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Abstract: Systematic syntheses in the Ba—Ga—-Sn system cwdfithe existence of a new
ternary phase BaGaSn »12) (EuGaGe structure type; orthorhombic space graimpcm
Pearson symbol o28) with lattice parametera = 4.5383(6) A,b = 12.2486(16) A,
c = 14.3747(19) A. The structure is best viewed asopen-framework based on
tetrahedrally coordinated Sn/Ga atoms with Ba atenwosed in the voids within it. The
new phase co-precipitates with two other compoundls very similar compositions—
BasGaua sSie1 54) (KaShpz Structure type; cubic space groRm3n, PearsonsymbolcP54;

a = 11.6800(12) A), and B&ais Srs253) (EwGaGers structure type; cubic space group
| 43m, Pearsonsymbolcl54; a = 11.5843(7) A). Detailed discussion on how sys#ise
affect the crystal chemistry, and the temperat@eeddence of the atomic displacement
parameters, obtained from single-crystal structtgBnements, are also reported in
this article.
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1. Introduction

Clathrates based on Si, Ge, or Sn have been knowgldse to five decades alreatiyt only
recently, the interest in these compounds withdrigovalent networks has shifted towards their
potential for optical, thermoelectric and other uadile applications [1-3]. Although theoretical
calculations suggest thermodynamic stability fovaaiety of such open-frameworks, only several
structures (referred to as type-l, dkc) have been found thus far. Clathrate type-I, whecthe most
common of all, crystallizes in primitive cubic ull with 46 framework-building atoms per uniticel
which are all tetrahedrally coordinated. They fdt#atom polyhedra with twelve pentagonal and two
hexagonal faces and smaller 20-atom pentagonakdbddra. These “voids” can accommodate alkali-
and/or alkaline-earth metal atoms, and thus, thedta of the fully stoichiometric clathrate typeésl
AgTtss, Where A represents the corresponding metal atoms Enstands forTetrel, i.e.,group 14
elements, respectively. It has also been well éstednl that the structure is amenable to modificeti
through substitution oft-atoms from the network with an electron-poorenadat, from groups 13 or
12 for example, which allows for tunable propertiés This approach can be applied to all known
clathrate types as well.

While the crystal chemistry and the chemical bogdin most of the clathrate structures are
satisfactorily understood today, one major diffigydersists, and it is in the selective synthe$isach
type. The reasons for that are very simplé¢he ratios of framework atoms to cavity atomslirof the
clathrates are remarkably clogg;the relative thermodynamic stability of the knowlathrate types is
nearly the same. A possible solution to this syithproblem can be based on the fact that the
polyhedra in the clathrates’ structures are ofeydifferent dimensions. Implementation of this idea
allows for the rational synthesis of the clathrigqee-1l compounds (Cs or RiNag(Si or Ge)ss [5,6]
and (Cs or RRNays(Ga,Si)ss [7]—ratio of 24:136 or 1:5.67—instead of the ammos clathrates
type-1 compounds N&iss [8] or RixGasGess [9]—ratio of 8:46 or 1:5.75—where the two cavit@ee
closer in size.

A control over whether type-I or type-VIll clathest are realized is subtler, as both have the same
nominal composition and are typically consideredgaklymorphs [10-15]. It has already been shown
for - and -EusGaeGeso [10] that the two forms can be interconverted egaeful selection of the
synthesis methods. Heat treatments have again ibdeated to be the decisive factors as to which
phase occurs with regard to §&asShso (rather BaGais«Srso+, Wherex +2.8) [11-15], however, in
this instance, the type-I (previously known atrm) [11,12] and the type-VIII (previously knowas

-form) [12-15] clathrates, does not seem to “mitriie dimorphism of the respective g&iaGeso
compounds [10].

With this paper, we report the results of our esiem work on type-lI and type-VIIl B&asShso
clathrates, which provide no evidence to suppoytefrersible phase transitions, suggesting they
are better regarded as different, albeit closelgted phases. We also further the knowledge on the
phase-relationships in the Ba—Ga—Sn system, bytiegdhe novel ternary phase with a clathrate-like
framework structure, BaGa&n, (rather BaGa,Sn., Wherex 0.2), which is isotypic with EuG&e,
[16-18]. BaGaxSny. is only the second ternary compound with thiscitnee, after the archetype, and
our structure refinements from X-ray single-crystata provide, for a first time, a reliable datatbe
distribution of Ga andt-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 wonkthe system Ba—Ga—Sn [11-15,19-24], there
remain some open questions, such as the existehctheo only type-Il clathrate with Sn,
BaysGaz2Sips [25], and the proposed (but not proven) dimorphasitype-1 and type-VIII BgGa sSnso
clathrates [11-15]. Our systematic investigatiarssng both conventional solid-state synthesis nagho
as well as molten fluxes have produced evidencerity three phases in the Sn-rich part of the phase
diagram— type-l BgGaisxSrso«x (X  *1.5) clathrate, type-VIIl Bfas «Srsox (X +£2.8) clathrate,
and the new ternary phase BaGan.x (x 0.2). The results from our exploratory work can be
summarized as follows:

type-1 BaGaisxSrso+ (previously known as -form) clathrate is the major product of all

stoichiometric or Sn flux reactions at high temper@, which are cooled quickly and annealed

at temperatures below 450 °C before the removtieflux;

-  BaGaSn. is the minor product of the above reactions angkars to always co-crystallize
with the clathrate phase (note how close the ndncm@positions are);

- type-VIlI BagGasxSrso+x (previously known as-form) clathrate is the major product of Sn of
Sn/Ga flux reactions at low temperature, e.g., 800

- type-l BaGas«Srso« Clathrate readily forms via melting of stoichiometmixtures of the
elements at high-temperature, while type-VIlkBas«Srso+ does not;

- when the Sn flux method is employed, reactions withsame ratios of Ba, Ga and Sn produce

different phases if the flux is removed at 700 °Ba%$n [26]) vs 400 °C (type-I

BagGaysxSrso« Clathrate).

In addition, thermal analysis of pure type-lsBas «Srso+x Clathrate suggests that it decomposes
above 500 °C, confirming the DSC results reported dkabatake et dlL4,27]. However, temperature
dependenin-situ powder X-ray diffraction reveals that the degramfaibf the sample begins at much
lower temperature, ca. 300-350 °C (Figure 1). Aensieom the figure, the material is significantly
changed even below 300 °C and completely moltervalsa. 500 °C; only Bragg peaks due to
elemental Sn can be indexed upon cooling the melbam temperature. Similar behavior is observed
for the type-VIIl BaGasxSrso+x Clathrate with no signs of phase transitions meith the calorimetry
signals, nor in thein-situ powder X-ray diffraction pattern. The above indésa that the
phase-relationships between type-l and type-VId@&sShso clathrates are different than those in the
Eu-Ga—Ge counterparts. Apparently, both type-lI typ-VIll BagGaeShso Clathrates decompose
peritectically and cannot be transformed into eaitter (not at least under ambient pressure). Hence,
we argue that the- and - designations are irreverent, and referring to type-VIIl and type-I
clathrates as low- and high-temperature forms,e@sgely, is unjust.
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Figure 1. Temperature dependem-situ powder X-ray diffraction patterns for type-I
clathrate BgGayssSre1.54) The peak at ca. 39%g2hat does not change withis from the
Pt thermocouple.
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We also note that compared to the previously replasynthetic conditions [11-15] the reactions we
have explored involve higher amounts of Sn (flla)d therefore our materials are a little different
than those found in the literature, i.e., sligl8ly-richer. For example, the refined formula of tye-I
clathrate is BgGaiasSMs154) VS BaGaie sSipg2 [11] or BaGas oShpe1 [12]. Similarly, the refined
formula of our type-VIII clathrate (B&ai3:Sns2.83) is also further away from the ideal g8 6Srso
composition and slightly Sn-richer thangBa 7 sSrps s [13], BasGay7 S s[15] and BaGaws sSrpes[12].

2.2. Crystal Chemistry of Clathrate type-I

BagGays sSher 5¢4) With type-l structure crystallizes in the cubicasp groupPm3n (no. 223,
Pearson symbol cP54; Table 1 and 2) with a periodicity constamt= 11.6800(12) A at room
temperature. This value is shorter than the regartét cells for BagGays.sSrpe» (@ = 11.744(2) A) [11]
and BaGays sSrsog(a = 11.708(1) A) [12], which is somewhat unexpeaticen that our crystals are
Sn-richer Yide suprd and that the Pauling’s radius of Sn (1.42 A)aigyér than that of Ga (1.25 A)
[28]. The open-framework (Figure ft) is made of statistically disordered Ga and Smatdocated
at three differenWyckoffsites—&, 16 and 24«. The 46 framework sites (per unit cell) can bevad
as forming six larger (Ga,Sn)tetrakaidecahedra and two smaller (Ga;gddpdecahedra (in analogy
with the fullerenes, the former can be denoted &6°5and the latter as'§ respectively). The
tetrakaidecahedra share their hexagonal faces apateca system of three perpendicular and
nonintersecting “channels” running along the axdstlee cube. Smaller 20-atom pentagonal
dodecahedra are enclosed between them. We poiritepatthat although the framework is made of
approximately 1/3 Ga and 2/3 Sn, the distributibtwm elements is not uniform on the three sites. F
example, the &site (Ga:Sn = 67:33) is preferentially occupieddzy (Table 3), while the Sn atoms are
primarily found at the 16 (Ga:Sn = 31:69) and R4(Ga:Sn = 23:77) sites. Very similar site
occupancies are observed ingBays gSrpg 2 (SN amount: 27%, 64% and 73%, respectively) [t ia
BasGasxShsox (X * 0.9); 29-33%, 64-66% and 74—-75%, respectiveg).[lversen et alhave
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analyzed these traits in other clathrates and Haggested that the reason for the preferential
(sometimes even exclusive) occurrence ofTitiel over theTetrel element at thedsite is so that the

unfavorablelTr—Tr contacts are minimized [3].

Table 1. Important crystal data and structure refinememampeters for BaGays sSrs1 5.4
(clathrate type-1), B#Gais SSrs2 g(3) (Clathrate type-VIIl), and BaGagSmn 21(2)

empirical formula BeGays.:Srs1 .54 BasGays.:Sns2.83 BaGa 7<Sm 212
Fw, g/mol 5853.58 5916.63 761.41
Crystal system Cubic Cubic Orthorhombic
Space group Pm3n (no. 223) 143m (no.217)  Cmcm(no. 63)
a (A) 11.6800(12) 11.5843(7) 4.5383(6)
b (A) 12.2486(16)
c(A) 14.3747(19)
V (A% 1593.41 1554.57 799.06
Z 1 1 4
T (K) 293(2) 293(2) 120(2)
Radiation, (A) Mo K , 0.71073 Mo K, 0.71073 Mo K, 0.71073
(g-cmi®) 6.018 6.273 6.333
(cmh) 229.8 234.9 236.2
Ri[l>2 (D) 0.030 0.019 0.031
WR, 1> 2 ()] 0.058 0.049 0.061
largest peak/hole (€A 3) 1.19/ -0.88 0.86/ -1.10 1.35/ —2.02

"Ri= |IR| - [RII [Fol; WR = [ [W(Fo — R/ [w(Fo’)’ll™ and w = 1°Fo* + (A-PY
+ B-P], P = (B* + 2R?)/3; A and B are weight coefficients.

Table 2. Selected structure refinement parameters f@GBa sSrs1 5(4) (Clathrate type-l) in
the temperature range 100-200 K.

T (K) 100(2) 125(2) 150(2) 175(2) 200(2)

a(A) 11.6588(8) 11.6623(7) 11.6681(11)11.6691(7) 11.6727(15)
(cm'} 231.0 230.8 230.5 230.4 230.2

Ri[l>2 (N])? 0.026 0.027 0.032 0.027 0.032

wWR2 [ >2 (D]? 0.052 0.057 0.063 0.054 0.068

largest peak/hole (d"%)  0.80/ —0.88 1.09/-1.03 1.02/-1.46 0.90/-0.98B98/ -0.93

"Ri= |IR| - [RI/ [Fol; WRe = [ [W(Fo® = R [W(FH?]Y? and w = 14%FR.? + (A-PY
+B-P], P = (5% + 2R%)/3; A and B are weight coefficients.
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Table 3. Atomic coordinates and isotropic displacement patans (Ug* for
BasGaus 55Ms1.5(4) (Clathrate type-I) at variable temperature.
T (K) Atom Site X y z Uec (A%
Ba1’ 24k 0 0.2533(9) 0.4600(3) 0.0359(12)
Ba2 2 0 0 0 0.0117(5)
100(2) Snl/Gaf 24k 0 0.31233(6) 0.11844(6) 0.0115(3)
Sn2/Ga? 16 0.18411(4) 0.18411(4) 0.18411(4) 0.0118(3)
. sn3Ga¥  6c  Ma o l __ 0.0126(8)
Ba1® 24k 0 0.2553(9) 0.4612(3) 0.0373(14)
Ba2 2 0 0 0 0.0124(6)
125(2) Snl/Gaft 24k 0 0.31227(6) 0.11846(6) 0.0122(3)
Sn2/Ga? 16 0.18414(5) 0.18414(5) 0.18414(5) 0.0127(3)
. sn3cas 6 My | o Yo 00135(6)
Ba1® 24 0 0.2534(11) 0.4606(3)  0.0391(19)
Ba2 2 0 0 0 0.0131(7)
150(2) Snl/Gaf 24k 0 0.31221(8) 0.11843(7) 0.0125(3)
Sn2/Ga? 16 0.18416(5) 0.18416(5) 0.18416(5) 0.0129(4)
. sn3Ga¥  6c  Ma o l __00133(8)
Ba1® 24k 0 0.2549(10) 0.4619(3) 0.0408(15)
Ba2 2 0 0 0 0.0145(6)
175(2) Snl/Gaft 24k 0 0.31227(6) 0.11846(6) 0.0142(3)
Sn2/Ga? 16 0.18417(6) 0.18417(6) 0.18417(6) 0.0139(3)
. sn3cas 6 My | o Yo 0.0144(6)
Ba1® 24k 0 0.2532(18) 0.4623(4) 0.0481(21)
Ba2 2 0 0 0 0.0174(7)
200(2) Snl/Gaf 24k 0 0.31224(7) 0.11845(7) 0.0157(3)
Sn2/Ga? 16 0.18413(5) 0.18413(5) 0.18413(5) 0.0160(4)
. sn3Ga¥ 6 Ma o l ____ 0.0166(8)
Ba1® 24k 0 0.2574(10) 0.4637(5) 0.0534(21)
Ba2 2 0 0 0 0.0203(6)
293(2) Snl/Gaft 24k 0 0.31220(7) 0.11848(6) 0.0185(3)
Sn2/Ga? 16 0.18425(5) 0.18425(5) 0.18425(5) 0.0192(4)
Sn3/Ga3  6¢ Y, 0 Y, 0.0195(7)

2 Ueqis defined as one third of the trace of the orthmagized | tensor;® Off-set by cs. 0.4
A from the ideal 6 position (0%, /,). Occupancy is 25%° Refined as statistically
disordered Ga and Sn atoms in the ratio Ga:Sn 2)Z3((2); ° Refined as statistically
disordered Ga and Sn atoms in the ratio Ga:Sn 2)3860(2);° Refined as statistically
disordered Ga and Sn atoms in the ratio Ga:Sn 2)33(2).
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Figure 2. Crystal structures of B&ay4sSns1.504) (type-l, left) and BaGaz sSrs2 s3) (type-
VIII, right). Ba atoms residing in the (Ga,gngages (clathrate type-1) and the augmented
(Ga,Sn)o+3 cages (clathrate type-VIll) are drawn as lightebfpheres, while the Ba atoms
residing in the (Ga,Sgytetrakaidecahedra (clathrate type-I only) are draw red spheres.
The empty cubic voids in the clathrate type-VIik ahown in yellow.

clathrate type-I clathrate type-VIlII
Pm3n 143m

Figure 3. Representations with anisotropic displacementrpaters of: ) the Bal atom at
the 24 site (off-set from center of the (Ga,gndetrakaidecahedra); anl)(the Ba2 atom

at the 2 site (center of the (Ga,Sp)pentagonal dodecahedra). Thermal ellipsoids are
drawn at the 95% probability level.

The (Ga,Sn), tetrakaidecahedra host the Bal atoms, while tleSi®, polyhedra encapsulate the
Ba2 atoms (sited. The former reside not in the center of the dageresponding to sitedp, but are
displaced by almost 0.4 A to alkedite (Figure 3). The 4-times greater multipliaitiithe “off-center”
position requires the Bal atom to be with a 25%upaton. Introducing positional disorder here is
necessary because the anisotropic displacememhptaa(ADP) of Bal is abnormally elongated if the
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electron density is not modeled as smeared ardunddnter of the cage (Figure 3). Such anisotropy
and large thermal ellipsoids of the alkaline-eamletal located in the tetrakaidecahedra is well
documented in the literature, not only forgBays §Srpg > [11], but also for other type-I clathrates like
BasGaisxGes0+x [14,29], SEGaeGeso [30], BaCdGesz sis 3-308 (0 <x < 8) [31], and B&ZnGeus xy y
(2 <x<8)[32].

From temperature dependent X-ray diffraction expents carried out for a single-crystal of
BagGaasSre154) (Table 2), we see a nearly linear increase of kutice parameter from
a = 11.6588(8) A at 100 K ta = 11.6800(12) A at room temperature. This yieldsoafficient of
linear thermal expansion = 9.6 x 10° K™, which is comparable to many metals and alloys.
Refinements of the anisotropic displacement pararseif all atoms and plotting the ADP values as a
function of temperature is also instructive—theabdescribed disorder at the Bal site can be glearl
seen in Figure 4. The “jump” between 175 and 208 Kot understood as of yet, and might indicate
the onset of an order-disorder transition, althotlyh refinements at the six different temperatures
agree well with the presented model. Such dynansiorder has been previously dubbed “a rattling
motion”, which can be described by the Einsteinillagor model. Thereby, the temperature
dependence of the Debye-Waller factors (assumimegréttling atoms to be harmonic oscillators
exhibiting characteristic localized vibration fremey) can be given ass, = ksT/K = h*T/(4 “mls £9),
where Ui, is the slope of the isotropic mean-square dispi@cd; ks is Boltzmann constantf is
temperatureK is the spring temperature of the oscillatois Planck's constanty is the mass of the
rattling atom; and g is the Einstein temperature [2]. The ADP data (&) can be used to estimate
the Einstein temperature of these atoms. This asim results in ¢ = 47 K at 293 K for
BagGay45Sns15 Suekuni et al.reported an Einstein temperature of = 60 K at 300 K for
BasGais.68Sns0.2 [13]. From this analysis it appears that the Barat behave as normal "rattlers”, even
though we cannot ascertain from the ADP alone wdrdtiis corresponds to a static displacement or to
some dynamic motion between the four off-centerssiind the center of the cage.

Figure 4. Temperature dependence of the isotro@g gnd anisotropic displacement
parametersh() for BaGay4 sSs1.54)(Clathrate type-l) in the interval 100-293 K.
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Table 4. Anisotropic displacement parameters;\ibr BasGays5Srs1.5(4) (Clathrate type-I)
at variable temperature.

Atom Ui; (AZ) Uy (AZ) Uss (AZ) Uos (AZ) Ui (AZ) Uss (AZ)
100(2) K
Bal 0.0576(25) 0.0183(15) 0.0319(17) 0.0056(33) O 0
Ba2 0.0117(5) =4 = Upy 0 0 0
Sn1/Gal 0.0133(4) 0.0108(4) 0.0115(4) -0.0010(B) 0
Sn2/Ga2 0.0118(3) =1 =Un 0.0001(2) =U; = Uys
Sn3/Ga3  00126(10)0.0126(7) =4, 0 | 0 o
125(2) K
Bal 0.0606(31) 0.0171(20) 0.0343(20) 0.0016(30) O 0
Ba2 0.0124(6) =W = Uy 0 0 0
Sn1/Gal 0.0145(4) 0.0110(4) 0.0112(4) 0.0006(3) O 0
Sn2/Ga2 0.0127(3) =1 =Un 0.0001(2) =U; = Uys
Sn3/Ga3  00136(10)0.0134(8) =4, 0 | 0 o
150(2) K
Bal 0.0606(38) 0.0196(38) 0.0370(25) 0.0038(50) O 0
Ba2 0.0131(7) =W = Uy 0 0 0
Sn1/Gal 0.0149(5) 0.0114(5) 0.0113(5) 0.0004(4) 0 0
Sn2/Ga2 0.0129(3) =4 =Un 00000(3) =U; = Uyg
Sn3iGa3  00134(13)0.0132(9) =4, 0 | 0 o
175(2) K
Bal 0.0614(31) 0.0208(21) 0.0402(21) 0.0012(34) O 0
Ba2 0.0145(6) =W = Ung 0 0 0
Sn1/Gal 0.0165(5) 0.0132(4) 0.0130(4) 0.0009(3) O 0
Sn2/Ga2 00139(3) =4 =Un 0.0001(2) =U; = Uys
Sn3(Ga3  00151(10)0.0140(7) =4, 0 | 0 o
200(2) K
Bal 0.0689(42) 0.0270(25) 0.0483(30) 0.0043(60) O 0
Ba2 0.0174(7) =y = U 0 0 0
Sn1/Gal 0.0175(5) 0.0151(5) 0.0146(5) 0.0007(4) O 0
Sn2/Ga2 0.0160(4) =4 =Un 00003(3) =U; = Upg
Sn3/Ga3  00165(13)0.0166(9) =4, 0 | 0 o
293(2) K
Bal 0.0811(47) 0.0246(31) 0.0544(30) 0.0063(30) O 0
Ba2 0.0203(6) =W = Uny 0 0 0
Sn1/Gal 0.0214(5) 0.0175(5) 0.0166(4) 0.0012(3) O 0
Sn2/Ga2 0.0192(4) =4 =Un 0.0007(2) =U; = Uys
Sn3/Ga3 0.0191(11)0.0147(8) =U, 0 0 0

2.3. Crystal Chemistry of Clathrate type-VIlI

BasGays sSs2.83) With type-VIII structure crystallizes in the cubgpace groud 43m (no. 217,
Pearsonsymbol cl54; Table 1) with a periodicity constaat= 11.5843(7) A at room temperature.
Notice that the unit cell parameters for type-l agpe-VIl clathrates are very close, although the
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former is around 0.1 A longer than the latter. Heve also observe the unexpected elongation of the
unit cells for the Ga-richer B&ay7..Srpss (@ = 11.5945(12) A) [13] and BBar7:Svss (a = 11.5949(2)

A) [15] compared to the Sn-richer fais Srs2 83 Thea-axis value and the refined composition are
very well comparable to those in &8s Sreo (X  +0.5;a = 11.584(1)-11.589(1) A) [12].

The crystal structure (Figure 2ight) can be viewed as a framework of face-shared rigsto
(Ga,Sn)o polyhedra, centered by the single Ba site).(8hese are bridged by an additional vertex
resulting in (Sn,Ga).s cages (#°5°5%), shown in light blue in Figure 2. The packingtioé polyhedra
is not space-filling, and small, empty cages ohefgamework atoms are left behind (shown in ye)low
There are four crystallographically unique sited #re Ga/Sn distribution on them varies greatlye Th
Wyckoffsite 2 is exclusively occupied by Sn atoms, while theeottinree sites,@ 12d and 24, are
occupied by statistical mixtures of Ga and Sn atontte following ratios—Ga:Sn = 62:38 at the 8
site; Ga:Sn = 13:87 at thed 8ite; and Ga:Sn = 28:72 at thegXlte, respectively (Table 5). A similar
distribution on the four sites is found in &y 7.4Srps.¢ by Eisenmann et al(Sn amount: & 100%,
8c: 34%, 12: 65% and 2d: 67%) [13]. A largely different, yet unexplaine@da/Sn distribution on all
four sites can be found in the refinements of@a;  Srpsg by Carrillo-Cabrera et al.[15] (Sn
amount: . 72%, &: 29%, 121 80% and 2¢. 65%, respectively). Notice that the refined
compositions are virtually identical in both casssggesting the preparative methods—convection
heatingvsinduction heating and annealing—to be the reaspthk observed differences.

Table 5. Atomic coordinates and equivalent isotropic dispfaent parameters {y* for
BasGays sSe2 53 (Clathrate type-VII), and BaGagSm 212

Atom Site X y z Occupancy Uec (A%
BagGays :Sreo 83
Ba & 0.31496(6) 0.31496(6) 0.31496(6) 0.0444(4)
Sn1/Gal 24 0.08429(5) 0.08429(5) 0.35138(5) 72/28(1)  0.0198(3
Sn2/Ga2 12 Y, Y, 0 87/13(1) 0.0241(4)
Sn3/Ga3 8 0.13424(6) 0.13424(6) 0.13424(6) 38/62(2)  0.0886(
Ssnd a 0 o O 0.0193(5)
BaGa 7¢Sn 212
Ba £ 0 0.07183(6) Y4 0.0119(2)
sn1 § 0 0.47132(5) 0.09526(5) 0.0119(2)
Sn2/Ga2 8 0 0.07183(6) 0.15773(6) 50/50(1)  0.0087(3)
Sn3/Ga3 8 O 0.25068(6) 0.04992(6) 60/40(1) 0.0118(3)

% Ueqis defined as one third of the trace of the ortimagized | tensor,

Detailed investigations of the thermoelectric prbips, the electronic structure and carrier turohg
both type-I and type-VIll B&GasxSso« Clathrates by virtue of optimizing thee andn-type carriers
can be found elsewhere [12,14,19,20]. We might @t here that utmost care should be exercised
when synthesizing such compounds in large batchas, sample homogeneity and
phase-purity could complicate the transport measantds. A testament to this conjecture is the
resistivity measurements of three different batcblesype-1 BaGas«Shso+ Clathrates, displayed in
Figure 5. The three single-crystals are poor metatls room temperature resistivity between 4 and
10 mOhm-cm. These values are several orders of itmdgnhigher than the resistivities of normal
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metals. As seen from the temperature dependend@)pfthe resistivity decreases almost linearly with
temperature, but the slopes are different, evenghdhe samples have been prepared following the
same synthetic procedure and are expected to hedde Most likely, differences in the concentoati

of defects and impurities in the samples are thiseaf such behaviour. At low temperature (betaw
20 K), (T) in the three data sets rich plateaus, with redidesistivities occurring in the range from 1
and 3 mOhm-cm—obviously shows another sign of tiarnia in the samples. Beloga. 5 K the
resistivity of all samples drops to zero, whichndicative of superconducting transitions. Liketlye
drops in the resistivities are not due to bulk sapeductivity of the type-l B#isa;6xShso« Clathrate,
but to small amounts of Sn/Ga flux present in thengles, as confirmed by the heat capacity,
illustrated for one of these samples in Figure Swal. The main panel in Figure 5 shows the heat
capacity over the whole temperature range approgahie value predicted by the law of Dulong-Petit
at high temperatures, as expected. In the insetv€1Tis plotted in the temperature range around the
superconducting plateaus found in the resistiviatad There are no indications of a transition,
confirming that no bulk superconductivity is pressenthe samples.

Figure 5. Resistivity and specific heat as a function of temagure of single-crystalline
type-1 BaGasxSrso+x Clathrate.

2.4. Crystal Chemistry of BaGaSm 21(2)

The composition of the new ternary phase BaSay.x ( BasGaisxShsz+x, X 1.6) is very close to
that of the above discussedsBas«Srso+« Clathrates, which could explain the difficultiebtaining
this elusive compound as a single-phase materi@baB;9Sm 21(2) crystallizes in the orthorhombic
space groupCmcm (no. 63, Pearson symbol 028) with the cell parametera = 4.5383(6) A,

b = 12.2486(16) A ana = 14.3747(19) A and is isotypic to EuG&es=x [16-18]. The zeolitic
framework (Figure 6) is made up of large (Ga.Spplyhedra with 7 faces 16°6'8?), shown in red in
the figure. They are face-shared to form layersimg parallel to the (001) plane, which are sepatat
by layers of fused (Ga,Sn¢ages. The large (Ga,gsnpolyhedra encapsulate the Ba atoms (sije 4
while the smaller cages are empty. These slabsaaenged in an ABA'B' sequence along the
crystallographicc-axis, where A'B' are received by reflection of AB shown in Figure 6. Although
this structure has been known for a decade andbkas analyzed in great details [16-18], our
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structural refinement is unprecedented becauses fost time, it provides the distribution of ti&a
and Sn atoms on the framework sites—in all previmask on EuGa,Gey-x [16-18], the Ga/Ge
occupancy has been assumed to be 1/3 Ga and 268 @ach site. In the case of BaG8n.«, the
scattering factors for Ga and Sn are significadilferent, enabling accurate structure refinements
from X-ray single-crystal data. Hence, we ascerthat in agreement with the Ga/Sn occupancies in
both type-l and type-VIIl clathrates, the threeniework sites in BaGaSn.x are not uniformly
occupied by Ga and Sn. One of the thvégckoffsites (all 8), labeled Snl (Figure 6) is exclusively
taken by Sn atoms, while the other two sites amupied by Ga and Sn atoms almost without a
preference (Sn amount of approx. 50% and 60%, ctispdy; Table 5).

Figure 6. Polyhedral view of the orthorhombic crystal struetof BaGa Sn.«. Ba atoms
residing in the (Ga,Sgy polyhedra are drawn as red spheres. The emptyr@-abids are
shown in yellow. Snl atomsf(8ite, 100% occupancy by Sn) are shown as blac&reph
while the remaining two framework sites with stat@l mixtures of Sn/Ga atoms are
represented as blue spheres, respectively.

The bond distances in BaGaSn 212) nicely follow the above-discussed site occupatiovith the
pure Sn sites exhibiting longest distancgsi(sni= 2.828(1) A) and the Ga/Sn2 sites exhibiting the
shortest distancesldyca_snes 2.653(2)-2.685(1) A). The third framework siBa/Sn3 (with a Ga:Sn
ratio of 3:2) has neighboring atoms at distatigesnca= 2.733(1)-2.780(1) A, which are intermediate.
The Ba-Sn1 distances atlg._s, = 3.889(1) A, slightly longer than the Ba—Ga/Sm2l 8a—Ga/Sn3
contacts @za_snica= 3.692(1)-3.733(1) A). These values are simitartite ones observed in the
clathrate type-ldsnca_snica= 2.660(2)—2.730(1) Adsa_snca= 3.710(9)-4.129(3) A) and the clathrate
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type-VIIl (dspcasnica= 2.645(1)-2.762(2) Adsa_snca= 3.626(2)-3.848(1) A). The discussed bond
lengths are also in good agreement with those tegdor BaGa;7.4Srs s (Osn/ca—snice 2.642—2.764 A,
Osa—snica= 3.635-3.845 A) [13], Ba7 Srbss (Osnca-snice 2.649-2.766 Agsa_snca= 3.632-3.852 A)
[15], and as well as for other ternary compounds Ba#, Ga, and Sn, such as BaGaSn
(dSn/Ga—Sn/Ga= 2.676-2.677 AdBa—Sn/Ga: 3.556-3.842 A) [21], BaGa;Sry sg (dSn/Ga—Sn/Ga= 2.631-2.717
A; dga_snica= 3.549-3.962 A) [22], BB & 465N 51 (Osn/ca—snice 2.962—2.984 Adga_sn= 3.500-3.881
A) [23], and BaGaSn Osnica-snice 2.668-2.727 Adsa_sn= 3.461-4.099 A) [24].

3. Experimental Section

All synthetic manipulations were carried out in agon-filled glove box or under vacuum. In the
syntheses we employed pure metallic elements, pasechfrom Alfa or Aldrich with purities greater
than 99.9% (metal basis). Two methods were genpetméd—direct fusion of elements in sealed
niobium containers and flux reactions with Ga ora&nmolten fluxes. The basic synthetic procedure
for the former method was as follows: the elemevese loaded in the desired stoichiometric ratios in
niobium tubes, which were subsequently sealed wsingrc-welder (under high purity Argon gas). The
niobium tubes were then put in fused silica jacket&l flame-sealed under high vacuum. Melting the
reaction mixtures was accomplished using suitabldihg scheme in high temperature tube furnaces.
The niobium tubes were then brought back in theeglmox and opened. The basic synthetic procedure
for the flux reactions was as follows: the elememése loaded in the desired molar ratios in 2 cm
alumina crucibles that were subsequently flameeskeal evacuated fused silica tubes. The reaction
mixtures were subjected to different heat treatsh@nhigh temperature muffle furnaces. Upon cooling
to desired temperatures (above the melting poirthefspecific flux), the excess molten metal was
removed by decantation. The silica tubes were brenght back in the glove box, crack-opened, and
the crystals were isolated.

The new BaGarsSruo12) compound was never obtained as a single phaseigir@sd always
co-crystallized with type-l B#isa 4 sSrs1 54 Clathrate, when Sn flux reaction were used. Theroped
experiment involved a mixture Ba:Ga:Sn = 2:4:15,owhwas heated to 1000 °C (rate 10 °C/h),
homogenized for 5 h, cooled to 450 °C (rate —30f,Gnnealed for 28 h and cooled to 400 °C (rate
—10 °C/h), where the excess Sn was removed. Ctathype-1 BaGas«Shso+x (X  £1.5), in addition
to the method above, could also be obtained byhstmnetric reactions Ba:Ga:Sn = 2:4:7.5. After
sealing the mixtures in Nb tubes (jacketed in fusi#ida tubes), they were heated to 1000 °C (rate
10 °C/h), equilibrated for 5 h, cooled to 450 °@t¢r—300 °C/h), annealed for 12 h and cooled taroo
temperature (rate —20 °C/h). The products from stedctions were identified by powder and
single-crystal X-ray diffraction.

Clathrate type-VIIl BgGai3 2Srs2.8(3)is hard to obtain from stoichiometric reactionst large (up to
4-5 mm) crystals can be readily grown from Ga/8® fieactions. The optimized experiment required
the elements to be loaded in the Ba:Ga:Sn = 2.671dolar ratio. The samples were heated to 500 °C
(rate 20 °C/h) and homogenized for 500 h. The flues removed, after cooling to 400 °C (rate
=5 °C/h).

The compositions of all synthesized materials veergfirmed by EDX measurements (JEOL 7400F
electron microscope equipped with an INCA-OXFORRrgy-dispersive spectrometer).
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X-ray powder diffraction patterns of all samplesravéaken at room temperature on a Rigaku
MiniFlex powder diffractometer using Cu Kadiation. Typical runs included- scans (2max= 75°)
with the scan steps of 0.05° and 1 sec/step cayitime. The JADE 6.5 software package [33] was
used for data analysis. The intensities and théipos of the experimental observed peaks and those
calculated from the crystal structures matched wegil. Variable temperaturm-situ X-ray powder
diffraction patterns were collected on a Rigakurilt 3 powder diffractometer using Cu Kadiation.
The instrument was fitted with an Anton-Parr higmperature furnace. Temperature was measured
with a Pt-thermocouple.

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

Intensity data collections were carried out on aikBr SMART CCD single-crystal X-ray
diffractometer at variable temperatures. The sowvas graphite-monochromated Mo-Kadiation
( =0.71073 A). Suitable single crystals of each pound were selected in a glove box and cut under
mineral oil to smaller dimensions (less than 0.1)mihmne SMART[34] andSAINTplug[35] programs
were used for the data collection, integration Hreglobal unit cell refinement from all data. Semi
empirical absorption correction was applied WBADABS([36]. The structures were refined to
convergence by full matrix least-square method$-gras implemented iSHELXTL[37]. All sites
were refined with anisotropic displacement paramnset®ther refined parameters included the scale
factor, the atomic positions, and occupancy fadtmrshe mixed positions. Selected details of thtad
collections and structure refinement parameters samamarized in Table 1 and 2. The atomic
coordinates, equivalent isotropic and anisotropgpldcement parameters are given in Tables 3-6,
respectively. Additional details of the crystalustiure investigations may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggemdteopoldshafen, Germany (Fax: +49-7247-
808-666, E-Mail: crysdata@fiz-karlsruhe.de) on duptthe depository numbers CSD-423287 for
BagGay 551 54y CSD-423288 for Biisays .Sy g3y and CSD-423289 for BaGaSms 212y respectively.

We specifically note again that the contrast of Xhey atomic scattering factor difference between
Ga and Sn is large enough to refine mixed site matons. In the refinements of the type-VIlI
clathrate BgGay3 5Srs2 83, only Sn4 atoms were found\Myckoffsite 2, while Sn and Ga atoms were
located statistically disordered atc,812d and 24 sites, respectively. In the type-l clathrate
BagGaysa sSne1 5 all three sites® 16 and 24 were statistically occupied by Sn and Ga atomb wit
preference of Ga atc&ite. Additionally, Bal atoms were not locatedh&t cage center positiorn ®ut
at Wyckoff site 2& with 25% occupation resulting in significant bet@nisotropic displacement
parameters than for Bal atoms placed dnl®e refinement of BaGagsSmn »1(2)leads to three possible
sites, all 8 for Sn and Ga. One of these sites, Snl is ordymed by tin atoms, while the other two
sites take both kinds of atoms. The ADP’s are nofiable 5 and 6).

Four-probe measurements of the electrical resigti@hd heat capacity measurements (thermal
relaxation method) as a function of the temperatueee carried out on a Quantum Design PPMS
system in the interval 2 to 300 K with excitationrrent of 1 mA. The electrical resistivity was
measured on at least two crystals from each batcdssure reproducibility. Polished single crystals
were used to minimize geometric errors.
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Table 6.Anisotropic displacement parameters;(tbr BaGa. 7eSm 212)and BaGayz 5Sri2.5(3)

Atom U11 (AZ) Uzg (AZ) U33 (AZ) U23 (AZ) U13 (AZ) U12 (AZ)
BagGaiz :SMs2.s3
Ba 0.0444(4) =W = Uy 0.0105(3) =Y, = Usa
Snl/Gal  0.0211(3) = 0.0172(4) 0.0001(2) =4 0.003(3)
Sn2/Ga2 0.190(5)  0.0266(4) =4 0 0 0
Sn3/Ga3 0.0186(5) =4 =Un 00001(3) =U; = Uys
sn4 0.0193(5) =W =Un O 0 O .
BaGa 7¢Sn 212
Ba 0.0070(4) 0.0131(4) 0.0155(5) O 0 0
sn1 0.0141(4) 0.0117(3) 0.0100(4) 0.0002(2) O 0
Sn2/Ga2 0.0054(5) 0.0098(4) 0.0078(5) 0.0004(3) O 0
Sn3/Ga3  0.0117(5) 00117(4) 0.0119(5) 0.0004(3) O 0

4. Conclusions

Large single-crystals of the BaaussSrsisa, which crystallizes with the clathrate-1 structure
(K4Sips structure type; cubic space grotm3n, Pearsonsymbol cP54) and BaGaisSrs2.s(s)
(EwGaGeys structure type; cubic space groug3m, Pearsonsymbolcl54) were obtained using the
flux method, following systematic investigationstoe Ba—Ga—Sn ternary diagram. The new ternary
phase BaGarsSu 21(2) (EuGaGe, structure type; orthorhombic space gratimcm Pearsonsymbol
028) was also identified and structurally charageti Our studies confirm that the control over
whether type-I or type-VIlI clathrates are realizedrery subtle, with the heat treatments appeanng
be the decisive factors. The next step in our itigagons will be focused on application of chenhica
principles to find additional “tuning knobs”, foxample, by introducing mixtures of Al and Ga or Ga
and In. These experiments will be analogous tditiiings from the quaternary system Sr—Al-Gb—
(Tt = Si, Ge), where, by varying Al content ing8SIkGasxSizo, ONe can selectively prepare type-I
(x = 0-7) or type-VIIl ¥ = 8-13) [38,39]. The same idea has also beenapph SgAlGasGeso
(type-l: x = 4, type-VIll:x = 6, 8, 10), although the Al-Ga solubility rangege somewhat different [40].
Such studies are currently under way.
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