(7) to-
wards low temperatures may be attributed to traces of para-
magnetic impurities, which are negligible at 300 K. The very
weak dependence of the susceptibility upon the external
magnetic field over the whole temperature range possibly
stems from traces of ferromagnetic impurities.

SnysAs,,Is exhibits a semiconductor-like temperature de-
pendence of its electrical resistivity, o(7). The results of
electrical conductivity measurements carried out by two dif-
ferent methods, using hot-pressed and spark plasma sinter-
ing (SPS)-prepared samples, gave slightly different values of
the room-temperature resistivity. The most reliable result,
1.05 Qm, was obtained by means of standard dc four-probe
measurements. However, the values of the band gap width
estimated from fitting of the linear part of the dependences
In(1/p) versus 1/T in the temperature range 220-380 K are
very close for both of these measurements and amount to
0.45 eV. The room temperature value of the Seebeck coeffi-
cient is —180 uVK™".
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The value of the band gap, 0.45 eV, is an order of magni-
tude larger than that of SnyPe;Is"" According to band
structure calculations on Sn,,Pyq;Is, ! it is mainly the orbi-
tals of the 3+3-coordinated Sn atoms that contribute to the
levels close to the Fermi level and therefore determine the
transport properties. In the crystal structure of Sny)sAs,,Ig,
one type of tin atom is tetrahedrally coordinated, while the
other forms only three bonds and has one more distant
(3.43 A) iodine atom in its second coordination sphere;
therefore, there are no 3+3-coordinated tin atoms in the
crystal structure of Sny,sAsxlg, which is probably the reason
for the substantial increase in the band gap.

Thermal conductivity: The thermal conductivity of
SnyysAsyls as a function of temperature is shown in
Figure 11. The temperature dependence of the thermal con-

0.6-
- 7
o lll-. . ;ﬁ
. | R
= 03],
% |
0.0 : : :
0 100 200 300

T/K

Figure 11. Thermal conductivity of Sn,,s[JssAs,;Ig as a function of tem-
perature.

ductivity is characteristic of a semiconductor. It exhibits a
maximum at about 70 K and then reaches a minimum at
210 K. The minimum value of about 0.4 Wm 'K at 210K
is, to the best of our knowledge, the lowest value ever re-
ported for a low-gap semiconductor,”*? including various
clathrates.”! Some increase upon further increasing temper-
ature is attributed to radiation losses. The measured room-
temperature value, k~0.5 Wm K™, though affected by ra-
diation losses, is three times lower than the typical value for
commercially used thermoelectric alloys based on Bi,Te;.
The total thermal conductivity is the sum of the lattice ther-
mal conductivity, k;, and the electronic thermal conductivity,
K.; the latter can be estimated by using the Wiedemann—
Franz law, «,=0-L-T, in which L=2.45x10WQK™ is the
Lorenz constant.” In the case of Sn,,sAsyls, the resistivity
is too high, and the contribution of «, to the total thermal
conductivity is negligible. It should be noted that the moder-
ate value of the Seebeck coefficient and especially the poor
electrical conductivity lead to very low values (about 2 x
107%) of the thermoelectric efficiency (ZT) at room tempera-
ture.
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A comparison of the thermoelectric properties of
SnysAsyly and  Sn,,Piosl  (preliminary investigation®®))
shows that the latter compound displays twofold higher ther-
mal conductivity, a similar Seebeck coefficient, and a three-
orders-of-magnitude higher electrical conductivity, which to-
gether lead to a moderate value of ZT=0.02 at room tem-
perature. Further comparison shows that the guest atoms in
Sn,,Py9315 may have more space in which to “rattle”, because
the host—guest distances are about 0.2 A longer than those
in Sn,;sAsylg, and the atomic displacement parameters for
the iodine guest atoms are practically the same in both crys-
tal structures.'”! Typically, the “rattling” of guest atoms is
considered to be the main reason for phonon scattering’!
and, consequently, low thermal conductivity. However, com-
parison of these two compounds does not point to a prefera-
ble “rattling” of the guest atoms in either of the crystal
structures. We argue, therefore, that “rattling” is by no
means the only mechanism by which phonon scattering can
occur. The low thermal conductivity is attributed to a high
degree of disorder,? which, for clathrate-like compounds,
includes a splitting of the sites, mainly those of the guest
atoms.” In Sn,ysAsylg, the degree of disorder is indeed
very high. It is manifested in a random distribution of vacan-
cies, a splitting of the tin atom positions, a shift of the arsen-
ic atoms from their ideal positions, and the intergrowth of
small, randomly distributed and differently ordered do-
mains. We attribute the abnormally low thermal conductivi-
ty of SnysAs,,I; to the high degree of disorder of the crystal
structure rather than to the often discussed “rattling” of the
guest atoms.

Conclusion

SnysAs,l5 is a new ternary cationic clathrate-I derivative. It
exhibits a new type of 2x2x2 superstructure resulting from
the partial ordering of vacancies and two different kinds of
tin atoms in the cationic framework. The bulk compound is
not uniform and can be described as an intergrowth of ran-
domly distributed small domains with different types of or-
dering. Sn,,sAs,, I is a diamagnet and a semiconductor with
an estimated band gap of 0.45eV. It displays abnormally
low thermal conductivity, with a room temperature value of
0.5 Wm ' K™, which is attributed to a high degree of disor-
der in the crystal structure.

Experimental Section

Sample preparation: Sn,,sAsyl; was prepared by means of a two-step
standard ampoule synthesis. All preparations were carried out in an
argon-filled glove box (O, content<1.2 ppm, H,O content<1 ppm),
which was also used to store the starting materials. Finely dispersed pow-
ders of metallic tin (Chempur, 99.99%) and tin(IV) iodide (Alfa,
99.998%) and pieces of arsenic (Chempur, 99.999 %) were used as re-
ceived. The pieces of arsenic were first mechanically reground in an
agate mortar. The appropriate stoichiometric amounts of tin and tin(IV)
iodide were then added, and all three components were mixed together.
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The powder thus obtained was pressed into a pellet and sealed in a silica
tube under vacuum and then annealed at 775 K for five days. After re-
grinding and subsequent pressing, the sample was subjected to a second
annealing in an evacuated sealed silica tube at 675 K for ten days. After
the second annealing and regrinding, the sample was obtained as a black,
air- and moisture-stable, homogeneous powder. For X-ray diffraction
analysis, a single crystal of SnysAs,,Ig was selected from the non-equilib-
rium reaction product after the initial annealing at 725 K for five days of
the starting materials in an Sn/As/Snl, ratio of 17:22:2. Other routes for
the preparation of single crystals were also used, including a melt tech-
nique, prolonged stoichiometric annealing, and chemical transport reac-
tions, and most of them proved to be successful. In all cases, single crys-
tals were tested by means of Laue photographs and preliminary data set
collection, and although they were found to be of poorer quality, they
had the same unit-cell parameter within the estimated standard deviation
(esd).

For resistivity measurements, dense pills were prepared by spark plasma
sintering (SPS). Sn,sAs,, Iy powder was treated at 573 K and 500 MPa
for 1 h in an argon atmosphere using a WC die. For thermoelectric prop-
erty measurements, the sample obtained after two-step annealing was
hot-pressed at 553 K in an argon-filled glove box into pellets in the form
of a parallelepiped (length 3.55 mm; cross-section 2.4 mm?). To check for
any possible decomposition, the sample was subjected to X-ray powder
analysis after both the hot pressing and the SPS treatment; no change in
the X-ray pattern was detected.

Sample characterization: The sample was characterized by means of X-
ray powder and EDXS analyses. X-ray analysis was performed by using a
Huber G670 image plate camera, Cug, radiation, A=1.540598 A; the
unit-cell parameters were calculated from least-squares fits using LaBg
(cubic, a=4.15692 A) as an internal standard, utilizing the program pack-
age WinCSD. For EDXS analysis, the surface of a pill pressed after the
second annealing was polished by standard methods and then examined
with partly polarized light (ZEISS Axioplan2 optical microscope) using
differential interference contrast. Elemental analysis was performed
using a Philips XL30 scanning electron microscope.

Single-crystal X-ray diffraction experiment: A single crystal tested by
means of Laue photographs was selected for single-crystal X-ray diffrac-
tion analysis, which was carried out on a Rigaku AFC7 four-circle dif-
fractometer equipped with a Mercury CCD area detector. The data col-
lection and refinement parameters are given in Table 1. SHELX-97 soft-
ware was used for the crystal structure solution and refinement.”!! Fur-
ther details of the crystal structure determination may be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopold-
shafen, Germany, on quoting the depository number CSD-416531.

Méssbauer spectroscopy: The ”Sn spectrum was recorded by using a
conventional constant-acceleration Mossbauer spectrometer. The meas-
urements were performed at 300 K with a Ca'®™SnO; source maintained
at room temperature. Isomer chemical shifts were referenced to a
CaSnO; absorber at 300 K.

Transmission electron microscopy: Electron diffraction (ED) patterns
were obtained using a Philips CM20 microscope. High-resolution electron
microscopy (HREM) investigations were performed using a JEOL
4000EX microscope operating at 400 kV. The sample for TEM was
crushed, dispersed in methanol, and deposited on a carbon mesh grid.
HREM images were simulated by using Mac Tempas and Crystal Kit
software.

Physical property measurements: The magnetic susceptibility (y) of
Sn,ysAsy,ls was measured in external magnetic fields of 0.2, 3.5, and
7.0 Tesla over the temperature range 2-400 K using a superconducting
quantum interference device (SQUID) magnetometer (MPMS XL-7,
Quantum Design). The powder sample was contained in a pre-calibrated
quartz tube. Corrections for the sample container were applied.

Simultaneous measurements of the Seebeck coefficient, thermal conduc-
tivity, and electrical resistivity were performed using a Quantum Design
Physical Property Measurement System (PPMS) equipped with a thermal
transport option. Additional resistivity measurements were carried out
by means of a standard dc four-point method between 3.8 and 320 K. A
parallelepiped of approximate dimensions 1x1x5 mm was cut from the
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SPS-prepared sample. Contacts on the sample were fixed with a silver-
filled epoxy paste.
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