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Abstract: Systematic syntheses in the Ba—Ga—Sn system confirmed the existence of a new
ternary phase BaGa; 70Sn4.21(2) (EuGaxGey structure type; orthorhombic space group Cmcm,
Pearson symbol 0528) with lattice parameters a = 4.5383(6) 10%, b = 12.2486(16) 10\,
c = 14.3747(19) A. The structure is best viewed as an open-framework based on
tetrahedrally coordinated Sn/Ga atoms with Ba atoms enclosed in the voids within it. The
new phase co-precipitates with two other compounds with very similar compositions—
BagGaja5Sns; sy (K4Sips structure type; cubic space group Pm3n, Pearson symbol cP54;
a = 11.6800(12) 10%), and BagGa;325n32.33), (EusGagGe;s structure type; cubic space group
[43m, Pearson symbol cI54; a = 11.5843(7) A). Detailed discussion on how syntheses
affect the crystal chemistry, and the temperature dependence of the atomic displacement
parameters, obtained from single-crystal structure refinements, are also reported in
this article.
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1. Introduction

Clathrates based on Si, Ge, or Sn have been known for close to five decades already, but only
recently, the interest in these compounds with rigid covalent networks has shifted towards their
potential for optical, thermoelectric and other valuable applications [1-3]. Although theoretical
calculations suggest thermodynamic stability for a variety of such open-frameworks, only several
structures (referred to as type-I, -1, efc.) have been found thus far. Clathrate type-I, which is the most
common of all, crystallizes in primitive cubic unit cell with 46 framework-building atoms per unit cell,
which are all tetrahedrally coordinated. They form 24-atom polyhedra with twelve pentagonal and two
hexagonal faces and smaller 20-atom pentagonal dodecahedra. These “voids” can accommodate alkali-
and/or alkaline-earth metal atoms, and thus, the formula of the fully stoichiometric clathrate type-I is
AgTtss, where A represents the corresponding metal atoms and 7t stands for Tetrel, i.e., group 14
elements, respectively. It has also been well established that the structure is amenable to modifications
through substitution of 7z-atoms from the network with an electron-poorer element, from groups 13 or
12 for example, which allows for tunable properties [4]. This approach can be applied to all known
clathrate types as well.

While the crystal chemistry and the chemical bonding in most of the clathrate structures are
satisfactorily understood today, one major difficulty persists, and it is in the selective synthesis of each
type. The reasons for that are very simple: i) the ratios of framework atoms to cavity atoms in all of the
clathrates are remarkably close; ii) the relative thermodynamic stability of the known clathrate types is
nearly the same. A possible solution to this synthetic problem can be based on the fact that the
polyhedra in the clathrates’ structures are of quite different dimensions. Implementation of this idea
allows for the rational synthesis of the clathrate type-II compounds (Cs or Rb)sNa;¢(Si or Ge)s¢ [5,6]
and (Cs or Rb)gNa;4(Ga,Si) 36 [7]—ratio of 24:136 or 1:5.67—instead of the analogous clathrates
type-I compounds NagSiss [8] or RbsGagGess [9]—ratio of 8:46 or 1:5.75—where the two cavities are
closer in size.

A control over whether type-I or type-VIII clathrates are realized is subtler, as both have the same
nominal composition and are typically considered as polymorphs [10-15]. It has already been shown
for a- and f-EugGa;¢Gesp [10] that the two forms can be interconverted via careful selection of the
synthesis methods. Heat treatments have again been indicated to be the decisive factors as to which
phase occurs with regard to BagGa;sSns (rather BagGaj¢_Sn3o.,, Where x < £2.8) [11-15], however, in
this instance, the type-I (previously known as f-form) [11,12] and the type-VIII (previously known as
o-form) [12-15] clathrates, does not seem to “mirror” the dimorphism of the respective EugGa;Ges
compounds [10].

With this paper, we report the results of our extensive work on type-I and type-VIII BagGa;sSnsg
clathrates, which provide no evidence to support (ir)reversible a«/f phase transitions, suggesting they
are better regarded as different, albeit closely related phases. We also further the knowledge on the
phase-relationships in the Ba—Ga—Sn system, by reporting the novel ternary phase with a clathrate-like
framework structure, BaGa,Sny (rather BaGa,_,Sny4,,, where x = 0.2), which is isotypic with EuGa,Ge4
[16-18]. BaGa,_,Sns,, is only the second ternary compound with this structure, after the archetype, and
our structure refinements from X-ray single-crystal data provide, for a first time, a reliable data on the
distribution of Ga and 7t-atoms on the framework sites.
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2. Results and Discussion

2.1. Synthesis and Thermal Analysis

In spite of the extensive prior experimental work in the system Ba—Ga—Sn [11-15,19-24], there
remain some open questions, such as the existence of the only type-Il clathrate with Sn,
Ba;sGasSnjos [25], and the proposed (but not proven) dimorphism of type-I and type-VIII BagGa;¢Snj
clathrates [11-15]. Our systematic investigations, using both conventional solid-state synthesis methods,
as well as molten fluxes have produced evidence for only three phases in the Sn-rich part of the phase
diagram— type-I BagGaj¢_Sn3p., (x < £1.5) clathrate, type-VIII BagGaje_,Snso., (x < £2.8) clathrate,
and the new ternary phase BaGa, ,Sny., (x = 0.2). The results from our exploratory work can be

summarized as follows:

type-1 BagGaj¢ Sn3ps, (previously known as f-form) clathrate is the major product of all

stoichiometric or Sn flux reactions at high temperature, which are cooled quickly and annealed
at temperatures below 450 °C before the removal of the flux;

- BaGa,_,Snyy, is the minor product of the above reactions and appears to always co-crystallize
with the clathrate phase (note how close the nominal compositions are);

- type-VIII BagGaje_Snsp, (previously known as a-form) clathrate is the major product of Sn of
Sn/Ga flux reactions at low temperature, e.g., 500 °C;

- type-I BagGa;¢ Sn3p,, clathrate readily forms via melting of stoichiometric mixtures of the
elements at high-temperature, while type-VIII BagGa¢_,Snso., does not;

- when the Sn flux method is employed, reactions with the same ratios of Ba, Ga and Sn produce
different phases if the flux is removed at 700 °C (BaSn; [26]) vs 400 °C (type-I

BagGa¢_,Snso., clathrate).

In addition, thermal analysis of pure type-I BagGaic_,Snso, clathrate suggests that it decomposes
above 500 °C, confirming the DSC results reported by Takabatake et al [14,27]. However, temperature
dependent in-situ powder X-ray diffraction reveals that the degradation of the sample begins at much
lower temperature, ca. 300-350 °C (Figure 1). As seen from the figure, the material is significantly
changed even below 300 °C and completely molten above ca. 500 °C; only Bragg peaks due to
elemental Sn can be indexed upon cooling the melt to room temperature. Similar behavior is observed
for the type-VIII BagGajs_Snso., clathrate with no signs of phase transitions neither in the calorimetry
signals, nor in the in-situ powder X-ray diffraction pattern. The above indicates that the
phase-relationships between type-I and type-VIII BagGa;sSns( clathrates are different than those in the
Eu-Ga—Ge counterparts. Apparently, both type-I and type-VIII BagGa;cSnso clathrates decompose
peritectically and cannot be transformed into each other (not at least under ambient pressure). Hence,
we argue that the a- and f- designations are irreverent, and referring to the type-VIII and type-I

clathrates as low- and high-temperature forms, respectively, is unjust.
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Figure 1. Temperature dependent in-situ powder X-ray diffraction patterns for type-I
clathrate BagGaj4 5Sns3; 54). The peak at ca. 39° 26 that does not change with 7 is from the
Pt thermocouple.
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We also note that compared to the previously reported synthetic conditions [11-15] the reactions we
have explored involve higher amounts of Sn (flux), and therefore our materials are a little different
than those found in the literature, i.e., slightly Sn-richer. For example, the refined formula of our type-I
clathrate is BagGajssSnzisu) vs BagGajesSnagr [11] or BagGaje9Snyg; [12]. Similarly, the refined
formula of our type-VIII clathrate (BagGa;32Sns;g3)) is also further away from the ideal BagGa;sSnsg
composition and slightly Sn-richer than BagGa;74Snys6 [13], BagGa;7,Snag g [15] and BagGaje5Sngpg s [12].

2.2. Crystal Chemistry of Clathrate type-1

BagGay45Sns3; 54y with type-I structure crystallizes in the cubic space group Pm3n (no. 223,
Pearson symbol ¢P54; Table 1 and 2) with a periodicity constant a = 11.6800(12) A at room
temperature. This value is shorter than the reported unit cells for BagGa;egSnag (a = 11.744(2) A) [11]
and BagGa5,Sn3pg(a = 11.708(1) A) [12], which is somewhat unexpected given that our crystals are
Sn-richer (vide supra) and that the Pauling’s radius of Sn (1.42 A) is larger than that of Ga (1.25 A)
[28]. The open-framework (Figure 2, left) is made of statistically disordered Ga and Sn atoms, located
at three different Wyckoff sites—6c¢, 16i and 24k. The 46 framework sites (per unit cell) can be viewed
as forming six larger (Ga,Sn),4 tetrakaidecahedra and two smaller (Ga,Sn),y dodecahedra (in analogy
with the fullerenes, the former can be denoted as 51262, and the latter as 512, respectively). The
tetrakaidecahedra share their hexagonal faces and create a system of three perpendicular and
nonintersecting ‘“‘channels” running along the axes of the cube. Smaller 20-atom pentagonal
dodecahedra are enclosed between them. We point out here that although the framework is made of
approximately 1/3 Ga and 2/3 Sn, the distribution of two elements is not uniform on the three sites. For
example, the 6¢ site (Ga:Sn = 67:33) is preferentially occupied by Ga (Table 3), while the Sn atoms are
primarily found at the 16i (Ga:Sn = 31:69) and 24k (Ga:Sn = 23:77) sites. Very similar site
occupancies are observed in BagGa;s gSnyg» (Sn amount: 27%, 64% and 73%, respectively) [11] and in

BagGaje_Snspr (x < £ 0.9); 29-33%, 64-66% and 74-75%, respectively) [12]. Iversen et al. have
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analyzed these traits in other clathrates and have suggested that the reason for the preferential

(sometimes even exclusive) occurrence of the Triel over the Tetrel element at the 6¢ site is so that the

unfavorable Tr—Tr contacts are minimized [3].

Table 1. Important crystal data and structure refinement parameters for BagGaj4.5Sn3; 5u4)

(clathrate type-I), BagGa,32Sn3; 53 (clathrate type-VIII), and BaGa; 79Sn4.21(2).

empirical formula
Fw, g/mol
Crystal system
Space group
a(h)

b (A)

¢ (A)

V(A%

Z

T (K)

Radiation, A (A)
p (gem™)

g (em™)

Ry [1>25(D]"
wR; [I > 206(D)]”

largest peak/hole (e -A™)

BagGays.55n31 504)
5853.58

Cubic

Pm3n (no. 223)
11.6800(12)

1593.41
1

293(2)

Mo Ka, 0.71073
6.018

229.8

0.030

0.058
1.19/-0.88

BagGai32Sn3: 83,
5916.63

Cubic

[43m (no. 217)
11.5843(7)

1554.57
1

293(2)

Mo Ka, 0.71073
6.273

234.9

0.019

0.049
0.86/-1.10

BaGaj 70Sn42102
761.41
Orthorhombic
Cmcm (no. 63)
4.5383(6)
12.2486(16)
14.3747(19)
799.06

4

120(2)

Mo Ka, 0.71073
6.333

236.2

0.031

0.061
1.35/-2.02

“Ry = YlIF — IEM/YIE); WR, = [Y[w(Fy — B 1/YIw(FH1Y2, and w = 1/[6°Fy” + (A-P)*
+ B-P], P = (F02 + 2FC2)/3; A and B are weight coefficients.

Table 2. Selected structure refinement parameters for BagGaj4 5sSn3; 54y (clathrate type-I) in

the temperature range 100-200 K.

T (K)
a(A)

g (em™)

Ri [ > 26(D)]"
wR, [I>26(D)]?

largest peak/hole (e -A™)

100(2) 125(2)
11.6588(8) 11.6623(7)
231.0 230.8
0.026 0.027
0.052 0.057
0.80/-0.88 1.09/-1.03

150(2) 175(2) 200(2)
11.6681(11) 11.6691(7) 11.6727(15)
230.5 230.4 230.2
0.032 0.027 0.032

0.063 0.054 0.068
1.02/-1.46  0.90/-0.93 0.98/-0.93

“Ry = YlIF| — [E/YIF I, wR, = [Y[w(Fs” — EOX/Y [W(ED 1Y, and w = 1/[6°Fy” + (A-P)?
+B-P], P = (F02 + 2FCZ)/3; A and B are weight coefficients.
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Table 3. Atomic coordinates and isotropic displacement parameters (U, for

BagGaj4.5Sn3; 54 (clathrate type-I) at variable temperature.

T (K) Atom Site  x y z U,, (A%
Bal?’ 24k 0 0.2533(9)  0.4600(3)  0.0359(12)
Ba2 2a 0 0 0 0.0117(5)
100(2) Snl/Gal® 24k 0 0.31233(6) 0.11844(6)  0.0115(3)
Sn2/Ga2?  16i 0.18411(4)  0.18411(4) 0.18411(4)  0.0118(3)
. SU3/Ga3°  6c_ Ma o Vo 0.0126(8)
Bal® 24k 0 0.2553(9)  0.4612(3)  0.0373(14)
Ba2 2a 0 0 0 0.0124(6)
125(2) Snl/Gal® 24k 0 0.31227(6)  0.11846(6)  0.0122(3)
Sn2/Ga2?  16i 0.18414(5) 0.18414(5) 0.18414(5) 0.0127(3)
. SN3/Ga3°  6c My o Voo 0.0135(6)
Bal?’ 24k 0 0.2534(11)  0.4606(3)  0.0391(19)
Ba2 2a 0 0 0 0.0131(7)
150(2) Snl/Gal¢ 24k 0 0.31221(8) 0.11843(7)  0.0125(3)
Sn2/Ga2?  16i 0.18416(5)  0.18416(5) 0.18416(5)  0.0129(4)
. SU3/Ga3°  6c  Ma o Vo 0.0133(8)
Bal®’ 24k 0 0.2549(10)  0.4619(3)  0.0408(15)
Ba2 2a 0 0 0 0.0145(6)
175(2) Snl/Gal® 24k 0 0.31227(6) 0.11846(6)  0.0142(3)
Sn2/Ga2?  16i 0.18417(6)  0.18417(6)  0.18417(6)  0.0139(3)
. SN3/Ga3°  6c  Ma o Voo 0.0144(6)
Bal?’ 24k 0 0.2532(18)  0.4623(4)  0.0481(21)
Ba2 2a 0 0 0 0.0174(7)
200(2) Snl/Gal¢ 24k 0O 0.31224(7) 0.11845(7)  0.0157(3)
Sn2/Ga2?  16i 0.18413(5)  0.18413(5)  0.18413(5)  0.0160(4)
. SU3/Ga3°  6c  Ma o Vo 0.0166(8)
Bal® 24k 0 0.2574(10)  0.4637(5)  0.0534(21)
Ba2 2a 0 0 0 0.0203(6)
293(2) Snl/Gal® 24k 0 0.31220(7) 0.11848(6)  0.0185(3)
Sn2/Ga2?  16i 0.18425(5)  0.18425(5)  0.18425(5)  0.0192(4)
Sn3/Ga3¢  6¢ s 0 ', 0.0195(7)

a U, is defined as one third of the trace of the orthogonalized Uj; tensor; b Off-set by cs. 0.4
A from the ideal 6d position (0 '/4 '/). Occupancy is 25%; ¢ Refined as statistically
disordered Ga and Sn atoms in the ratio Ga:Sn = 23(2):77(2); 4 Refined as statistically
disordered Ga and Sn atoms in the ratio Ga:Sn = 31(2): 69(2); ¢ Refined as statistically
disordered Ga and Sn atoms in the ratio Ga:Sn = 67(2):33(2).
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Figure 2. Crystal structures of BagGaj45Sn3; 54) (type-L, leff) and BagGa;32Sn3;.53) (type-
VI, right). Ba atoms residing in the (Ga,Sn),o cages (clathrate type-I) and the augmented
(Ga,Sn)y043 cages (clathrate type-VIII) are drawn as light blue spheres, while the Ba atoms
residing in the (Ga,Sn)y4 tetrakaidecahedra (clathrate type-I only) are drawn as red spheres.
The empty cubic voids in the clathrate type-VIII are shown in yellow.

clathrate type-| clathrate type-VIil
Pm3n 143m

Figure 3. Representations with anisotropic displacement parameters of: (a) the Bal atom at
the 24k site (off-set from center of the (Ga,Sn),4 tetrakaidecahedra); and (b) the Ba2 atom
at the 2a site (center of the (Ga,Sn),p pentagonal dodecahedra). Thermal ellipsoids are
drawn at the 95% probability level.

The (Ga,Sn),4 tetrakaidecahedra host the Bal atoms, while the (Ga,Sn),o polyhedra encapsulate the
Ba2 atoms (site 2a). The former reside not in the center of the cage (corresponding to site 6d), but are
displaced by almost 0.4 A to a 24k site (Figure 3). The 4-times greater multiplicity of the “off-center”
position requires the Bal atom to be with a 25% occupation. Introducing positional disorder here is
necessary because the anisotropic displacement parameter (ADP) of Bal is abnormally elongated if the



Crystals 2011, 1 152

electron density is not modeled as smeared around the center of the cage (Figure 3). Such anisotropy
and large thermal ellipsoids of the alkaline-earth metal located in the tetrakaidecahedra is well
documented in the literature, not only for BagGa;sgSnyg, [11], but also for other type-I clathrates like
BagGa16,xGe30+x [14,29], SrgGa16Ge30 [30], Ba8Cdee4375x/gEl3,3x/g (0 <x< 8) [31], and BaanxGe%,x,yDy
(2<x<8)[32].

From temperature dependent X-ray diffraction experiments carried out for a single-crystal of
BagGajssSnzisay (Table 2), we see a nearly linear increase of the lattice parameter from
a = 11.6588(8) Aat 100K to a = 11.6800(12) A at room temperature. This yields a coefficient of
linear thermal expansion f = 9.6 x 10° K, which is comparable to many metals and alloys.
Refinements of the anisotropic displacement parameters of all atoms and plotting the ADP values as a
function of temperature is also instructive—the above described disorder at the Bal site can be clearly
seen in Figure 4. The “jump” between 175 and 200 K is not understood as of yet, and might indicate
the onset of an order-disorder transition, although the refinements at the six different temperatures
agree well with the presented model. Such dynamic disorder has been previously dubbed “a rattling
motion”, which can be described by the FEinstein oscillator model. Thereby, the temperature
dependence of the Debye-Waller factors (assuming the rattling atoms to be harmonic oscillators
exhibiting characteristic localized vibration frequency) can be given as Uiy, = kgT/K = W T/(47r2ka@EZ),
where Ui, is the slope of the isotropic mean-square displacement; kz is Boltzmann constant; 7 is
temperature; K is the spring temperature of the oscillator, 4 is Planck's constant; m is the mass of the
rattling atom; and @ is the Einstein temperature [2]. The ADP data (Table 4) can be used to estimate
the Einstein temperature of these atoms. This estimation results in @ = 47 K at 293 K for
BagGaj4sSns;s. Suekuni et al. reported an Einstein temperature of @ = 60 K at 300 K for
BagGajsSnsp, [13]. From this analysis it appears that the Ba atoms behave as normal "rattlers", even
though we cannot ascertain from the ADP alone whether this corresponds to a static displacement or to
some dynamic motion between the four off-center sites and the center of the cage.

Figure 4. Temperature dependence of the isotropic (a) and anisotropic displacement
parameters (b) for BagGa;4 5Sn3; 54y (clathrate type-I) in the interval 100-293 K.
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Table 4. Anisotropic displacement parameters (U;) for BagGai45Sn3; 54 (clathrate type-I)

at variable temperature.

Atom U (A% Uy (A% Us; (A% Uy (A% U3 (A% U (A%
100(2) K
Bal 0.0576(25) 0.0183(15) 0.0319(17) 0.0056(33) O 0
Ba2 00117(5) =U11 =U11 0 0 0
Snl/Gal 0.0133(4) 0.0108(4) 0.0115(4) -0.00103) O 0
Sn2/Ga2 0.01 18(3) = U]] = U]] 00001(2) = U23 = U23
Sn3/Ga3  0.0126(10) 00126(7) =Up 0 0 o
125(2) K
Bal 0.0606(31) 0.0171(20) 0.0343(20) 0.0016(30) O 0
Ba2 00124(6) = U]] = U]] 0 0 0
Snl/Gal 0.0145(4) 0.01104) 0.0112(4) 0.00063) O 0
Sn2/Ga2 00127(3) = U]] = U]] 00001(2) = U23 = U23
Sn3/Ga3  0.0136(10) 00134®) =Up 0 0 o
150(2) K
Bal 0.0606(38) 0.0196(38) 0.0370(25) 0.0038(50) O 0
Ba2 00131(7) =U11 =U11 0 0 0
Snl/Gal 0.0149(5) 0.0114(5) 0.0113(5) 0.00044) O 0
Sn2/Ga2 00129(3) = U]] = U]] 00000(3) = U23 = U23
Sn3/Ga3  0.0134(13) 001329) =Up 0 0 o
175(2) K
Bal 0.0614(31) 0.0208(21) 0.0402(21) 0.0012(34) O 0
Ba2 00145(6) = U]] = U]] 0 0 0
Snl/Gal 0.0165(5) 0.0132(4) 0.0130(4) 0.00093) O 0
Sn2/Ga2 00139(3) = U]] = U]] 00001(2) = U23 = U23
Sn3/Ga3  00151(10) 001407 =Up 0 0 o
200(2) K
Bal 0.0689(42) 0.0270(25) 0.0483(30) 0.0043(60) O 0
Ba2 00174(7) = U]] = U]] 0 0 0
Snl/Gal 0.0175(5) 0.0151(5) 0.0146(5) 0.0007(4) O 0
Sn2/Ga2 00160(4) = U]] = U]] 00003(3) = U23 = U23
Sn3/Ga3  0.016513) 00166(9) =Up 0 0 o
293(2) K
Bal 0.0811(47) 0.0246(31) 0.0544(30) 0.0063(30) O 0
Ba2 00203(6) = U]] = U]] 0 0 0
Snl/Gal 0.0214(5) 0.0175(5) 0.0166(4) 0.0012(3) O 0
Sn2/Ga2 00192(4) = U]] = U]] 00007(2) = U23 = U23
Sn3/Ga3 0.0191(11) 0.0147(8) =Upx 0 0 0

2.3. Crystal Chemistry of Clathrate type-VIII

153

BagGa;3,Sn3;53) with type-VIII structure crystallizes in the cubic space group [43m (no. 217,

Pearson symbol cI54; Table 1) with a periodicity constant a = 11.5843(7) A at room temperature.

Notice that the unit cell parameters for type-I and type-VIII clathrates are very close, although the
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former is around 0.1 A longer than the latter. Here, we also observe the unexpected elongation of the
unit cells for the Ga-richer BagGa;74Snyg¢ (a = 11.5945(12) A) [13] and BagGa;7,Snygg (a = 11.5949(2)
A) [15] compared to the Sn-richer BagGa,3,Sns; g3). The a-axis value and the refined composition are
very well comparable to those in BagGaje_Snzp., (x <£0.5; a = 11.584(1)-11.589(1) A) [12].

The crystal structure (Figure 2, right) can be viewed as a framework of face-shared distorted
(Ga,Sn)yo polyhedra, centered by the single Ba site (8c). These are bridged by an additional vertex
resulting in (Sn,Ga)xo.3 cages (6°6°5°5°), shown in light blue in Figure 2. The packing of the polyhedra
is not space-filling, and small, empty cages of eight framework atoms are left behind (shown in yellow).
There are four crystallographically unique sites and the Ga/Sn distribution on them varies greatly. The
Wyckoff site 2a is exclusively occupied by Sn atoms, while the other three sites, 8c, 12d and 24g, are
occupied by statistical mixtures of Ga and Sn atoms in the following ratios—Ga:Sn = 62:38 at the 8¢
site; Ga:Sn = 13:87 at the 12d site; and Ga:Sn = 28:72 at the 24g site, respectively (Table 5). A similar
distribution on the four sites is found in BagGa;74Snys6 by Eisenmann et al. (Sn amount: 2a: 100%,
8c: 34%, 12d: 65% and 24g: 67%) [13]. A largely different, yet unexplained, Ga/Sn distribution on all
four sites can be found in the refinements of BagGa;;7,Snygs by Carrillo-Cabrera et al. [15] (Sn
amount: 2a: 72%, 8c: 29%, 12d: 80% and 24g: 65%, respectively). Notice that the refined
compositions are virtually identical in both cases, suggesting the preparative methods—convection
heating vs induction heating and annealing—to be the reason for the observed differences.

Table 5. Atomic coordinates and equivalent isotropic displacement parameters (U,,)* for
BagGa;325n3, 53 (clathrate type-VIII), and BaGa; 79Sn4.2102).

Atom Site x y V4 Occupancy U, (A%
BagGaj32Sn32.53

Ba 8c 0.31496(6) 0.31496(6) 0.31496(6) 0.04444)

Snl/Gal 24g  0.08429(5) 0.08429(5) 0.35138(5) 72/28(1) 0.0198(3)

Sn2/Ga2 12d 1/4 1/2 0 87/13(1) 0.02414)

Sn3/Ga3 8c 0.13424(6)  0.13424(6) 0.13424(6) 38/62(2) 0.0186(5)

S a0 0 0 oo 0.0193(5) _

BaGa; 705142102

Ba 4c 0 0.07183(6) 1/4 0.0119(2)

Snl 8f 0 0.47132(5) 0.09526(5) 0.0119(2)

Sn2/Ga2 8f 0 0.07183(6) 0.15773(6) 50/50(1) 0.0087(3)

Sn3/Ga3 8f 0 0.25068(6) 0.04992(6) 60/40(1) 0.0118(3)

“U,, is defined as one third of the trace of the orthogonalized Uj; tensor,

Detailed investigations of the thermoelectric properties, the electronic structure and carrier tuning of
both type-I and type-VIII BagGaje_Sn3o+, clathrates by virtue of optimizing the p- and n-type carriers
can be found elsewhere [12,14,19,20]. We might just add here that utmost care should be exercised
when synthesizing such compounds in large batches, as sample homogeneity and
phase-purity could complicate the transport measurements. A testament to this conjecture is the
resistivity measurements of three different batches of type-I BagGajes_Sn3os, clathrates, displayed in
Figure 5. The three single-crystals are poor metals with room temperature resistivity between 4 and
10 mOhm-cm. These values are several orders of magnitude higher than the resistivities of normal
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metals. As seen from the temperature dependence of p(7), the resistivity decreases almost linearly with
temperature, but the slopes are different, even though the samples have been prepared following the
same synthetic procedure and are expected to be identical. Most likely, differences in the concentration
of defects and impurities in the samples are the cause of such behaviour. At low temperature (below ca.
20 K), p(T) in the three data sets rich plateaus, with residual resistivities occurring in the range from 1
and 3 mOhm-cm—obviously shows another sign of variations in the samples. Below ca. 5 K the
resistivity of all samples drops to zero, which is indicative of superconducting transitions. Likely, the
drops in the resistivities are not due to bulk superconductivity of the type-I BagGaje_,Snsp, clathrate,
but to small amounts of Sn/Ga flux present in the samples, as confirmed by the heat capacity,
illustrated for one of these samples in Figure 5 as well. The main panel in Figure 5 shows the heat
capacity over the whole temperature range approaching the value predicted by the law of Dulong-Petit
at high temperatures, as expected. In the inset C/T vs T is plotted in the temperature range around the
superconducting plateaus found in the resistivity data. There are no indications of a transition,
confirming that no bulk superconductivity is present in the samples.

Figure 5. Resistivity and specific heat as a function of temperature of single-crystalline
type-1 BagGaje_Snj3p,., clathrate.
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2.4. Crystal Chemistry of BaGa;.79Sn4.212)

The composition of the new ternary phase BaGa,_,Sna., (= BagGaje_,Snazy, X = 1.6) is very close to
that of the above discussed BagGa;¢_Sn3o4, clathrates, which could explain the difficulties obtaining
this elusive compound as a single-phase material. BaGa; 790Sn4 1) crystallizes in the orthorhombic
space group Cmcm (no. 63, Pearson symbol 0528) with the cell parameters a = 4.5383(6) A,
b = 12.2486(16) A and ¢ = 14.3747(19) A and is isotypic to EuGa,.,Ges=, [16-18]. The zeolitic
framework (Figure 6) is made up of large (Ga,Sn);g polyhedra with 7 faces (6%6%6'8%), shown in red in
the figure. They are face-shared to form layers running parallel to the (001) plane, which are separated
by layers of fused (Ga,Sn)g cages. The large (Ga,Sn);s polyhedra encapsulate the Ba atoms (site 4c¢),
while the smaller cages are empty. These slabs are arranged in an ABA'B' sequence along the
crystallographic c-axis, where A'B' are received by reflection of AB as shown in Figure 6. Although
this structure has been known for a decade and has been analyzed in great details [16-18], our
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structural refinement is unprecedented because, for a first time, it provides the distribution of the Ga
and Sn atoms on the framework sites—in all previous work on EuGa,.,Ges=, [16-18], the Ga/Ge
occupancy has been assumed to be 1/3 Ga and 2/3 Ge on each site. In the case of BaGa, ,Sny,,, the
scattering factors for Ga and Sn are significantly different, enabling accurate structure refinements
from X-ray single-crystal data. Hence, we ascertain that in agreement with the Ga/Sn occupancies in
both type-I and type-VIII clathrates, the three framework sites in BaGa, ,Sns, are not uniformly
occupied by Ga and Sn. One of the three Wyckoff sites (all 8f), labeled Snl (Figure 6) is exclusively
taken by Sn atoms, while the other two sites are occupied by Ga and Sn atoms almost without a
preference (Sn amount of approx. 50% and 60%, respectively; Table 5).

Figure 6. Polyhedral view of the orthorhombic crystal structure of BaGa,_,Sny,,. Ba atoms
residing in the (Ga,Sn);g polyhedra are drawn as red spheres. The empty 9-atom voids are
shown in yellow. Snl atoms (8f site, 100% occupancy by Sn) are shown as black spheres,
while the remaining two framework sites with statistical mixtures of Sn/Ga atoms are

represented as blue spheres, respectively.
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The bond distances in BaGa; 79Sn4.21(2) nicely follow the above-discussed site occupations, with the
pure Sn sites exhibiting longest distances (dsni_sn1 = 2.828(1) 10%) and the Ga/Sn2 sites exhibiting the
shortest distances (dsn/Ga_sn/Ga = 2.653(2)-2.685(1) A). The third framework site, Ga/Sn3 (with a Ga:Sn
ratio of 3:2) has neighboring atoms at distance dsy_sn/Ga = 2.733(1)-2.780(1) 10%, which are intermediate.
The Ba—-Snl distances are dg,_sn, = 3.889(1) A, slightly longer than the Ba—Ga/Sn2 and Ba—Ga/Sn3
contacts (dpa_swca = 3.692(1)-3.733(1) A). These values are similar to the ones observed in the
clathrate type-I (dsn/Ga_sn/ca = 2.660(2)-2.730(1) A, dasnica = 3.710(9)—4.129(3) 10%) and the clathrate
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type-VIII (dsn/Ga_sn/Ga = 2.645(1)-2.762(2) A, dpasnca = 3.626(2)-3.848(1) A). The discussed bond
lengths are also in good agreement with those reported for BagGa;7.4Sn2s.6 (dsn/Ga_snGa = 2.642-2.764 A,
dBasuGa = 3.635-3.845 A) [13], BagGay7,Sn288 (dswGa swGa = 2.649-2.766 A, dp, swca = 3.632-3.852 A)
[15], and as well as for other ternary compounds of Ba, Ga, and Sn, such as BaGaSn
(dSn/Ga—Sn/Ga =2.676-2.677 A; dBa—Sn/Ga = 3.556-3.842 A) [21], BaGa;USno,gg (dSn/Ga—Sn/Ga =2.631-2.717
A; diy swica = 3.549-3.962 A) [22], BazGap 49Sny.s1 (dsuiGa_sica = 2.962-2.984 A; dp, s, = 3.500-3.881
A) [23], and BasGasSn (dswa_swca = 2.668-2.727 A; dp,_sn = 3.461-4.099 A) [24].

3. Experimental Section

All synthetic manipulations were carried out in an argon-filled glove box or under vacuum. In the
syntheses we employed pure metallic elements, purchased from Alfa or Aldrich with purities greater
than 99.9% (metal basis). Two methods were generally used—direct fusion of elements in sealed
niobium containers and flux reactions with Ga or Sn as molten fluxes. The basic synthetic procedure
for the former method was as follows: the elements were loaded in the desired stoichiometric ratios in
niobium tubes, which were subsequently sealed using an arc-welder (under high purity Argon gas). The
niobium tubes were then put in fused silica jackets, and flame-sealed under high vacuum. Melting the
reaction mixtures was accomplished using suitable heating scheme in high temperature tube furnaces.
The niobium tubes were then brought back in the glove box and opened. The basic synthetic procedure
for the flux reactions was as follows: the elements were loaded in the desired molar ratios in 2 cm’
alumina crucibles that were subsequently flame-sealed in evacuated fused silica tubes. The reaction
mixtures were subjected to different heat treatments in high temperature muffle furnaces. Upon cooling
to desired temperatures (above the melting point of the specific flux), the excess molten metal was
removed by decantation. The silica tubes were then brought back in the glove box, crack-opened, and
the crystals were isolated.

The new BaGa; 79Sn4212) compound was never obtained as a single phase product and always
co-crystallized with type-I BagGa;4.5Sn3; 54 clathrate, when Sn flux reaction were used. The optimized
experiment involved a mixture Ba:Ga:Sn = 2:4:15, which was heated to 1000 °C (rate 10 °C/h),
homogenized for 5 h, cooled to 450 °C (rate —300 °C/h), annealed for 28 h and cooled to 400 °C (rate
—10 °C/h), where the excess Sn was removed. Clathrate type-I BagGajg_,Snsp., (x < £1.5), in addition
to the method above, could also be obtained by stoichiometric reactions Ba:Ga:Sn = 2:4:7.5. After
sealing the mixtures in Nb tubes (jacketed in fused silica tubes), they were heated to 1000 °C (rate
10 °C/h), equilibrated for 5 h, cooled to 450 °C (rate —300 °C/h), annealed for 12 h and cooled to room
temperature (rate —20 °C/h). The products from such reactions were identified by powder and
single-crystal X-ray diffraction.

Clathrate type-VIII BagGa;3,Sn3; 33 is hard to obtain from stoichiometric reactions, but large (up to
4-5 mm) crystals can be readily grown from Ga/Sn flux reactions. The optimized experiment required
the elements to be loaded in the Ba:Ga:Sn = 2.5:14:67 molar ratio. The samples were heated to 500 °C
(rate 20 °C/h) and homogenized for 500 h. The flux was removed, after cooling to 400 °C (rate
=5 °C/h).

The compositions of all synthesized materials were confirmed by EDX measurements (JEOL 7400F
electron microscope equipped with an INCA-OXFORD energy-dispersive spectrometer).
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X-ray powder diffraction patterns of all samples were taken at room temperature on a Rigaku
MiniFlex powder diffractometer using Cu Ka radiation. Typical runs included 6—8 scans (20.x = 75°)
with the scan steps of 0.05° and 1 sec/step counting time. The JADE 6.5 software package [33] was
used for data analysis. The intensities and the positions of the experimental observed peaks and those
calculated from the crystal structures matched very well. Variable temperature in-situ X-ray powder
diffraction patterns were collected on a Rigaku Ultima 3 powder diffractometer using Cu Ko radiation.
The instrument was fitted with an Anton-Parr high-temperature furnace. Temperature was measured
with a Pt-thermocouple.

Based on the results from powder XRD, the title compounds are presumed to be air-stable over
extended periods (greater than 1 month).

Intensity data collections were carried out on a Bruker SMART CCD single-crystal X-ray
diffractometer at variable temperatures. The source was graphite-monochromated Mo-Ka radiation
(A =0.71073 A). Suitable single crystals of each compound were selected in a glove box and cut under
mineral oil to smaller dimensions (less than 0.1 mm). The SMART [34] and SAINTplus [35] programs
were used for the data collection, integration and the global unit cell refinement from all data. Semi-
empirical absorption correction was applied with SADABS [36]. The structures were refined to
convergence by full matrix least-square methods on F*, as implemented in SHELXTL [37]. All sites
were refined with anisotropic displacement parameters. Other refined parameters included the scale
factor, the atomic positions, and occupancy factors for the mixed positions. Selected details of the data
collections and structure refinement parameters are summarized in Table 1 and 2. The atomic
coordinates, equivalent isotropic and anisotropic displacement parameters are given in Tables 3-6,
respectively. Additional details of the crystal structure investigations may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-7247-
808-666, E-Mail: crysdata@fiz-karlsruhe.de) on quoting the depository numbers CSD-423287 for
BagGaj455n3; 54), CSD-423288 for BagGa;32Sn32.83), and CSD-423289 for BaGa; 79Sn421(2), respectively.

We specifically note again that the contrast of the X-ray atomic scattering factor difference between
Ga and Sn is large enough to refine mixed site occupations. In the refinements of the type-VIII
clathrate BagGa;32Sns; 5(3), only Sn4 atoms were found at Wyckoff site 2a, while Sn and Ga atoms were
located statistically disordered at 8c, 12d and 24g sites, respectively. In the type-I clathrate
BagGaj45Sn3; 54y, all three sites 6¢, 167 and 24k were statistically occupied by Sn and Ga atoms with a
preference of Ga at 6¢ site. Additionally, Bal atoms were not located at the cage center position 6d but
at Wyckoff site 24k with 25% occupation resulting in significant better anisotropic displacement
parameters than for Bal atoms placed on 6d. The refinement of BaGa, 79Sn4 21(2) leads to three possible
sites, all 8f, for Sn and Ga. One of these sites, Snl is only occupied by tin atoms, while the other two
sites take both kinds of atoms. The ADP’s are normal (Table 5 and 6).

Four-probe measurements of the electrical resistivity and heat capacity measurements (thermal
relaxation method) as a function of the temperature were carried out on a Quantum Design PPMS
system in the interval 2 to 300 K with excitation current of 1 mA. The electrical resistivity was
measured on at least two crystals from each batch to assure reproducibility. Polished single crystals
were used to minimize geometric errors.
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Table 6. Anisotropic displacement parameters (U;j) for BaGaj 790Sn4.21(2) and BagGai325n3; 5(3).

Atom Uy (A% U (A% Us; (A?) Uy (A% U (A Uy (A

BagGaj325n32.83)

Ba 0.04444) =Uy =Uy;; 0.0105(3) =Uy; =Uy;

Sn1/Gal 0.02113) =Uy, 0.0172(4) 0.0001(2) =Uy; 0.003(3)

Sn2/Ga2 0.190(5) 0.0266(4) =Up, 0 0 0

Sn3/Ga3 00186(5) = U]] = U]] 00001(3) = U23 = U23
Sod4 0.01935) =Uy =Un o .0 o

BaGa; 705142102

Ba 0.0070(4) 0.0131(4) 0.0155(5) O 0 0

Snl 0.0141(4) 0.0117(3) 0.01004) 0.0002(2) O 0

Sn2/Ga2 0.0054(5) 0.0098(4) 0.0078(5) 0.00043) O 0

Sn3/Ga3 0.0117(5) 00117(4) 0.0119(5) 0.0004(3) O 0

4. Conclusions

Large single-crystals of the BagGajssSnsisu), which crystallizes with the clathrate-1 structure
(K4Sip3 structure type; cubic space group Pm3n , Pearson symbol cP54) and BagGaj32Sns;53),
(EuyGagGe s structure type; cubic space group 143m, Pearson symbol cI54) were obtained using the
flux method, following systematic investigations of the Ba—Ga—Sn ternary diagram. The new ternary
phase BaGaj 70Sn4212) (EuGayGey structure type; orthorhombic space group Cmcm, Pearson symbol
0S528) was also identified and structurally characterized. Our studies confirm that the control over
whether type-I or type-VIII clathrates are realized is very subtle, with the heat treatments appearing to
be the decisive factors. The next step in our investigations will be focused on application of chemical
principles to find additional “tuning knobs”, for example, by introducing mixtures of Al and Ga or Ga
and In. These experiments will be analogous to the findings from the quaternary system Sr—Al-Ga—Tt
(Tt = Si, Ge), where, by varying Al content in SrgAl,Gaje_,Sizo, one can selectively prepare type-I
(x = 0-7) or type-VIII (x = 8-13) [38,39]. The same idea has also been applied to SrgAl,Ga;s_,Ges
(type-I: x =4, type-VIIL: x = 6, 8, 10), although the Al-Ga solubility ranges are somewhat different [40].
Such studies are currently under way.
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