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Abstract. The title compounds were synthesized from the
elements by heating the corresponding stoichiometric
mixtures at high temperature. Their structures were deter-
mined from single-crystal X-ray diffraction. Na;BasGa,Sbg
(Pnma, Z =28, a=12.3468(10)A, b=10.6621(10) A,
¢ = 13.8344(10) A) contains chains of ~[Ga,Sbe]'"~. The
repeating unit is made of an edge-sharing Ga-centered tetra-
hedron GaSb,(u-Sb), and another Ga-centered tetrahedron
but with additional antimony that is exo-bonded to one of
the corners forming Sb—Sb dumbells, i.e. GaSb(Sb—Sb)(u-
Sb),. The unit connects to neighboring units via sharing two
corners of the tetrahedra, i.e. [Ga,SbsSb,)]. Lij3BagGaSb,
(C2Im, Z=2, a=18.0650(10)A, b=4.9407(10) A,
c = 13.0123(10) A, B = 126.728(10)°) contains three dif-
ferent types of anions: single-atom anions of Sb~, dum-
bells of Sb*~, and isolated Ga-centered tetrahedra of
GaSb,°~. The two compounds are electronically balanced,
and this is confirmed by four-probe conductivity and mag-
netic measurements. Their very narrow band gaps, 0.014
and 0.049 eV for Na,BasGa,Sbg and Li;3BagGaSb;,, re-
spectively, make them potential thermoelectric materials.

Introduction

The polar intermetallics made of the very electropositive
alkali (A), alkaline-earth (AE) and/or rare-carth (RE) me-
tals and the relatively more electronegative p-block metals
represent a very diverse and interesting class of com-
pounds. Undoubtedly, the most intriguing among them are
compounds that contain anions with delocalized bonding
such as the observed clusters of groups 13 and 14 [1, 2]
and the aromatic and conjugated species of group 14 [3].
One very useful approach to further expand the structural
diversity of these compounds is to use two or more differ-
ent types of countercations, i.e. mix small and large ca-
tions or cations with different charges, etc. These different
cations have different packing requirements and coordinat-
ing capability, and often stabilize species that can not be
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achieved otherwise. Thus, cluster species such as Tls',
Tlgg_, T11013_, TI(,S_, SngG_, Sl’llzlz_, Sn5644_ are known
only with mixed cations [lc, 4]. The same is true for the
recently characterized aromatic pentagonal rings of Sns®~
and Pbs%~ that are anlogous to the cyclopentadienyl anion
CsHs~ and some m-conjugated species of Sn [3]. The cor-
responding compounds utilized combinations of light alka-
li-metal cattions such as Li or Na and heavy alkaline-
earth or rare-earth cations of Ba, Sr, and Eu. Following
on this approach we also investigated the possibility to
form heteroatomic species made of groups 13 and 15 that
would be eventually isoelectronic and structurally analo-
gous to the aromatic rings of Sns®~ and Pbs®~. This, of
course, complicates the system even further by employing
four instead of three different elements but, at the same
time, it provides additional flexibility as well as potential
for valuable properties, thermoelectric efficiency, for ex-
ample. It is well known that narrow-band semiconducting
compounds with complex and anisotropic structures, large
cells, and relatively heavy elements are good candidates
for thermoelectric materials [S]. Often this structural com-
plexity is achieved in compounds with complex stoichio-
metries, ie. multinary compounds made of three and
more elements and/or with partially occupied positions
and disorder in the crystal lattices. Some examples of
such compounds with relatively good thermoelectric prop-
erties are BaBiTe; [6], CsBisTes [7], KBig33Sio [8],
AgSbg3Biz 7S5 [9], AsBaCugTerg [10], BaslngSbis [11],
and the series Ay, Tty_»Pn;,,Se;s where A =K or Rb,
Tt =Sn or Pb, and Pn = Sb or Bi [5]. Here we present
results of our studies of quaternary systems of gallium
and antimony as representatives of groups 13 and 15, re-
spectively, in combination with alkali and alkaline-earth
contercations.

Experimental section

Synthesis

All manipulations were carried out in an argon-filled glo-
vebox with a moisture level below 1 ppm (vol.). The start-
ing materials Li (granular, Acros, 99+%), Ba (rod, Alfa,
99.2%), Ga (splatter, Alfa, 99.999%) and Sb (ingot, Alfa,
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99.999%) were used as received while the surface of Na
(ingot, Alfa, 99.9%) was cleaned with scalpel before use.
In a typical synthesis, a mixture of the elements is placed
in a niobium tube that is then sealed by arc welding. The
tube is in turn jacketed in a silica ampule that is then
flame-sealed under vacuum. These assemblies are placed
in tubular furnaces and are heated at various temperature
regimes. The two title compounds were initially discov-
ered as minor products from exploratory reactions loaded
with various ratios between the elements. After their stoi-
chiometries were determined from single-crystal X-ray dif-
fraction, both compounds were synthesized as single-
phase products from the corresponding stoichiometric mix-
tures of the elements. The mixtures were heated at 860 °C
for 1 week and were then cooled down to room tempera-
ture with a rate of 6°C/h. The purity of the compounds
was confirmed by powder X-ray diffraction on an Enraf-
Nonius Guinier camera under vacuum (Cuk,, radiation,
A= 1540562 A).

X-ray diffraction studies

Black block-shaped crystals were selected from each com-
pound and were mounted inside thin-walled glass capil-
laries that were subsequently flame-sealed at both ends.
The crystals were checked for singularity on an Enraf-
Nonius CAD4 diffractometer with graphite monochro-
mated MoK, radiation (A = 0.71073 A). X-ray diffraction
data sets were collected at room temperature for the
best ones (NaBasGa,Sbg:  0.18 x 0.09 x 0.05 mm,
Lij3BagGaSby,: 0.12 x 0.12 x 0.10 mm). The raw data (an
octant of a sphere for NaBa,GaSb; and a quarter of a
sphere for LijzsBagGaSbyy, @ — 26 scans, O, = 25°)
were corrected for absorption with the aid of the average
of 3 w-scans. The observed extinction conditions and in-
tensity statistics suggested the centrosymmetric space
groups Pnma and C2/m for Na,BasGa,Sbg and
Li;3BagGaSb,,, respectively. Accordingly, the structures
were solved and refined in these space groups with the aid
of the SHELXTL-VS5.1 software package [12]. Due to the
large scattering factors of the heavy atoms surrounding the
very light lithium in Li;3BagGaSb;, the latter was refined
isotropically. Further details for the data collections and
structure refinements are given in Table 1. The atomic co-
ordinates and their equivalent isotropic displacement para-
meters are listed in Table 2 while important distances are
provided in Table 3.

Direct methods provided the positions of Ba, Ga, and
Sb in the two compounds. The refinement of
Na;BasGa,Sbg indicated that one of the three barium posi-
tions was partially ocupied. This position was refined as
fully occupied but as mixed with sodium to add to the full
occupancy. The fractional occupancies of the two elements
refined very closely to 50% and they were fixed at this for

! Additional material to this paper can be ordered referring to the
no. CSD 415733 (for Lij3BagGaSby;) and 415734 (for
Na,BasGa;,Sbg), names of the authors and citation of the paper at the
Fachinformationszentrum Karlsruhe, Gesellschaft fiir wissenschaft-
lich-technische Information mbH, D-76344 Eggenstein-Leopoldsha-
fen, Germany.

Table 1. Selected data collection and refinement parameters for
NaBa,GaSb; and Li;3BagGaSby,.

Chemical formula Na,BasGa,Sbg Li;3BagGaSby;
Formula weight 1465.28 1350.81

Space group, Z Pnma, 8 C2/m, 2

a(h) 12.3468(10) 18.0650(10)

b (A) 10.6621(10) 4.9407(10)
cd) 13.8344(10) 13.0123(10)

B A) 126.728(10)

v (A%) 1821.2(3) 930.8(2)
Radiation, 4 (A) MoK, 0.710 73 MoK,, 0.710 73
Ocale (g - cm ) 5.344 4.852

w (cm™) 20.150 17.540
RIWR2, I > 2071 (%) 4.53/11.20 2.72/7.33
R1/wR2,% all data (%) 6.21/12.05 2.92/7.43

a: R1= Y ||Fo| — [F][l/3 |Fol: wR2 = {[ wl(F,)* — (F)*1)/
S w(F2)} 2 w = [0%(F.)* + (AP)* + BP|"', where P = |[(F,)
+2(Fe)’]/3.

the final refinement. The possibility of having this site par-
tially occupied by barium only was also considered. How-
ever, this was found unlikely because of the successful
synthesis of the pure phase only when using mixture of
compoisition NayBasGa,;Sbg but not with NaBay5Ga;Sbg
which would correspond to the Ba-only occupancy of that
site. Furthermore, the refined formula with equal amounts
of Na and Ba at that position, i.e. Na,BasGa,Sbg, is con-
sistent with an electronically balanced compound which

Table 2. Atomic coordinates and equivalent isotropic displacement
parameters for Na,BasGa;Sbg and Lij3BagGaSbs.

Atom site x y z Ueq/Usso
Na,BasGa;,Shg

Sbl 4c  0.45548(12) Y4 0.38478(10) 0.0119(4)
Sb2 e 037211(12) Y4 0.11159(10) 0.0117(4)
Sb3 8d 0.17465(9) —0.06121(9) 0.31750(8) 0.0151(3)
Sb4 4c  0.13950(12) Y4 0.56362(10) 0.0103(4)
Sbs dc  0.49699(12) Y4 0.58633(10) 0.0108(4)
Gal 4c  0.6937(2) - 0.30911(17) 0.0102(5)
Ga2 4c  0.4086(2) A —0.07961(18) 0.0131(6)
Bal 8d 0.67004(8) 0.01968(9) 0.46545(7) 0.0145(3)
Ba2 4c  0.16545(12) Y4 0.30903(10) 0.0139(4)
Ba3/Na3 8d 0.42256(13) —0.02995(16) 0.24628(12) 0.0166(4)
Nal a1/, 0 0 0.039(3)
Li13BasGaSb12

Sbl 4i 0.103161(13) 0 0.454779(18) 0.01526(6)
Sb2 4i  0.085535(12) !/, 0.124494(17) 0.01201(6)
Sb3 4i  0.341181(13) 0 0.183513(18) 0.01634(6)
Gal/LilA 4i —0.08561(9) 0 0.34637(13) 0.0313(5)
Bal 4i 0.238543(11) O 0.340395(15) 0.01335(6)
Ba2 4i  0.071563(11) O —0.085575(16) 0.01369(5)
Lil 4i  0.0430(3) 15 0.3179(4)  0.0000(9)
Li2 4i  0.2348(4) s 0.0900(5)  0.0220(14)
LI3 2d 0 5 s 0.061(4)
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Table 3. Important distances (A) and angles (°) in Na,BasGa,Sbg and
Li13BagGaSb12.

Na,Ba;Ga,Sbg Li;3sBagGaSby,

Sb1—Sb5 2.834(2) Sbl—Gal/LilA 2.788(2)
—Na3/Ba3 x 2 3.570(2) —Gal/LilA 2.805(2)
—Ba2 3.729(2) —Lil x2 2.852(2)
—Ba2 3.731(2) —Li3 x2 3.351(1)

Sb2—-Ga2 2.683(2) —Bal x2 3.502(1)
—Nal x 2 3.461(1) —Bal 3.542(2)
—Na3/Ba3 x 2 3.573(2) Sb2—Sb2 2.841(1)
—Bal x 2 3.659(2) —Li2 2.988(7)
—Ba2 3.738(2) —Lil 3.040(5)
—Ba2 3.784(2) —Bal x2 3.514(1)

Sb3—Ga2 2.670(2) —Ba2 x 2 3.562(1)
—Gal 2.678(2) —Ba2 x 2 3.579(1)
—Na3/Ba3 3.233(2) Sb3—Li2 x2 2.912(3)
—Na3/Ba3 3.252(2) —Li2 2.948(6)
—Ba2 3.323(2) —Lil 2.953(4)
—Bal 3.590(2) —Gal/LilA x 2 2.998(1)

Sb4—Gal 2.709(2) —Li3 3.325(1)
—Ga2 2.860(2) —Bal 3.483(1)
—Nal x 2 3.293(2) —Ba2 x 2 3.551(1)
—Na3/Ba3 3.532(2) Gal/LilA — Li2 2.951(4)
—Ba2 3.536(2) — Li3x2 2.965(1)
—Bal x 2 3.736(1) — Ba2 3.551(2)

Sb5—Gal 2.763(2)

—Na3/Ba3 x 2 3.443(2)
—Bal x 2 3.610(2)
—Bal 3.659(2)

Gal—Bal x 2 3.610(2)
—Ba3 3.751(2)

Ga2—Nal x 2 3.097(1)
—Ba3 3.894(2)

was proven to be the case (below). The refinement of the
second compound indicated also a partially occupied posi-
tion, this time of gallium. Again, the position was refined
as fully occupied but mixed with lithium. The refined ratio
of Ga:Li was close to 1:3 and it was fixed as such for
the final refinement. We point out that although Li/Ga
mixing is unusual it is not unprecedented. Similar Li/In
mixing in interconnected clusters was reported recently [13].

Magnetic measurements

The magnetizations of NaBa,GaSbs and Li;3BagGaSb,,
were measured on a Quantum Design MPMS SQUID
magnetometer at a field of 3T over a temperature range of
10 to 250 K. Each sample was flame-sealed in a quartz
tube between two quartz rods that fit tightly in the tube.
The data were corrected for the holder and for ion-core
diamagnetism. The resulting molar magnetic susceptibil-
ities for both compounds were temperature-independent
and negative, —(2.590 to 2.621)x 10~3 emu/mol for
NaBa,GaSb; and —(1.665 to 1.629) x 10~ emu/mol for
Li;3BagGaSb,, and indicated diamagnetism.

Resistivity measurements

The electrical resistivities of the compounds were mea-
sured by the four-probe method (an in-line probe from
Jandel) on pressed pellets (3000 psi, 1 mm and 1.4 mm
thick) over the temperature range 224-294 K inside a cold
well of a dry box. Measured was the drop of voltage
across the samples at constant currents. The resistivities of
both compounds decreased with increasing the tempera-
ture and indicated semiconducting properties. The mea-
sured resistivities at room temperature were ca. 3496 and
14380 € -cm for NaBazGaSb3 and L113BagGaSb12, re-
spectively.

Results and discussion

NazBa4GaZSb6

The anionic part of the structure of this compound con-
sists of polymeric chains along the a-axis of the orthor-
hombic cell (Fig. 1). The chains can be viewed as made of
monomers of [Ga,Sb;] (Fig.2, outlined) where each
monomer shares two antimony corners with its two neigh-
boring identical units, i.e. [Ga,SbsSb,,]. This results in
overall stoichiometry of [Ga,;Sbg] for the repeating unit of
the chain. The chains are well separated by the sodium
and barium countercations.

The monomer [Ga,Sb;] is made of two edge-sharing
gallium-centered tetrahedra of antimony where one addi-
tional antimony atom is exo-bonded to a corner of one
of the tetrahedra and forms a dimer of Sb—Sb. Such
dimerization and higher oligomerization or even polymer-
ization are very common for the pnictides, especially for
the less electronegative ones [2]. Also, the tetrahedral co-
ordination of gallium by antimony is quite common in
compounds with the alkali metals [14]. The edge-shared
tetrahedra form a four-membered ring of two Sb and two
Ga atoms. This ring is bent at 18.4° along its Sb—Sb
diagonal, most likely due to packing requirements. Ex-
actly the same units but made of indium and arsenic,
[In,As;], were characterized in K,BasIn,Asg before [15].

Fig. 1. The structure of Na,BasGa,Sbg viewed along a (c is horizon-
tal). Ga and Sb: small and large dark spheres, Na and Ba: small and
large lighter spheres. The chains of [Ga;Sbe]®~ that run along a are
well separated with the Na- and Ba-countercations.
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Despite their identical stoichiometry, though, the two
compounds are not isostructural, in fact they are quite
different. K;BasIn,Asg contains two different types of an-
ions, both based on the fragment [In,As7]. One type are
simply isolated units of [InpAs;] while the second type
are chains of the same units but where all four terminal
arsenic atoms of each unit are shared with the two
neighboring monomers. This results in repeating stoichio-
metry of [InpAs3Assp], i.e. [InpAss]. The four-membered
rings in the In—As units are also bent but quite more
than in the Ga—Sb counterpart, their dihedral angles are
39.99 and 37.71°.

The Ga-Sb distances are in the range 2.670(2) —
2.860(2) A and are quite typical for single-bond distances.
They compare well with the corresponding distances in
similarly bonded gallium in Sr3;GaSbs [16]. The Sb-Sb
distance of 2.834(2) A is also typical for single-bond dis-
tances such as those observed in the helical chains of -
CsSb [17], 2.845(3) and 2.871(3) A, and in the helical
hexamers in Sr,Sb; [18], 2.887(4) A.

The stoichiometry and structure of the new compound
Na,BasGa,Sbg suggest an electronically balanced com-
pound, i.e. the number of provided electrons from the ca-
tions equals the number of electrons needed for the anions.
Thus, each repeating unit of [Ga,Sbe] has two 4-bonded
Ga~, four 2-bonded Sb~, and two 1-bonded Sb*~ species
and, therefore, the unit carries a charge of 10— and needs 10
extra electrons. Exactly the same number of electrons are
provided by two Na* and four Ba** cations, and the formula
can be written as (Na*),(Ba2*)4[Ga,Sbe] 0.

Fig. 3. The structure of Li;3sBagGaSb;, viewed along b (a is horizon-
tal). Ga and Sb: small and large dark spheres, Li and Ba: small and
large lighter spheres. The anionic part of the structure conists of iso-
lated [Sby]*~ dimers, isolated Sb>~ atoms, and isolated Ga-centered
tetrahedra of [GaSb4]°~.

Fig. 2. Shown is the chain of ,,[Ga;Sbe]'*~
in Na,BasGa,Sbg. It can be viewed as
made of fused monomers of [Ga,Sbs] as
shown outlined. The same type monono-
mers, but isolated, as well as differently-
bonded chains of the same monomers are
found in K,Bagln,Asg.

Li13BagGaSb12

The structure contains three types of isolated anions: sin-
gle atom-anions of Sb3~, dimers of Sb,*~, and tetrahedra
of GaSb,’~ (Fig.3). The Ga — Sb distances 2.788(2) —
2.805(2) A are in an excellent agreement with those in the
previously reported Sr;GaSb; [16]. The Sb — Sb distance
in the dimers of 2.841(1) A compares well with the dis-
tances of the dimers of Na,BasSbs [19], 2.867(2) and
2.907(2) A, respectively. The structure can be easily ratio-
nalized as a Zintl phase. Assuming complete electron
transfer from Li and Ba to Ga and Sb, the formula can be
rewritten as (Li*);3(Ba2")g{[Sb> 14[Sby* 12[GaSbs°~1}.

Properties

Often compounds are classified as Zintl phases based only
on their stoichiometry, crystal structure, and formal elec-
tron count, i.e. without further investigation on their physi-
cal properties. Many such phases have been found later to
be metallic and have been named metallic Zintl phases. In
order to determine which class the title compounds belong
to we measured their electrical resistivity and magnetiza-
tion at different temperatures. Both compounds showed
negative and temperature independent molar magnetic
susceptibilities, —(2.612—2.590) x 10~* and —(1.665-
1.629) x 1073 emu/mol for  NaBayGa,Sbg and
Li;3BagGaSb,, respectively, over the range of 10-250 K.
This indicates diamagnetic properties and is a good indica-
tion for semincoducting and electronically balanced com-
pound. However, since the absolute values of the magnetic
susceptibility of both diamagnetic and Pauli-like paramag-
netic (metallic) compounds are usually very small, defin-
ing the character of the compound is often ambiguous.
This is why an additional test such as electrical resistivity
is very helpful. The resistivities of the title compounds at
room temperature measured by the four-probe method
were ca. 3496 and 14380 Q - cm for Na,BasGa,Sbg and
Li;3BagGaSb;,, respectively. These numbers alone also
suggest semiconducting properties. The more important
observation was that these numbers increase with decreas-
ing temperature, and this unequivocally indicates a semi-
conducting compound. The plots of In(g) versus the reci-
procal temperature (Fig. 4) were fitted with straight lines
and band gaps were calculated from their slopes. These
gaps for NazBa4GaZSb6 and Li13Ba8GaSb12 are 00137(7)
and 0.0489(1) eV, respectively. Therefore, based on the
two types of measurements, it can be concluded that the
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Fig. 4. Plots of the temperature dependance of the resistivity of (a)
Na,BasGa,Sbg and (b) Lij3BagGaSby,. The slopes indicate that both
compounds are semiconductors.

two compounds are indeed closed shell narrow band gap
semiconductors and qualify as true Zintl phases.

Discussion

The two title compounds present an excellent example of
how Nature uses everything possible in order to achieve,
if possible at all, an electronically balanced compound. In
one case barium and sodium are mixed at the same site
exactly in the right ratio, 1:1, to produce the neccesary
number of electrons for the anionic part of the structure.
The second case is even more surprising because mixed in
one site are two elements, lithium and gallium, that are
very different in electronegativity and in size. Again, their
ratio of 3:1 is exactly what is needed for balancing the
negative charges of the anions.

The two title compounds exemplify very cleary the
great potential for structural diversity that mixed cations
can provide. As mentioned above, although Na,BasGa;Sbg
and K;Basln;Asg have the same stocihiometry, their struc-
tures are very different, mainly due to the different sizes
of the cations and the coresponding anionic units. The lat-
ter are the same in both structures, i.e. [Ga,Sb7] and
[InyAs7], but in Na,BasGa,Sbe they are interconnected in
chains by sharing two atoms, i.e. [Ga,SbsSby]'%~, while
in K;BasIn,Ase they exist both as isolated species of
[In,As7]'3~ and as interconnected in chains by sharing
four atoms, i.e. [InpAszAssn]’ . Despite the structural dif-

ferences, both compounds are electronically balanced and
semiconducting.

According to the measured band gaps, ca. 0.014 and
0.049 eV, the two title compounds may have the potentail to
be good thermoelectric materials. These gaps compare very
well with those of materials with high thermoelectric effi-
ciency such as AgBi3Ss5 (0.17 eV) [9], BasIngSbys (0.10 eV)
[11], CsBisTes (0.04 to 0.08 eV) [7], and A,Ba,CugTe;g
(0.28 eV) [10]. The measured room-temeprature resistiv-
ities, ca. 3496 and 14380 Q - cm, are also similar to those
of the mentioned compounds, for example Rb,Ba,CugTe)q
with 3200 Q - cm. Further meausrements of thermopower
and thermal conductivity are needed in order to fully char-
acterize the thermoelectric efficiency of the compounds.
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