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Abstract: This work presents a detailed, combined experimental and theoretical study on the structural
stability of s—p bonded compounds with the BaAl, structure type (space group /4/mmm, Z = 2) as part of
a broad program to investigate the complex questions of structure formation and atomic arrangements in
polar intermetallics. From ab initio calculations employing pseudopotentials and a plane wave basis set,
we extracted optimized structural parameters, binding energies, and the electronic structure of the systems
AeX(111)a, AeX(I)2X(1V)2, AeX(I)2X(I11),2 (Ae = Ca, Sr, Ba; X(I) = Mg, Zn; X(lll) = Al, Ga; X(IV) = Si, Ge).
For all systems we found a pronounced pseudo-gap in the density of states separating network X,>~ bonding
from antibonding electronic states that coincides with the Fermi level for an electron count of 14 electrons
per formula unit, the optimum value for stable BaAls-type polar intermetallics. However, the synthesis and
structural characterization (from X-ray single crystal and powder diffraction data) of the new compounds
AeZny_sAlz+s, AeZny—sGaz+s (Ae = Ca, Sr, Ba; 6 = 0—0.2) and AeMgodAls1, AeMg:7Gazs (Ae = Sr, Ba)
manifested that electron deficiency is rather frequent for BaAls-type polar intermetallics. The site preference
for different “X” elements in the ternary systems was quantified by calculating “coloring energies”, which,
for some systems, was strongly dependent on the size of the electropositive Ae component. The Ae?"
cations decisively influence the nearest neighbor distances in the encapsulating polyanionic networks X2~
and the structures of these networks are surprisingly flexible to the size of the Ae component without
changing the overall bonding picture. A monoclinically distorted variant of the BaAl, structure occurs when
the cations become too small for matching the size of encapsulating X4>~ cages. An even larger size
mismatch leads to the formation of the Euln, structure type.

Introduction the electropositive component and form clusters or networks
based on localized multicenter bonding, thus unravelling the
complicated bonding patterns in the region between valence
compounds (i.e. Zintl phases) with two-center localized bonding
and close-packed arrangements with completely delocalized
bonding. Corbett has exploited the full potential of this idea
for the synthesis of polar intermetallics by investigating ternary
and quaternary systems with either differently sized electro-
positive components or different p-elements, or p-elements partly
replaced by the electronegative divalent metals Zn andCd.
The important findings of his group include the following: (i)
usually the p-elements attempt to realize multicenter bonded
clusters and networks which fit the electron count of the
p-elements in their particular reduced state. However, a sig-

Chemical systems at the boundary region of different bonding
types are usually distinguished by an extraordinarily large variety
of different structure types and special physical properties. The
family of polar intermetallics, which represent the link between
s—p bonded metallic and -9 bonded, salt-like, valence
compounds, makes no exception. Polar intermetallics form
between electropositive alkali, alkaline earth, or rare earth metals
with the metallic elements from the triel (Group 13: Al, Ga,
In, Tl) and tetrel groups (Group 14: Sn, Pb) and their systematic
exploration in recent years has revealed a wealth of novel and
peculiar structurek:® The p-elements are formally reduced by
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of Al, atoms (8 and 2, respectively). However, the second set
of Al, atoms is distinctly farther away from the center of the
Fedorov polyhedron. Thus a coordination number of 16 seems
to be more appropriate for the Ba atoms.

The s—p bonded BaA¢type family comprises the binary
compounds SrAl EuAls;, BaAls;, SrGa, EuGa, BaGa, and
Balny, i.e., they possess the same valence electron count of 14
electrons per formula unit. Zheng and Hoffm&hand Burdett
and Mille*?2 developed a clear bonding picture for these
compounds. They suggested two-center, two-electron (2c2e)
bonds between the layer connecting apical atoms and multicenter
Figure 1. The BaAl structure. Large spheres denote the Ba atoms, small (5¢6€) bonding in the pyramids between one apical and four
spheres the Al atoms (two different sites: darkp;Aight, Alz). On the basal network atoms. Per formula unit one 2c2e and two 5c6e
Q?Ohrz-fzgr:its"lg:dthe Fedorov coordination polyhedron surrounding each Ba bOhdS chur, thus yielding an optimum electron Coun'F of 14.

This bonding model holds as well for Cafdnd CaGa which
ences in the Madelung energy contributions between cationsadopt a monoclinically distorted variant of the BaAypel3
and the different polyanion types; and (iii) optimum packing With two different elements occupying the two network sites,
between cations and the polyanionic part is an important ternary compounds with the BaAlype (also described as the
ingredient to the stability of a particular structure. These results ThCr:Si, structure type) are obtained. (The CaBe, structure
emphasize the difference between polar intermetallics andis another ternary variant of the BaAlype family but involves
valence compounds, because, for the latter, electron count almos}, different decoration pattern of the eleme¥dtand will not be
exclusively governs their structural stability (point (i) above). giscussed in this paper. Aspects of its bonding and stability with
For polar intermetallics these three criteria of structural stability respect to the ThGSi-type have been addressed by Zhédg.
are intim.aFer related. As lref:en.tly pointed out by Seo and The corresponding-sp bonded compounds may now be divided
Corbett it is the mutual optimization of the Madelung energy into 14-electron systems (with four known representatives:

and space filling which can override the usually domln_at_lng CazZnGe, SIZnGe, BaMgSh, and BaMgGe,) and electron-
factor of electron count, which leads to the observed deviations | .. . . )
deficient 12-electron systems (just one reported compound:

from the optimum val_ues of electron count for many compom_m_ds. CaAlZny). (The Zn-containing compounds are considered as
However, the complicated interplay of the factors determining . . . .
A - . ..~ exclusively s-p bonding because of the low-lying 3d states in
structural stability in polar intermetallics has not been quantified 6 o .
elemental Zri%1%) When writing the formula unit for ternary

et.
y compounds we use the sequence Ag{X5)2, which we keep

In this article we elaborate on these complex questions by . ) . .
analyzing the BaAstructure type in detail. Although the BaAl throughout this article. The electropositive (electron-donating)

structure is widely adopted among intermetallic compoditds, component, which repr.esents one of the heavier alkaline earth
we confined our investigation to the homogeneous group-gf s metals Ca, Sr, or Ba, is collectively expressed as Ae and the
bonded representatives corresponding to polar intermetallics.n€twork-forming atoms as X.

Due to its simplicity and the rather large number efsbonded The purpose of our work is to study the variations of the
representatives, this structure type may be regarded as goolyanionic network in BaAttype polar intermetallics (and the
prototype for polar intermetallics with a polyanionic network associated changes in the electronic structure) as a function of
structure. The BaAlstructure features a body-centered tetrago- electron count, network polarity, and size of the Ae component.
nal unit cell (space grou/mmm No. 139) where the Ba atoms  |n particular, we report the synthesis and structural characteriza-
ocscupy the corner and center positions and the Al atoms form tion of the new, electron-deficient representatives StAd,

a .[Al4]>" network (Figure 1). This network contains two BaAl,Zn, CaZnGa, SrZnGa, BaZnGa, SrMgGa, and
independent sites: the basal Al atomsyjAiccupy the Wyckoff BaMgGa, as well as that of the solid solutions Srd,—x

site 4d #/,, 0, Y/,) and form two-dimensional square nets which and BaMgAl 4 x (Xmax~ 0.8). Additionally we reexamined the
are alternately capped_ above and below_ the plane by the apicabinary compounds SrA|BaAl, SrGa, and BaGawhere, with

Al atoms (Ak) occupying the Wyckoff site 4e (0, @). The the exception of SrA| structural characterization was based
resulting layers of square pyramids are connected by bondsgqe\y on X-ray powder film methods performed several decades
between the Alatoms to yield the final networkAl J>". The ago. We accompanied the experimental work by ab initio density

second bonding contact in this n_etwork Is the distance bEtWeenfunctional calculations using pseudopotentials and a plane wave
Al; and Al atoms, whereas the distance between twoetdms basis set

in the square net is long and nonbonding. Thus, eaglatim
is surrounfjed nearly tetrahedrally by four,Atoms and' each (10) von Federov, J. . Kristallogr. 1904 38, 321,
Al, atom is surrounded by four Alatoms and one Alin a (11) Zheng, C.; Hoffmann, RZ. Naturforsch 1986 41b, 292.
i i H i (12) Burdett, J. K.; Miller, G. JChem. Mater199Q 2, 12.
square pyramidal fashion. The coordination poly_h(_adron for the (13) Miller. . 3. Li, F.. Franzen. FJ. Am. Chem. 'Sod993, 115 3739
Ba atoms corresponds to an 18-vertex (space filling) Fedorov 3745. ' .
polyhedroﬁo defined by one set of Alatoms (8) and two sets (14) Daniuk, S.; Jarlborg, T.; Kontrym-Sznajd, G.; MajsnerowskCdndens.

Matter 1989,8397.
(15) Eisenmann, B.; May, N.; Mier, W.; Schder, H. Z. Naturforsch. BL972

(7) Seo, D.-K.; Corbett, J. OI. Am. Chem. So@000,40, 9621-9627. 27, 1155-1157.
(8) Pearson, W. BJ. Less-Common Me1985 109, L3. (16) Zheng, CJ. Am. Chem. Sod993 115 10471051.
(9) Pearson, W. BJ. Solid State Chen1.985 56, 278. (17) Haussermann, U.; Simak, S.Phys. Re. B 2001, 64, 245114.

4372 J. AM. CHEM. SOC. = VOL. 124, NO. 16, 2002



Structural Stability of Polar Intermetallic Network Structures ARTICLES

Experimental Section tion data that were collected on a STOE STADI powder diffractometer
at 293 K (equipped with a position-sensitive detector (PSD)) with
monochromatic Cu K radiation ¢ = 1.54056 A) in transmission mode.

a . Due to absorption problems, the measurement of the Ba&rsample

Ga (Ae = Sr, Ba) were prepared from the elements and handled in an a5 repeated in reflection mode. Rietveld refinement was carried out
Ar-filled glovebox (C; concentration=10 ppm). The pure elements, 5ihg the program FULLPROF.Summaries of the data collections
Ba granulates (ABCR, 99.9%), Sr granulates (ABCR, 99.9%), Mg 5 refinements are listed in Table 1. Additional crystallographic data
granulates (ABCR, 99.9%), Al ingots (Aldrich, 99.9%), Garod (ABCR, ;.0 given in the Supporting Information.

99.9%) and Zn powder (ABCR, 99.9%), were weighed in either Nb or 0 jational Details Total energy calculations for the systems
Ta ampules which were sealed and placed in fused silica Schlenk tUbeSAeX(III) s AeX(I1)X(IV) 2 AeX(IV)2X(1) 2, AeX(I)2X(IIl) 2, and
under reduced pressure. Reactant mixtures were heated 68800 AeX(Ill) X(Il) > (Ae = Ca, Sr, Ba; X(Il)= Mg, Zn: X(IIl) = Al, Ga:

°C for 24 h to ensure comple_te melting,_ followed by either slow cooling X(IV) = Si, Ge) were performed within ab initio density functional
(at a rate of 5°C/h) or rapid quenching to room temperature and 64y as implemented in the program VABF This program allows
subsequent annealing. The samples were annealed for four weeks at gecular dynamics simulations (and structure relaxations) using
tempgrgture pf 508bcC (AI-_contalnmg mlxt_ures) and 60tbcC (C_%a pseudopotentials and a plane-wave basis set. The K8ham equa-
containing mixtures), which improved considerably crystal quality and {j5g \ere solved self-consistently using an iterative matrix diagonal-
homogeneity of the products. All products, which were highly crystal- j;a40n method and an efficient Pulay mixing scheme of the charge

line and exhibited a silvery, metallic luster, were characterized by gengity. In our systems we relaxed the free parameter of the atomic
Guinier powder diagrams (Cuds Si standard). The composition of — ,jtion 4e (0, 07) simultaneously with the/aratio for a set of constant

the ternaries (with the exception of the materials AZA) was volumes until forces converged to less than 0.005 eV/A. In a second
analyzed with the EDX (energy-disperse X-ray) method in a JEOL 820 g0, \ye extracted the equilibrium volume and ground-state energy by
scanning electron microscope averaging between 5 and 10 analysegitting the E vs V values to the Murnaghan equation of ste.

for each sample. In AeM@ls-« (Ae = Sr, Ba;x = 1.0) we observed,  concerning the pseudopotentials, ultrasoft Vanderbilt-type pseudopo-
apart from the BaAttype compound, the occurrence of other products. o tiq1¢829 were employed and the actual valence electrons of the
The amount of these, yet unidentified, products increase forl.2. elements involved are indicated in the following configurations: Mg
The 2 values of the BaAttype compound were found to be virtually 3¢ 48 sr 4552, Ba 5186<, Al 35%3pt, Si 383p?, Zn 3d%4<, Ga
identical in bpth san_1p|es, suggestiqg th_at the maximum amount of Mg 3d%4<4p!, and Ge 4%i2. The exchange and correlation energy was
() in the solid solutions AeMghl 4 is slightly belowx = 1.0. From assessed by the generalized gradient approximation (GGA) according
EDX analyses of numerous Baflype crystals from the samples 4 pergew and Wan®.Convergency was checked with respect to the
AeMgAl; we obtained the limiting compositions SriviguAls..w and plane-wave cutoff and the number lofpoints used in the summation
BaM@peseAls1ap FOr AeMgGa (Ae = Sr, Ba), EDX analyses 461 the Brillouin zone. For systems consisting of elements with just
revealed a loss of Mg in the BaAtype products and we obtained g anq p valence electrons, we found a cutoff of 200 eV to be sufficient,
AeMg.7aGa sy The composition of the materials AeZh, was whereas for systems containing elements with d pseudo-core electrons,

determined from Zn/Al site occupancy refinements of X-ray data sets 1 o toff was increased to 300 eV. Theoints were obtained by the
from several single crystals from each product. We observed that a y;qonkhorst=Pack metho#t and sampled on a dense grid of 15

Synthesis. The materials AeAlZn, and AeZnGa& (Ae = Ca, Sr,
Ba) and AeAl, AeGa, AeMgAl,—« (x=0.33, 0.67, 1.0, 1.2), AeMg

strict Zn/Al molar ratio of 1 is just possible for Ae= Ca and that 15 x 15.

small deviations occur for Ae= Sr, Ba (i.e. AeAd:sZn;—s with 6 ~

0.1 for Ae= Sr andd ~ 0.2 for Ae = Ba). Studies of AeAZn,, Results

x > 2, were also carried out and will be reported elsewh&Far Ae- The binary aluminides with the BaAktructure (SrAj and

Zn,Gg the Zn/Ga molar ratio was also found to be slightly below 1:

AeZn: s1Ga a0 (EDX analyses) BaAls) were already reported over 60 years & but the

Structure Determination The lattice constants of the investigated Strucu’.lre of SrAfi was recently redetermined by G(ei.et af
BaAls-type systems were obtained from least-squares refinement of The binary gallides eraand BaGa We_re synthesized and
measured and indexed lines of the corresponding Guinier powder Structurally characterized by Bruzzone in 1985We reexam-
diffractograms® To ensure proper assignment of the indices the ined the lattice constants and the positional coordinate of the
observed lines were compared with the calculated Stbgsusing the Xasites for SrAl, BaAls, SrGa, and BaGa In comparing our
positional parameters resulting from the structure refinements. Single- measured lattice constants with the literature values, the
crystal intensity data were collected at 293 K from at least two different differences are rather small for the gallides and gnthereas
crystals from each of the samples AepheGa, AeMgAl; (Ae = Sr, we see a considerable difference of tbeaxis for BaAl.

Ba), AeZnAb (Ae = St, Ba), BaMgGa, and AeAbZn; (Ae = Ca, S, Concerning the parameter of the Xsites our values obtained
Ba) on a STOE IPDS or Rigaku AFCGR diffractometer with mono- 5 single-crystal X-ray refinements are generally greater than

chromatic Mo ku radiation ¢ = 0.171073 A). All data_ sets were w4 ose obtained from X-ray powder film methods (Ba/8rGa,
corrected for Lorentz and polarization effects. Absorption correction and BaGa)

was performed either by the program X-shjes included in the STOE
IPDS software or with the aid of the average ®écans of three (23) Rodriguez-Carvajal, FULLPROF (version 2k): Program for Rietveld

reflections at different @ values. For structure refinement (full-matrix Analysis of Neutron and X-ray Powder Diffraction Data; Laboratoire Leon
_ Brillouin: CEA-Saclay, France, 2000.

Iea_st squares o) the program SHELXL9%? was used. The structure (24) Kresse, G.. Hafner, Phys. Re. 1993 B47, RC 558.

refinement of the materials Sr¥@& and AeZnGa (Ae = Ca, Sr, (25) Kresse, G.; Furthitier, J. Phys. Re. 1996 11169.

)
) f !
Ba) (single-phase samples) was performed from X-ray powder diffrac- (26) Kresse, G.; Furthiiier, J. Comput. Mater. Sci199§ 6, 15.
(27) Murnaghan, F. DFinite Deformation of an Elastic SoljdViley: New
York, 195.
(18) Lee, C.-S. Experimental and Theoretical Investigations in Alkaline Earth ~ (28) Vanderbilt, D.Phys. Re. 1990 B41, 7892.
Zinc—Aluminum Intermetallic Systems, Ph.D. Thesis, lowa State Univer- (29) Kresse, G.; Hafner, J. Phys.: Condens. Mattet994 6, 824.
)
)
)
)
)
)

sity, 2000. (30) Perdew, J. P.; Wang, Yhys. Re. 1992 B45 13244,
(19) Werner, P.-RArk. Kemi1969 31, 513-516. (31) Monkhurst, H. J.; Pack, J. Phys. Re. 1973 B13 518.
(20) Yvon, K.; Jeitschko, W.; Parth&. J. Appl. Crystallogr.1977, 10, 73. (32) Nowotny, H.; Wesenberg, H. Metallkd.1939 31, 363—-364.
(21) X-shape Crystal Optimisation for Numerical Absorption correction. STOE  (33) Andress, K. R.; Alberti, EZ. Metallkd.1935 27 (6), 126-128.

& Cie Gmbh: Darmstadt, Germany 1996. (34) Goel, S.; Somer, M.; Carillo-Cabrera, W.; Peters, E.-M.; von Schnering,
(22) Sheldrick, G.SHELXL-97 Program for Crystal Determination; University H. G. Z. Kristallogr. 1996 211, 18.
of Gottingen: Gitingen, Germany, 1997 (35) Bruzzone, GActa Crystallogr.1965 18, 113-132.
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Figure 2. Calculated energy differences (coloring energies) between the
equilibrium structures of Ae(X:jX2), and Ae(X2}(X1), (Ae = Ca, Sr,

Ba) with the formula written as Ae@¥z(Xa)2: dashed lines connect 14-
electron systems, solid lines connect 12-electron systems, squares labe
ternary Mg systems, circles label ternary Zn systems.
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Figure 3. Variations in the unit cell volume @ in the systems Ae(X%)
(X2)2 (Ae = Ca, Sr, Ba). Open symbols represent calculated values, filled
symbols correspond to the experimental values of the known compounds.
(Top) 14-electron binary compounds AeAtircles) and AeGa(triangles).
(Middle) 14-electron ternary compounds Aepdip (circles), AeMgGe
(triangles), AeZnSi; (squares), and AeZ6e, (diamonds). (Bottom) 12-
electron ternary compounds AebAd, (circles), AeMgGa (triangles),
AeAlyZn, (diamonds), and AeZGa (squares).

V (A’/unit cell)

remarkably good agreement between experimental and theoreti
cal values. Even the ground-state volumes, which are difficult
to reproduce with density functional methods, are within a 2%
range of deviation for Al- or Si-containing compounds and differ

up to 5% from the experimental value for systems containing
Ga or Ge. For AeAlZn,, we notice an increasing deviation

14-electron

27
: 1 AeX

4

1 14-electron
1 Ae(X1),(X2),

c/a

12-electron
3 Ae(X1),(X2),

Figure 4. Variations in thec/a ratio in the systems Ae(X1(X2), (Ae =

Ca, Sr, Ba). Open symbols represent calculated values, filled symbols
correspond to the experimental values of the known compounds. (Top) 14-
electron binary compounds Ae/circles) and AeGa(triangles). (Middle)
14-electron ternary compounds AepEp (circles), AeMgGe; (triangles),
AeZn,Si; (squares), and AeZ6Be (diamonds). (Bottom) 12-electron ternary
compounds AeMgAl, (circles), AeMgGa (triangles), AeAdZn, (dia-
monds), and AeZiGa (squares).

occupational disorder corresponds to the decreasing energy
difference between AeAZn, and AeZnAl, with increasing size
of Ae (cf. Figure 2). For Ae= Ca the coloring energy is 0.38
eV/formula unit and decreases to just 0.17 eV/formula unit for
Ae = Ba. Also, for AeZnGag the deviations between experi-
mental and computed structural parameters are rather large.
Here, we see a very small (Ae independent) coloring energy
between AeGgn, and AeZnGg of about 0.11 eV/formula
unit with AeZnGa the preferred distribution. From this, we
assume that Zn and Ga randomly occupy the network sites in
the synthesized products, which is further supported by the fact
that the experimental structural parametera and z, are
between the theoretical ones for ordered AgZsm and
AeGaZn,.

Finally, the structural parameters in Figures 3 and 4 vary
roughly in a linear way-V increases whilec/a decreasesz{
also decreases but is not showmhen Ae changes from Ca
to Ba. Especially noteworthy is the amount of constant volume
increase for the different systems because it matches almost
perfectly the differences in the volumes of the ions?Ae
-according to the volume increment table established by 4Biltz
(V(Cat) = 10.8 B3, v(Sr2t) = 18.3 A3, V(Baz") = 26.6 A3),
yielding differences of 15 Aand 16.6 & between Ca and Sr
compounds and between Sr and Ba compounds, respectively.
This finding matches well the conception of polar intermetallics
as composed of an oxidized electropositive component (here

between experimental and computed structural parameters ashe heavier alkaline earth metals) and a polyanionic (reduced)

Ae changes from Ca to Ba. This is in accord with the
experimental observation of increasing mixed occupancy of Zn
and Al atoms on the two network sites and the increasing
deviation of the Zn/Al mole ratio from 1. The increasing

network (or cluster arrangement).

(40) Biltz, W. Raumchemie der festen Stofféerlag Leopold Voss: Leipzig,
1934 (in German).
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Tab/eBZ- dEIC?CFEFOHEQativitieS of ;h?] NgmrkTAtomSA lig the When the Fermi level coincides with the pseudo-gap, the
ZIIr%dBgoihovgp;ﬁzeg?lgv\(ilge; f%r Varfougpfe()(lzx22 Systems partlgular system ha_s an optimum electron Co_unt with a_”
Investigated bonding states occupied (however, among polar intermetallics
EN AR Pauling deviations from an optimum electron count are rather frequent),
Mg 12 12 which often allows a localized bonding description for the
Al 15 15 polyanionic structure. As already mentioned, for ffial ]2~
Si 17 1.8 and fo[Ga4]2‘ networks in AeAl and AeGa, the localized
é’; 112 11'2 bonding description in terms of 5c6e multicenter bonding within
Ge 50 18 the pyramids and 2c2e bonds connecting the pyramid layers
Mg/Al 0.3 03 after refs 11 and 12 exists. The valence electron densities in
Mg/Si 05 0.6 the (100) plane of these compounds (Figure 6) support this
Mg/Ga 0.6 0.4 elegant bonding picture: (i) the covalently bondg )2
m%ﬁe é’_f 8'16 networks are manifested in the projection and (ii) the different
Zn/Si 0 0.2 types of bonds (2c2e %X, and 5¢c6e X—X) are discernible.
Zn/Ga 0.1 0 The 2c2e X—Xabond shows higher values of valence electron
ZniGe 0.3 0.2 density than the 5¢c6ep% X, bonds, but need not mean shorter
distances: in BaAl the calculated AAl, and AL—Al,
Discussion distances are nearly equal (AlAl,, 2.71 A (the experimental

value is 2.684(5) A) vs AFAl, 2.73 A (the experimental value
Site PreferenceslIn ternary compounds with the ThSi, is 2.722(1) A)).

structure two different kinds of atoms are distributed on the  Next, we analyze the variations of the network distances as
positions of the three-dimensional network, which represents a function of Ae (see Figure 7a). The shortest networkXX
the coloring or site preference problem in its simplest féfm.  distances naturally occur in the Ca systems, where the distances
Previous theoretical studies based on Mulliken population of the 2c2e bonds (AtAl,; 2.54 A; Ga—Ga, 2.47 A)
analyses obtained from semiempirical tight-binding calcula- correspond well to the values of single-bonded p#irEhus,
tions'! suggest that elements with greater electronegativity prefer for CaAl, and CaGathe volume of the unit cell is determined
to occupy the apical (¥ site rather than the basal {)Xsite. A by the 2[Al,]2~ and 3[Gay)?~ networks, which achieve equi-
look at the calculated coloring energies from our ab initio |ibrium covalent bond lengths for 2c2e bonded pairg)£Xnd
calculations for the 14-electron and 12-electron ternary systemsscee bonded pyramids8<)s. With increasing size of the Ae,
shown in Figure 2 supports the simple picture of the electro- the polyanionic network has to expand and, surprisingly, it is
negativity governing site preference. However, the magnitudes the distance of the 2c2e,%X, bonds that is most flexible and
of the coloring energy do not necessarily correlate with the jncreases from 2.54 to 2.71 A and from 2.47 to 2.66 A in AeAl
differences in electronegativity. This is especially the case for gnd AeGa, respectively. The corresponding increases in the
Zn-containing systems where the electronegativity differences gistances of the multicentered, XX, bonds is from 2.66 to
are very low (see Table 2), but the differences in the coloring 2 73 A (AeAly) and from 2.63 to 2.71 A (AeGh Nevertheless,
energies are quite variable. Generally, the site preferencethe electronic structures of A@Xshow minor changes from
problem for the s-p bonded representatives of the Ba#jlpe Ae = Ca to Ba that are connected to the overall increase of the
appears to be more intricate than just being related to elec-o?»o[XA]z— network distances: increasing network distances im-
tronegativity differences. For some systems, the Ae componentyy 5 decreasing-sp bandwidth (the bottom of the valence
strongly influences site preference on the polyanionic network, hands rises by 0.7 eV with respect to the Fermi level when
i.e., the coloring energy decreases with increasing size of Ae. yoing from CaX to BaXs) and, as a consequence of the weaker
Electron count may also affect the magnitude of the coloring jnteractions between the network atoms, the width of the pseudo-
energy because for 12- and 14-electron systems with comparablgyapy diminishes as well. This is also reflected in the electron

electronegativity differences (Ae/Mg/Ga Ae/Mg/Si and Ae/ gensity between bonded pairs of network atoms, which decreases
Zn/Ga — Ae/Zn/Si), the 12-electron systems display a lower ¢omewhat when going from CaXo BaX4 (Figure 7).
coloring energy (and, therefore, a lower tendency to order) than

the 14-electron systems.

Electronic Structure Changes and Variations in the
Network. (a) 14-Electron Binary Systems.The densities of
states (DOS) and valence electron densities of the 14-electron
binary compounds, AeAland AeGa, in their calculated

For the Ae-X distances, which are available as Supporting
Information, the shorter AeX, distances increase faster with
increasing size of Ae than AeX, and become comparable in
value in the Ba compounds. Thus, the Ae coordination
polyhedron becomes increasingly spherical when going from
e ) e the Ca to the Ba compounds. As mentioned earlier, Ae
equilibrium structures are shown, respectively, in Figures 5 and -4 dination plays an important role for the stability of polar
6. The ovgrgll shapes of the DOS curves of the six Compou”dsintermetallic compounds. In particular, CaAind CaGado not
are very similar, and show a pronounced pseudo-gap at or very . staliize in the tetragonal Batype, but in a monoclinically
close to the Fermi level. This pseudo-gap separates bondinGyjsiorted derivative of this structut®.A possible reason for
from antibonding states:*?It is a characteristic feature in the ;s gistortion is an electronic instability that arises from an

DOS of many polar intermetallics and a consequence of strong g fficient coordination of the Ca ions in the tetragonal
covalent bonding (orbital overlap) in the polyanionic structures.

(42) Pauling, L.The Nature of the Chemical Bon@ornell University Press:
(41) Miller, G. Eur. J. Inorg. Chem1998 523. New York, 1960.
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Figure 5. Densities of states of the Baflype 14-electron binary compounds. Energies shown with respect to the calculated Fermi level.

3[X 42~ network. Apparently, this network is quite flexible to  ions and %8~ dimeric Zintl anions, which are isoelectronic to
encapsulate the differently sized Ae atoms, especially via the the halogen dumbbells. This gives the impression that the Mg
variable 2c2e bonded %X, distances. However, for the Ca compounds actually might correspond to semiconducting,
compounds the tetragonal network attains minimurXX valence compounds (Zintl phases). On the other hand, the
distances corresponding to equilibrium covalent bond lengths. electronegativity differences between the network atoms in
Consequently, the size of the resulting cages for Ca might be 2[Zn,X,]2~ are much lower and the valence electron density
too large for sufficient coordination thus driving a distortion to  distribution suggests polar covalent bonding within the poly-
a lower symmetric structure. We return to this point in a later anionic networks. However, comparing for Mg and Zn
section. compounds must be done cautiously: core electron density
(b) 14-Electron Ternary SystemsIn the 14-electron, ternary  appears in the plots because Zn 3d electrons are included in
representatives of the BaAlype, a divalent metal (Mg or Zn)  the calculations, but core density is missing at the Mg atoms.
occupies the Xsites of the polyanionic network and an element  The DOS reveals a more detailed picture of the actual bonding
from the tetrel group (Si or Ge) occupies thg sftes. To gain situation. There are two distinguishable differences between the
afirst impression of the change of the electronic structure when DOS for the ternaries, AeM&i, and AeMgGe, (Figure 9a),
the homonucleaf[X4]2~ network turns into a heteronuclear and the isoelectronic binaries, Aeind AeGa (Figure 5): (i)
3[(X1)2(X2)2]2~ one, we consult the valence electron density the valence s bands of the more electronegative network atom
distributions in SrMgSi,, SIMgGe,, SrZnpSip, and SrZeGe are energetically detached from the remaining bands and are
(see Figure 8). (Due to the small changesiwhen altering split and (ii) the pseudo-gap, which is either at or close to the
the Ae component, we take the Sr compounds as representativeEermi level, is broader but more shallow (above 2 states per
for all Ae compounds.) In the heteronuclear networks a transfer eV per cell). The latter finding contradicts an ionic description
of electronic charge between X1 and X2 is possible. The of the network (Mg" + X%7) and, indeed, the DOS of AeMg
2[Mg2X,]2~ networks appear as decomposed into2Mgat- Si and AeMgGe, have a considerable contribution from Mg

J. AM. CHEM. SOC. = VOL. 124, NO. 16, 2002 4377
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Figure 6. Valence charge distribution in the (100) plane of the BaAl
type 14-electron binary compounds. The charge distribution is presented
in a range between 0.0 and 0.8/&3 with contoursn x 0.04 e/A3.

3s and 3p states for bands within ca. 5 eV below the Fermi
level 23 The separation and splitting of the Si and Ge s bands in
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Figure 7. Variations in the interatomic distances-XX, (solid lines) and
Xa—Xp (dotted lines) in the investigated systems AgEKX,)2 (calculated
equilibrium structures). Open symbols represent calculated values, filled
symbols correspond to the experimental values of the known compounds.
(Top) 14-electron binary compounds AeAtircles) and AeGa(triangles).
(Middle) 14-electron ternary compounds Aepip (circles), AeMgGe
(triangles), AeZnSi; (squares), and AeZ@e, (diamonds). (Bottom) 12-
electron ternary compounds Aebfd, (circles), AeMgGa (triangles),
AeAlyZn, (diamonds), and AeZGa (squares).

the DOS of the Mg compounds arise from the mismatch between
the (low lying) s orbital energies of the more electronegative
atoms on the apical position and the (high lying) 3s and 3p
orbital energies of Mg in the basal position. Thus, the interaction
between Si/Ge valence s orbitals with the Mg 3s/3p orbitals is
diminished and, instead, they forag and oy orbital combina-
tions within X,;— X, pairs. Their dispersion, however, arises from
interactions with Mg orbitals: their bandwidths, which are
between 1 and 2 eV, are lowest for the Ba compounds where
the X;—Mg distances are largest.

The DOS curves of the Zn compounds in Figure 9b are very
similar to those of the corresponding Mg compounds, except
for the occurrence of Zn 3d states that are well localized at ca.
7.5 eV below the Fermi level. They are confined to a narrow
1.5 eV range (as in elemental Zh and do not decisively
interfere with the network-sp bonding. There is also separation
and splitting of the X s bands, but the interaction between
Xa p and Zn 4s/4p orbitals is somewhat stronger than that
between X p and Mg 3s/3p ones, as indicated by the slightly
larger dispersion of the bands in the part of the DOS above the
Zn 3d bands up to the Fermi level. This dispersion is around

(43) It is possible to calculate site projected densities of states from a plane
wave basis set when defining spheres around the atomic sites. The sum of
the volume of the spheres must be the same as the unit cell volume.
However, there is no unambiguous way to define sphere radii in binary
(and ternary) systems. We chose the relative sizes of the atom-centered
spheres according to the positions of the saddle points of superpositioned
Hartree potentials of the neutral atoms as provided from the program TB-
LMTO 4.6 (van Schilfgarde, M.; Paxton, T. A.; Jepsen, O.; Krier, G;
Burkhard, A.; Andersen, O. KProgram TB-LMTQ 4.6; Max-Planck
Institut, Stuttgart: Stuttgart, 1994). We found that the number of states
(integrated partial DOS up to the Fermi level) of the Mg sites in the ternary
compounds AeMgSi, and AeMgSi, (Ae = Ca, Sr, Ba) amount to between
15 and 25% of the total number of states.
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b)

Figure 8. Valence charge distributions in the (100) plane of the 14-electron and 12-electron ternary compougdeXaiX(a) SrMgSiy; (b) SrZnSi;
(c) SrMgAl,; and (d) SrAbZn,. The charge distributions are presented in a range between 0.0 and/A3aéth contoursn x 0.04 e /A3,

6 eV compared to about 5 eV in the Mg compounds. There- the binaries, the lengths of the 2c2e bonded contacts of tetrel

fore, bonding in the heteronuclear netwof§#g2X,]?~ and atoms in the ternary compounds are less variable. For /&a
3[Zn,X2)?~ is not so different as might have been expected the X,:—X, distances agree well with the value of single bonded
from the electron density distributions. If tfX 42~ networks ~ pairs (in the elemental diamond structures of Si and Ge, the

of the binary compounds are considered to be covalently bonded,Si—Si and Ge-Ge distances are 2.35 and 2.45 A, respectively.
those in the ternaries have a substantial ionic contribution. It is Note, the agreement between experimental and theoretical
a matter of taste to distinguish bonding }fizn,X]?~ and distances is worse for Ge systems than for the Si systems.) The
fq[Mgzxz 2= and describe the former as a polar covalent trend in the Ae-X distances in the ternaries is similar to that
network and the latter as a polarized ionic one. The most in the binaries: the shorter AeX, distances increase more with
important point is that because of the high polarizing power of increasing size of Ae than the A& ones and both distances

Mg?2*, a complete ionic description of the networkfVg.- become comparable in the Ba systems.

X2]>~ in terms of Mg" and X° (in the spirit of the ZintH- (c) 12-Electron Ternary Systems.Experimentally known

Klemm concept) is not appropriate. are the eight compounds Ae&in,, AeZnGa, SIM—5sGap+s,
Finally, compared to the binary alkaline eartiiel com- and BaMg-;Ga-s (0 = 0.3) (this work). Compared to the 14-

pounds AeX, the 2c2e bonded %X, contacts between tetrel  electron systems the electronegativity differences between the
atoms in AeMgX, and AeZnX; are considerably shorter than network atoms are lower and the coloring energies are smaller.
the X;—X, distances (see Figure 7b). Both types of distances Therefore, in 12-electron systems the divalent component may
are well separated and increase by ca. 0.1 A from Ca to Ba preferentially occupy the apical position as found in Agb.
compounds. Thus, contrary to the 2c2e pairs of triel atoms in Moreover, in 12-electron compounds the situation of optimum

J. AM. CHEM. SOC. = VOL. 124, NO. 16, 2002 4379



ARTICLES Haussermann et al.

10‘0 T 1] T T T T T T T T T T T T T T T T T T T T a)
= i 1 SrMg,Ge )
9 80F .
S - ]
L 60
'’ =
3
s 40 - 4
N L .
w2 L .
8 2.0 i ]

| Il 1 1] | ] ] i | | |

OO T T | T | T T T T T T b)
= i SrZn,Ge, I
3 i
> _ _
Q - m
w
8
< - .
z ] ]
72] . o
2 q |

f l I ! 1 Il § i 1 1 I | ) I I ! ! ] i

¥ 1 T 1 T 1 T 1 T T 1 T I T i T i 1 I T T C)
= - SrMg,Al, T+ SrMg,Ga, .
8 80+ : + -
> - —+ -
L 60+t + .
7]
8 L 4 i
N : 1
2]
& 20r 1 ]
Q - . -

0.0 1 ; —— 1 d)
= - SrAl,Zn, T SrZn,Ga, ]
8 80F —+ s
> - 4 -
L 60 - -
w2
8 - |
S 40+t - +
Zz L 1 i
9]

S 2.0 F T i
Q - =+ -
] | I | 1 1 1 l | | | 1 | i 1 I { 1 1 1 1

-10.0 -8.0 -6.0 -4.0 -20 0.0 -10.0 -8.0 -6.0 -4.0 -2.0 0.0 20

E-E, (eV) E-E; (eV)

Figure 9. Densities of states of (a) the Mg-containing Ba#\ipe, 14-electron ternary compounds; (b) the Zn-containing Béyple 14-electron ternary
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are shown with respect to the calculated Fermi level.

electron count is lost and the corresponding networks becomeunit presents the lower limit of electron count for theseps
electron deficient. In the DOS curves (shown in Figure 9, parts bonded, BaAftype representatives. Otherwise, the DOS curves
c and d, for the Mg and Zn compounds, respectively) the of the 12-electron ternaries are remarkably similar to those of
pseudo-gap is now situated above the Fermi level. Interestingly,the corresponding 14-electron ones. With the exception of
for most of these compounds the Fermi level (corresponding to AeAl,Zn,, the separation of the valence s bands of the apical
a band filling of 12 electrons per formula unit) is just above a atoms from the bulk DOS is less pronounced than in the 14-
steep change in the DOS, which suggests that a further decreaselectron ternary compounds. The valence electron density
of electron count would lead to a considerable electronic distributions (Figure 8) within the polyanionic networks for both
destabilization due to a large DOS at the Fermi level. This agreesthe Mg and the Zn compounds appear less polarized ghian
with the experimental observation that 12 electrons per formula the corresponding 14-electron ternaries.

4380 J. AM. CHEM. SOC. = VOL. 124, NO. 16, 2002
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The Xa—Xy, distances increase linearly by about 0.1 A when Table 3. SEN Values for Various AeX1,X2, Systems Investigated

going from Ca to Ba (see Figure 7c). The trend in the-X, compds SEN (AR) SEN (Pauling)
distances is more complicated. For the Zn compounds these 2c2€  Agmg, Al 1.43 1.43
contacts are very flexible: within AeZ6a, the Xa—X, distance AeMg; Ga 3 1.55 1.43
increases by 0.23 A (GaGa contacts) and within AeAZn, AeMg,Si, 1.45 1.50

. AeMg,Ge 1.60 1.50
by 0.32 A (Zn-Zn contacts). Consequently, thg-XX, distance AeAlLZn, 160 155
becomes longer thanX Xy, for BaAl,Zn, and BaZnGa,. The AeZm Gay.» 1.76 1.60
nonlinear rise of the Zp-Zn, distances in AeAlZn, further AeZn,Sh, 1.70 1.70

indicates that thé[Al ,Zn,]2~ network becomes too small for AeZnGe, 1.85 1.70

encapsulating B, which is supported by the experimental fact
that “BaAkLZn," actually cannot be obtained but rather BaAl
Zm g (Zn/Al mole ratio of 0.82). For the Mg compounds the
variations in the X—X, distances appear much smaller than in
the Zn compounds due to larger unit cells (i.e. network sizes)

in the Mg examples, which allows relaxation of the 2c2e nepyorks is primarily determined by the electron count and the
Xa—Xa cONtacts. degree of bonding polarity. 14-Electron compounds possess an
To summarize the trends in network distances for the three optimum electron count with all states filled up to the pseudo-
classes of compounds with increasing size of the Ae componentgap. 12-Electron compounds appear electron deficient in this
(Figure 7), changes of the XXy distances are rather small  respect and thus network bonding is weaker. The change from
and very similar for all systems, whereas thg-Xa distances  homonuclear networks to heteronuclear ones is accompanied
readily adapt to the size of Ae. The flexibility of the 2c2e by the creation of polar (multicenter) bonding within pyramids
contacts is lowest for pairs of tetrel atoms and highest for a X (X,).. Usually polar bonds (between different partners) are
pair of divalent Zn atoms. The trends in the A¥ distances  stronger than homonuclear ones provided the bond order is not
are similar for all classes. An essential question concerning the changed. With these considerations we may establish a sequence
12-electron (electron deficient) ternaries is whether the reduction of relative network bond strengths: 12-electron ternary com-
of electron count might influence the distances in the polyanionic pounds< 14-electron binary compounds 14-electron ternary
network. However, there is no unambiguous answer to this compounds.
question because the reduction of electron count is accompanied The nonexistence of the compounds AeMllg is surprising
by a simultaneous change in the bonding polarity within the at first sight. Experimentally we found variable compositions
networks as well as a change in the unit cell volume (i.e. size for SrMgAls,—x and BaMgAl,—x with x < ca. 0.9, ie.,
of the network: larger for Mg compounds, smaller for Zn compositions close to “AeMgAl’ Compared to the corre-
compounds). Comparing AezX, (X = Al, Ga) with the lowest ~ sponding Ga systems, where a much higher degree of Mg
bonding polarity and lowest volume change with the binary substitution is achieved (i.e. AeMgGa 3), the DOS of SrMeg-
systems AeX (X = Al, Ga) may reveal some information about Ga and BaMgGa; look very similar and no particular (inherent)
how the reduction of the electron count from 14 to 12 affects reason (apart from the formation of competing, more favorable
the homonuclear %X, distances. The exchange of Al or Ga ternary compounds) for the instability of SriviJ, or BaMg-
for Zn on the basal (¥ position increases the &tAl, contacts Al is noticeable. However, a closer look at the DOS curves of
by 0.02 A (Ca) to 0.04 A (Ba) and the GaGa, contacts by the Ga systems reveal that the bands are more dispersed and
0.02 A (Ca) to 0.09 A (Ba). For the pairs of Ca compounds also the Ga 4s bands are situated at a lower energy than the Al
CaAl,—CazZnAl, and CaGaCazZnGa, where the %X—X, 3s bands in AeMgAl,. This indicates that the interaction
distances are least influenced by the Ae component, the(bonding) between the network atoms is stronger in the Ga
reduction of electron count does not change the 2c2e bondingcompounds and becomes too weak in the Al compounds.
part in the network, but rather affects (weakens) multicenter Empirically, we can express this fact by defining a minimum
bonding within the pyramids XXy)4, which should reduce from  value for the (composition weighed) sum of the electronega-
5c6e bonding to 5c5e bonding. However, it seems to be tivity, SEN, of the network atoms. For any composition
dangerous to associate bond orders/bond strengths with distance8e(X1)«(X2)s—x, SEN is calculated as
because of their flexibility in this particular case. The distances

general, not possible. Thus, the following discussion of structural
stability of the BaAl-type compounds based on those parameters
is comparative.

Network bonding: Clearly, the bonding strength in the

in the polyanionic network of most of the representatives with SEN=[X(EN(X1)) + (4 — X)(EN(X2))]/4
the BaAl, structure type are primarily determined by the size
requirement of the Ae component. and listed in Table 3. Large SEN values are associated with a

General Stability Considerations. Following the ideas of ~ high degree of covalen¢yand thus a high bonding strength in
Seo and Corbétthere are three factors governing the stability the polyanionic network. For AeMgls—x SEN takes the value

of s—p bonded compounds with the Bafstructure: (1) the  1.43 for the composition = 0.9 (according to the Pauling and
strength of the bonding in the polyanionic network (i.e. the the Allred—Rochow EN scales, cf. Table 2). This value can be

covalent to polarized ionic interaction between X atoms); (2) considered as a minimum value and is connected with the lowest
the electrostatic interaction between?Aand the polyanionic bonding strength the polyanionic network can attain in a stable
network [X2-; and (3) the size match between Ae and its BaAlstype compound. For AeMgGa03a SEN value of 1.43
encapsulating cage created by the polyanionic network. These(Pauling) or 1.54 (Allred-Rochow) is obtained, which suggests
factors are rather empirical (chemical) parameters and their ., syen | ¢ ; capitani, J. F.; Kolks, G. A.; Sproul, G. D. Mol. Struct.
quantification in terms of total energy contributions is, in 1993 300, 647.
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140.0 115 A3 to at least 140 A For Ae= Ca, we propose that the
cage size obtained in CaAhnd CaGa (around 104 A) is
slightly above the upper limit and, thus, the tetragonal structure
undergoes a monoclinic distortion. The stabilization gained by
this distortion is very small. For Caflve obtained an energy
difference of just 2 meV per formula unit between the tetragonal
and monoclinic equilibrium structures, which is at the limit of
accuracy of the applied theoretical method. For Catis
energy difference is 8 meV/formula unit. Importantly, the
symmetry-lowering distortion leaves the equilibrium volume
virtually unchanged because the network connectivity is not
changed. For tetragonal Cafdnd CaGathe network size is
determined by the covalent, equilibrium bond lengths of the

130.0

120.0

Vcagc (AS)

110.0

100.0

90.0 . two different %—Xa and X—Xp contacts. As a consequence
MgyAl,  Aly  ZnySiy MgyGe, Zn,Ga, of the insufficient coordination (encapsulation) of 2Caan
Mg,Si, Al,Zn, Mg,Ga, Ga, Zn,Ge, electronic instability is introduced that drives a structural

Figure 10. Compilation of the volumes of the Ae coordination Fedorov transition. Monoclinic CaAd transforms to the tetragonal BaAl

polyhedra Vcagd in the investigated systems Aa{X(Xa). (calculated type reVerSibly in a continuous way at 443 K, which was studied
equilibrium structures). Solid symbols represent experimentally known in detail by Miller et al'® For the (hypothetical) compounds
e e or i Bk T donts e CaMGAlS and “CaligCay with even lrger unit cell
the lower size match boundary of Baand the broken line marks the upper volumes than CaAland CaGa the cage sizes are t0o blg for
size match boundary of €a matching the volume of Ca.
According to our results, 3t matches a range of cage

that they are at the borderline of minimum network bonding volumes from at least 1033Kin SrZnGe) to at least 123 A
strength. We could corroborate this hypothesis by investigating (SrMg,G&). The upper limit for a Fedorov polyhedron based
the system BaMgdn,—,. Indium has a comparable electronega- cage is exceeded in the newly discovered compound,;,5rin
tivity to Al and we found the maximum content of Mg to be which adopts the monoclinic Eupitype structureé® and S#+
very close to that for the systems SrpAdy—x and BaMgAl 4—.*® is located in cages which are defined by five-membered rings

Madelung interaction: The amount of stabilizing electro-  rather than by six-membered ones as in the Babe.
static interactions between Ae cations and the negative chargelnterestingly our recent experiments in the system grizny
on the network sites is primarily determined by the network yielded the compound SH&n, with the BaAl, structure’® The
polarity and, to a minor extent, by the size of the network (i.e. substitution of In by Zn leads to a considerable shrinkage of
the distances between cations and anions). Madelung energythe unit cell, and enables Bragain to match the size of the
calculations suggest that the amount of stabilizing electrostatic Fedorov polyhedron based cage, which has a volume of about
interactions increases with increasing charge separation on thel25 A3 in Srln,Zn,. The system SrZins—y further offers the
network sites. Therefore, among the ternary 14- and 12-electronpossibility of determining the upper limit of the size match
compounds, the electrostatic stabilization is larger than for the between Si™ volume of this kind of cage when the composition
binary 14-electron compounds (especially for the Mg com- is more In rich. This is currently under investigation.
pounds with the highest network polarity). Consequently, 14-  No representatives are yet reported for Ag&ip which
electron ternaries with an optimum electron count and the would generate the smallest unit cell volumes for these s
highest amount of Madelung interaction have the prerequisites BaAl,-type systems. However, the cage size provided by
for highest structural stability among the-g bonded com-  2[Zn,Si;]2~ should be appropriate to match the volumes of
pounds with the BaAltype. C&" and possibly also that of 8r, so compounds Caz8i,

Volume and size relations: The size match between and SrZaSi, might actually exist, provided they are stable with
electropositive Ae and the encapsulating cage formed by therespect to decomposition reactions in the ternary phase diagram.
network represents an important chemical parameter determiningThis holds also for compounds Sri¥®j, and SrMgGe,.
structural stability. We may simply define the volume of this Compounds BaZi$i, and BaZaGe;,, with too small cage sizes
cage as the volume of the Fedorov polyhed®difrigure 1), for Ba?*, could probably be synthesized by high-pressure
which corresponds to half of the unit cell volume. The cage techniques; their DOS curves do not exhibit any electronic
sizes as summarized in Figure 10 reveal an astonishinginstability.
variability, which is basically due to the flexible 2c2eXX, Site preference revisedin the ternary compounds the apical
contacts. For Ae= Ba the smallest cages occur in Bazh, (Xa) network position is preferentially occupied by the element
and BazZnGa (V = 115 A3), which probably represents the that forms the stronger homonuclear 2c2e contacts. The ability
lower limit for matching the volume of Ba. This is suggested  of an element to form strong 2c2e bonds scales with its

by the nonlinear increase of the ZZn, distance in AeAlZn; electronegativity and, indeed, of the pair of network forming
from Ae = Ca to Ba. Among the systems reported here, the atoms, the more electronegative one occupies the five-
largest cage volume for Ba is obtained in BaMgGa (V = coordinated X position. However, site preference as expressed
132 A3). However, in Balg®s the cage size reaches 148 dnd, by the coloring energy in Figure 2 is also influenced by the

thus, the size of B matches a range of cage volumes from size of the Ae component. There is a linear decrease of the

(45) Haissermann, U., to be submitted for publication. (46) Fornasini, M. L.; Cirafici, SZ. Kristallogr. 199Q 190, 295-304.
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coloring energy for most of the Mg-containing systems (AgeMg  metallic state. Structural stability of polar intermetallics involves
Si, AeMg,Ge, AeMg,Ga, and AeAbZn,) with increasing size a complicated interplay among different factors. We have
of Ae, while in others (AeMgAl,, AeZnSip, AeZnGe, and analyzed in detail variations of the electronic and atomic
AeZn,Ga) itis roughly independent of Ae. If the two networks  structures in the-sp bonded, BaAtype polar intermetallics,
3[X12X22)2~ and3[X2,X1,]2 are either not influenced at all ~ AeX(I1l) 4, AeX(I1) 2X(1V) 2, and AeX(l1X(Ill) » (Ae = Ca, Sr,

or both affected to the same degree by encapsulatéd, Aee Ba; X(Ill) = Al, Ga, In; X(Il) = Mg, Zn; X(lll) = Si, Ge).
coloring energy should not depend on the size of Ae. On the Their structure is composed of an ZAecation that is encap-
other hand, when the two networks are affected differently by sulated by a polyanionif[X 42~ network featuring localized
Ae?", site preference becomes dependent on the size of Ae.2c2e as well as delocalized multicenter bonding. Compared to
Now, we can understand why site preference depends on AeZintl phases, which can be described by localized bonding within
for most of the Mg systems, but does not for most of the Zn the polyanionic framework, there are two main differences
systems. In hypothetica][X,Mg2]2~ networks with Mg on concerning the factors governing the formation of these polar
the apical position, the cage size for encapsulatedAe intermetallic BaAl-type structured (i) there is a considerable
considerably larger compared to the more stable distributions weakening of the status of valence electron count as the
3[Mg2X2]2~. This is because the %X distance is quite long ~ predominant structure determining parameter and (i) the
for X = Mg (the X;—Xp, distances between multicenter bonded polyanionic network can readily adapt to differently sized cations
atoms are about the same in both networks). Thus, the size ofwithout structural change. Although the optimum electron count
Ae will not affect3[X,Mg,]2~ networks to the same extent as of s—p bonded BaAttype systems is 14 electrons per formula
fo[Mgzxz]Z— networks with smaller cages. On the other hand, unit, which separates network bonding states from antibonding
cage sizes are not very different f3fZn,X2]2~ and 3[X- states by a pseudo-gap in the DOS, there do exist an extensive
Zny]2~ because the %X, distances are comparable fog, % number of 12-electron examples with electron-deficient network
Zn and p-element. Thus, the size of Ae affects both networks bonding. As valence electron count changes in Zintl phases (by
to about the same extent and the coloring energy is independenghemical substitution), the connectivity within the polyanionic
of Ae. This idea holds also for AeMgl, and AeAbZn,, where network changes. Furthermore, the flexibility of the polyanionic
the Zn compounds exhibit Ae-dependent site preference but theframework in these Baitype examples is evident by the nearly
Mg compounds do not. The longestXX, contacts occur for ~ 15% increase in volume for Aefdn; and AeZnGa between

Al whereas Zn expresses rather shost-X, bonds. Therefore, ~Ae = Ca and Ba. This flexibility also is in contrast to Zintl
the 2[Al,Zn;]2~ network provides a smaller cage than the Phase networks in which the size of the cages provided for the
3[Zn,Al ;)2 network, and is more affected by the size of the cations is rather rigid and typically a particular polyanionic
encapsulated &&. On the other hand, cage sizes for AeMg net_vvork cannot match an extended series of differently sized
Al are about the same for both distributions and the coloring €ations.
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The large family of polar intermetallic compounds is distin-

gu'_Shed by an ex_ceptlonally ”Fh Vanety of different SthtureS’ (47) Kauzlarich, S. M., EdChemistry, Structure and Bonding of Zintl Phases
which accompanies the transition from the nonmetallic to the and lons VCH: New York, 1996.
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