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The ternary phase EusBi(Sni—,Biy)s (~0 < x < ~0.15) has been synthesized by solid-state methods at high
temperature. The crystal structure of the limiting EusBi(Sns39Bios1) has been determined by single-crystal X-ray
analysis to be isopointal with an inverse-CrsBs-type structure [space group /4/mem, Z = 4, a = 8.826(1) A, ¢ =
12.564(3) A, and V = 978.6(3) A%]. The structure contains slabs of three-bonded Sn/Bi atoms as puckered eight-
and four-membered rings interlinked at all vertices, and these are separated by planar layers of individual Eu and
Bi atoms. In the normal (stuffed) CrsBs-type analogue EusSnsH,, these two units are replaced by a more highly
puckered network of Eu cations around isolated Sn atoms and planar layers of isolated Eu atoms and Sn dimers,
respectively. Band structures of limiting models of the phase calculated by TB-LMTO-ASA methods show a metallic
character and indicate that the mixed Sn/Bi occupancy in the slabs in this structure for x > 0 probably originates
with the electronic advantages of the pseudogap that would occur at the electron count of the ideal Zintl phase
EusBi(Sn3Bi). The stability of a competing phase reduces this limit to Eu3Bi(Sns4Bigs).

Introduction been studied. Of course, the bonding and properties of Zintl
Interest in the compounds of main-group elements has phases may be maore complgx; some interesting examples
been a persistent highlight in solid-state chemistry becausef)urn .OUt Ito bel rgetalhc, and their bonding cannot be explained
of their rich structural varieties and interesting properties. y simpié rules. : : :

In particular, combinations of main-group p elements with Our recent explorations among stannides in the presence
eIectropositi’ve s-block metals (& alkali; Ae = alkaline of dipositive cations have yielded several novel compounds
earth) or some rare-earth (R) metals' often yield polar With unique bqnding characteristics, particularly when mixed
compounds (salts) with structures that can be rationalizedcatIons or mixed main-group element_s are employed t_o
by Zintl concepts. In these cases, major valence electrongenerate hew struciure types of 1o give mare electronic

' flexibility to the polyanions. Cations of different sizes earlier

transfer from the active metals to p-block elements often . .
generates polyanions that obey octet rules, and the producté‘ﬁorded the novel GaMgssSry with chains of Sn squares,

are usually presumed to be diamagnetic semicondutidrs. alnd a dmﬁreil rgcen; ex?\ﬂmglecls theY(EIect.rt(r)]n—nch bltj.t pst(_eudo-
combination of two p-block elements is an effective way to closed-shell BeM,Srs, M = Ca or Yb, with serpentine tin

achieve new anion substructures, such as are found in theChaIns that also interact significantly with MSimilarly, a

large number of more or less classical compounds in the new electr_onic situation i? aﬁorded_ by mixed main-group
corresponding mixed p-element systems-8I, AlI—Ge, Sn- elem_ents n _the_ EuS_n—B| system in t_h_e present phase
Sb, etc3 although in the present group 14/15 system, only EU?’_B'(Snl‘XB'X)“ in which the atom positions are those of
the relevant A-Sn—Sb or A—Sn—Bi systems appear to have an inverse-GBs-type structure (space groug/men). The
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Synthesis, Structure, and Bonding of EBi(Sn,Bi)4

only analogous SnaBi combinations studied to date appear
to be the more classical,(SnBi], which contains (SiBi,)*~
units, and KqSmBig] with a NacSi,Ps-type structure in
which the anions are [$Big]'°" units built of edge-sharing
SnBi, tetrahedrd. The present phase is, to our knowledge,
the first Sr-Bi combination in any rare-earth or alkaline-
earth metal systerf.

CrsBs-type structures are exhibited by over 40 binary
compositions MX3.° The tetragonal structured4{mcm)
contain equal portions of isolated and dimerized anions
(dumbbells) in the relevant family of alkaline-earth (Ae) and
divalent rare-earth (R) metal tetrelidesTAs (Tt = Si—Pb).
These were first assessed as Zintl phases[(AELS Tt ],
but many were later found to be metallic and without such
electronically simple dianions, and some were actually
ternary hydrided®'! In addition, InBis,*? TlsTes, and Tk-
Se, ¥ which are isopointal with GB3z (14/mcr), exhibit very
different cell proportions from other examples, and they also
lack dimers. These effects have led to a division of the so-
called CgBs-type family into two subfamilies according to
their c/a ratios!® The major C¢gBs-type subgroup is charac-
terized byc/a ratios of ~1.76-1.96, and the minor BBis

Table 1. Inverse-CgBs-Type Phases Studied

lattice dimens

loaded refined

composition composition a A c, A vV, A3
EWwSrSnBi®  ElsShsBi(SnsBioeg 8.855(1) 12.638(3) 990.9(3)
EwSnsBio® none 8.781(1) 12.438(3) 959.1(3)
EusSnyBi?2 EwsBi(Sns.odBio.01) 8.803(1) 12.455(3) 965.1(3)
EwsSnsBis? EusBi(Sns sdBio.61) 8.826(1) 12.564(3) 978.6(3)
EwSnBi3 other phases
EwSnBis other phases

aLattice dimensions from single-crystal dafd.attice dimensions from
the selected powder diffraction peaks.

were first heated to 94€C, held for 12 h, then cooled to 80C

at 10°C/h and held there for 168 h, and finally slowly cooled to
room temperature. Reactions were also run under a dynamic vacuum
condition to exclude any possible hydride problems, and the same
products were obtained.

Preliminary investigations of possibly related compounds in the
Sr—Sn—Bi, Yb—Sn—-Bi, and Ba-Sn—Bi systems revealed only
other types of products. A §n,Bi composition yielded a novel
compound SrSMHBis1® YbsSnyBi and BaSnBi compositions
produced (Yb,Ba)SnBis phases with HaGep-type structures as
well as BaSns'” with a PuPds-type structure in the latter system

subfamily, by smaller values of around 1.45. Some ternary and other unknown phases. The title phase did not form with Pb

derivatives are also known in thesBiz branch, mostly for
TlsTes, €.9., PbTJTe;, BiTlgTes, SbThTe;, some of which
crystallize in other space groupd/m, P4/ncc or Ibam?3
Presumably, the BBis; subgroup members are notably less
polar in their bonding than the majority.

In contrast to the large number of compounds witkBat
type structures, inverse-§B; types are very rare. To date,
only LasGeln'* and R(Ga..Ge.3) (R = Tm, Lu)*® have been
reported with this structure. Both haek values comparable
to those of the 1gBiz subfamily, but this result appears to

or with Sh. Experiments in the SEu—Sn—Bi system showed that
the cations could be mixed but only for a relatively small amount
of Sr, ~25% according to a single-crystal refinement.

Powder X-ray Diffraction and Phase AnalysesPowder X-ray
diffraction patterns were obtained from samples mounted in the
glovebox between pieces of Mylar so as to protect them from the
atmosphere. A Huber 670 Guinier Powder camera equipped with
an area detector and CucKradiation § = 1.540 598 A) was
employed to obtain quality data. (Lattice constants generally agreed
with those from the Bruker diffractometer within a fewfor the
separate values.) The reported phase was first detected in the

be unrelated. We here report the synthesis of a third inverseproducts of an exploratory synthesis with the compositiosSEsn-

example, EBi(Sn—,Biy), over a composition range, and the
single-crystal refinement of EBi(Sns 4Big¢). The electronic

Bi,. Several single crystals were obtained from this, all of which
crystallized with an inverse-gBs-type structure. After the structural

bonding requirements of the phase are also analyzed byanalysis was completed, a series of reactions with only Eu as the

means of ab initio TB-LMTO-ASA calculations.

Experimental Section

Syntheses EwBi(Sm—Biy)s samples were prepared by solid-

cation were conducted to obtain useful crystals and some idea of
any phase width.
The selection of data given in Table 1 suggests some composition

variability. First, powder X-ray analyses of the products showed
that a EyBi(Sm—4Biy)4 phase formed for the loaded compositions

state reactions of the elements Eu (99.9%, Ames Laboratory), Bi gy,gp, Bi, s EwsSnBi, and EuSnBi,. However, no such pattern

(99.999%, Alfa-Aesar), and Sn (99.9%, Alfa-Aesar). All manipula-
tions were performed in nitrogen-filled gloveboxes with moisture

was found with EgSnBiz and EuSnBi, compositions, rather a
Ho1:Gegtype phase. The target phase constituted up to 80% for

levels below 0.1 ppm. Each sample was loaded into a tantalum ihe |paded composition BRI(SnyBig) in terms of the relative X-ray
container that was subsequently arc-welded shut under an argorycattering powers but only about 20% forsBy £Bios Therefore,

atmosphere and then sealed in an evacuated silica tube. Sampleg,q composition within the EBi(Sm_«Bi). phase is probably in

(7) (a) Asbrand, M.; Eisenmann, B. Naturforsch1996 51b, 1301. (b)
Asbrand, M.; Eisenmann, E. Kristallogr. 1993 205, 323.
(8) ICSD: Fachinformationszentrum, Karlsruhe, Germany, and the Na-
tional Institute of Standards and Technology, Washington, DC, 2006.
(9) Villars, P.; Calvert, L. D.Pearson’s Handbook of Crystallographic
Data for Intermetallic Phase2nd ed.; American Society for Metals
International: Metals Park, OH, 1991.
(10) Leon-Escamilla, E. A.; Corbett, J. Inorg. Chem 2001, 40, 1226.
(11) Mudring, A.-V.; Corbett, J. DJ. Am. Chem. SoQ004 126, 5277.
(12) Kubiak, R.Z. Anorg. Allg. Chem1977, 431, 261.
(13) Bdtcher, P.; Doert, Th.; Druska, Ch.; Bradtheo, S.J. Alloys Compd.
1997, 246, 209.
(14) Guloy, A. M.; Corbett, J. Dlnorg. Chem.1996 35, 2616.
(15) Venturini, G.; Welter, RJ. Alloys Compd200Q 299, L9.

the range of 0< x < 1 or perhaps somewhat into a negatiwve
range. (Linear extrapolation of the cell volumes suggests on the
order of 25% substitution of Sn into the Bi position in the second
Bi-poor sample listed, but no single crystals were located.) Several
single crystals were obtained from the ;6wBi and EuSnsBi;
reactions. Although the exact solid solution range has not been
determined, refinements of data from these two showed that mixed
Sn'Bi occupancies occur only on the I1ositions and no other.

(16) Ge, M.-H.; Corbett, J. D., unpublished research.
(17) Klem, M. T.; Vaughey, J. T.; Harp, J. G.; Corbett, J.lorg. Chem
2001, 40, 7020.
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Table 2. Summary of Some Data Collection and Structure Refinement
Parameters for EBi(Sns.3Bio.61(3)

Ge and Corbett

Table 3. Atomic Coordinates ¥ 10% and Isotropic Equivalent
Displacement Parameters{A 10%) for EwSrs sBi1e1(3)

EuSrz 3Bi1.e1
1193
14/mcm (No. 140), 4

empirical formula

fw

space groupZ

unit cell parameters (A)

a 8.826(1)

c 12.564(3)

cla 1.424
volume (&) 978.6(3)
density (Mg/n3) 8.098
w(Mo Ka)) (mm~2) 55.905
measured/ indep. obs. refl. 1990/202

R1, wR2 (all data) 0.0178, 0.0377

For the former Sn-richer sample, two refinements of single-crystal
data from the EsBi(SnyBig) product revealed a composition £u
BiSn, (details in Table 1 and the Supporting Information) with
substantially pure Sn on site [18n detail, the mixed SnBi2
occupancy at 16was 0.99/0.01(1), and for the BBnl £ site,

0.97/0.03(2). Both sites are therefore single element statistically.

For loadedx = 0.25, EyBi(SnsBi), several single-crystal data sets
yielded compositions of around ERi(Sns 4Big.s) [=EWBI(Shp g5
Bio.154], and the other major product was a HBe o-type phase.
The former should represent the Bi-rich limit, making<Ox <

Wyckoff X y z Ueq) sof
Eul -] 0 0 2500 10(1) 1.00
Bil 4c 0 0 0 12(1) 1.00
Eu2 & 3399(1) 8399(1) 0 12(1) 1.00
Sn/Bi(2) 16 1437(1) 6437(1) 1861(1) 12(1) 0.848/0.152(8)

Table 4. Selected Interatomic Distances for 3Bi(Srz 3Bio.61(3)

atom1l  atom2 d(A) atom1l  atom2 d(A)

Eul  2Bil 3.1410(6)  Bil 2Eul  3.1410(6)
8Sn/Bi  3.4844(7) 4Eu2  3.3159(6)

Eu2  2Bil 3.3159(6) Sn/Bi  4Sn/Bi  3.002(2)
2Sn/Bi  3.386(2) 2Sn/Bi 3.102(2)
4sn/Bi 3.560 (1) Eu2 3.386(2)
Eu2 3.996 (1) 2Eul  3.4844(7)

2Eu2  3.560(1)

overlap default. The Eu 4f orbitals were treated as core levels. An
ordered distribution of Sn and Bi iRl symmetry was utilized for
the latter calculation.

Results and Discussion
Structure Description. Tetragonal EgBi(Sm—,Biy)4, ~0

0.15. (More details appear in the crystallography section below.) < x < ~0.15, represents the third example of an inverse-

Energy-Dispersive X-ray (EDX) SpectroscopyEDX analyses
of six single crystals picked from products of loaded reactions Eu
SnBi, and EuSnBi all confirmed the presence of Eu, Sn, and Bi,
~EwSn; 6Bi; > in the former. Sr was also present in single crystals
from the (Eu,Sr¥Sn,Bi)k reaction.

Single-Crystal Structural Studies. A silver-gray crystal (0.09
x 0.15 x 0.20 mn¥) was selected from the products of a loaded
composition EgSnsBi, and was sealed into a thin-walled glass
capillary under nitrogen. Data collection was performed on a
SMART APEX CCD diffractometer (Mo K radiation, graphite
monochromator) at 293 K. Initial cell constants and an orientation

CrsBs-type structure. In this instance, we can make a useful
and direct comparison with the structure that has been refined
for EusSnsH, a normal CgBs-type that is stable for these
two metals only as the stuffed hydriéeThe basics of the
two structures are illustrated in Figure 1 in views along
[100] and in Figure 2 in projections roughly along [001].
The contrasts are emphasized by heavier red lines that mark
bonds (closer interactions) in each, together with thin black
lines that mark former interatomic bonds in the other type.
The numbers (in angstroms) relate distances that change

matrix for data collection were determined from the least-squares markedly during this interconversion.

refinement of the setting angles of 25 centered reflections. (Final

lattice constants were generally within 0.01 A of the Huber result
for 10-15 A axial lengths.) The diffraction data were corrected
for Lorentz and polarization effects and for absorption with
SADABS® The space group was determined toldgncmon the
basis of systematic absencEsyalue statistics, and the satisfactory

refinement of the structure. The structure was solved by direct

methods $HELXS, which revealed all Eu, Sn, and Bi atoms. The
structure was refined by least-squares method§& grultimately
with anisotropic displacement parameters, with the aid of the
SHELXTLpackagé? Further refinements suggested that three sites
were fully occupied by single atom types, whereas tHesité (St

The structure of EsBi(SnsBios) (Figure l1la) can be
described in terms of puckered EugQRio¢) slabs centered
aroundz = (Y4, %4) that alternate along the direction
(vertical) with EyBi layers of separate Eu2 and Bil atoms
atz= (0, %,). The Eu(SrBi), slab is defined by SBi atoms
in a single 16 site that generate a puckeréd;s SnBi
network made up of eight-membered rings centered by Eul
and interconnected via four-membered rings (flattened
tetrahedra) at all vertices (compare Figure 2a). All of the
Sn/Bi atoms are three-bonded, and the overall array can be
described as antisymmetric pairs 6#34 nets separated by

Bi2) had a mixed occupancy. Final difference Fourier maps showed intervening mirror planes,x( y, %,), for instance. The

featureless residual peaks 6f1.532 and —1.069 e/R. The

distances within the four-membered rings are 3.003(2) A,

parameters for data collection and refinement are summarized inand in the eight-membered rings, alternating values of 3.102-
Table 2, the atomic coordinates and isotropic displacement param-(2) A and the common 3.003 A. The internal angles in the
eters are listed in Table 3, and the main interatomic distances arefour- and eight-membered rings are 73.37(8)d 103.55-

given in Table 4. More details regarding the crystallographic studies
and anisotropic displacement parameters appear in the Supportin

Information (CIF).

Theoretical Calculations. The band structures for the composi-
tions EuBi(Sm-«Biyx)4, X = 0 and 0.25, were calculated according
to TB-LMTO-ASA methods with the aid of the Stuttgart LMTO
47 progrant? No interstitial spheres were necessary within the 18%

(18) Blessing, R. HActa. Crystallogr.1995 A51, 33.
(19) SHELXTL Bruker AXS, Inc.; Madison, WI, 2000.
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2)°, respectively. These St&n distances are consistent with
ther three-bonded examples, for instance, 3.044 A in8rSn
and 3.00 A in the base of the approximately square-pyramidal
anion in (metallic) AeSrs (Ae = Sr, Ba)*"?2 Single bond
Bi—Bi distances would be longer, such as the 3.22, 3.27,

(20) Tank, R.; Jepsen, O.; Burckhardt, H.; Andersen, OPiogram TB-
LMTO 47; Max-Plank-Institut fo Festkoperforschung; Stuttgart,
Germany, 1994.

(21) Hoffmann, S.; Fssler, T. F.Inorg. Chem.2003 42, 8748.
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Figure 1. Crystal structure of (a) BBi(Sre.4Bio¢) (inverse-CeBs-type) and (b) EsSreHy (CrsBa-type) viewed along-[100]. Distances (A) mark what are
important bonds (red) in one structure and the corresponding large interatomic separations (light lines) in the other.

Figure 2. Sn/Bi network in a~[001] view in tetragonal (a) EBi(Sns 4Bige), and (b) EgSrsHo. The Eu2 (olive) atoms alternate with Sn/Bi2 (red) in the
slabs along: in the former and, likewise, Sn (red) alternates with Eu (yellow) in the “slabs” atongthe latter.

and 3.29 A distances in the formal Bthain in EuBj?3 and

in the Bi* squares and B~ dumbbells in SpBijo,?*
respectively. Clearly, Sn/BiSn/Bi distances of 3.00 and 3.10
A in the titte compound are reasonable for an 85% Sn
occupancy.

Important bonding relationships also exist between the
Eu2-Bil layer and the Sn/Bi2Eu2 slabs, as would be
expected. Eul and Bil alternate along (0, 2Zp,with a
separation of 3.141 Ac(4), whereas (as noted beféfethe
Eu2 atoms in the planar layer lie nearly directly below and
above Sn/Bi2 atoms on the far sides of the adjoining
puckered layers, as can be perceived in Figure 2a and in
part of the Eu2 local environment illustrated in Figure 3.
This gives Eu2 three closer Sn/Bi neighbors in each of the

Figure 3. Interslab orientation and distances between Eu2 and the adjoining

(22) Zircher, F.; Nesper, R.; Hoffmann, S.;$=er, T. FZ. Anorg. Allg. Sn/Bi pu.ck-erfed layers. The extreme angle-&74.
Chem.2001, 627, 2211. two adjoining slabs at 3.386(2) and 3.560(¥)2) A. The

(23) Sun, Z.-M.; Mao, J.-GJ. Solid State Chen2004 177, 3752. . . . . -
(24) Derrien, G.; Tillard-Charbonnel, M.; Manteghetti, A.; Monconduit, Eu a“gnmem is close to ideal, with the angle SrfBLU

L.; Belin, C.J. Solid State Chen2002 164, 169. Sn/Bi being 174, but the [Sn(Bi)} triangles are appreciably
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distorted, with internal angles that differ by 24'he above TmsGe(Ge,Ga.,) versus a fairly normat/a = 1.84 for Eu-
Eu—Sn/Bi distances are comparable to those in the slabs,SnsHx. This characteristic of inverse-{Bs-type structures
3.484(1) A. has nothing to do with the presence of similarly @@
Mixed-atom occupancies of the [1&ite in the title values for what has been labeled theBin subgroup among
compound range between 15% Bi (85% Sn) and essentiallystandard GBs-type example$?
zero Bi. In the earlier inverse example,sGeln,'* substitu- Bonding. Bonding in this small group of inverse-§B&s-
tion of up to 75% of the neighboring Sn for In in the same type compounds is additionally interesting because the three
16 site still provided high yields of the same structure and have similar electron counts, and two are known to be stable
with no involvement at the @ Ge site. The final product into electron-poorer regions insofar as Zintl formulations and
was still Pauli-like in its magnetic susceptibility and hence simple octet criteria are concerned. Furthermore, the present
evidently metallic but much less so than with one less Sn. Bi-richer result has a Fermi energy close to a consistent
(It should be remembered that such compositional variations, pseudogap in the densities-of-states (DOS), one that, in fact,
or the lack of the same, may be critically dependent on the corresponds to the electron count of the ideal Zintl phase
stabilities of alternate phases as well.) (below). Thus, these pseudogaps represent more reality in
Comparable variations in compositions for the isotypic those situations in which a Zintl phase composition pertains,
Tm;Ge(Ge,Ga.,) are probably also possible. However, the but the phase still has a nonzero DOSEatand a metallic
latter mixed Ga/Ge distributions were naturally not quantified conduction. The title phase has 27.4 valence (p) electrons at
in the single-crystal X-ray study; rather 100% Ge in tlee 4 the Bi-rich limit (e/a = 3.42),~0.6 electrons short [3(2)
site and a 50/50 Ga/Ge proportion in thd pésition were 3—3.6(1)] for an ideal Zintl phase (28e). (Eis assumed;
assumed?® That composition fell within the range of EDX  the oxidizing El!l' would be very unlikely in the presence
analyses obtained for this phase in (nonequilibrium) samplesof anionic Sn and Bi states.) The similardGeln, (25e) is
in which it was admixed with four other phases, but the three electrons short, but further investigations at the same
existence of a composition range was not considered. time showed that Sn could be substituted fot 6 with
Structure Comparisons. The similarities of and distinc-  high yields up through L#&SelnSn, at which point the
tions between the antitypes fBi(Sns 4Bio¢) versus EsSrgHy composition is ideal and precigt.In fact, this limiting
are readily judged from the comparisons in Figures 1 and 2. sample is evidently a poor metal, fairly typical for nominal
Both crystallize in the same body-centered tetragonal systemZintl phases of these and earlier elemér®nly 2D EHTB
(14/mcm) and with the same four independent crystal- calculations were made on the isolated®tnlayer in La-
lographic sites occupied, but the antitype relationship meansGelr, and these indicated a notable gap at 28e, a common
that the stoichiometric proportions (3:5 vs 5:3), the roles of overestimate with this method and model. The assigned
the so-called cations and anions, and important covalentcomposition TrgGe(Ge.,Ga.») is only 0.7e deficient, but
bonding relationships are all reversed. Thus, position typesthis is presumably a coincidence.)
and numbers for Eu here take on former isolated and dimeric To better understand the chemical bonding insBiu
Sn functions, whereas the present Sn/Bil\Xhd Bi (&) (Smi—,Biy)a, several calculations were performed according
positions relate to earlier Eu-only functions (or ofMin to TB-LMTO-ASA methods? Electronic band structures
other isotypes). Perhaps the most prominent feature of thiswere calculated for three compositions to clarify the above
particular ATts family is the presence of dimers of the tetrel problems: first, for “EgBi(SnBig)” containing only Sn on
element, (Sn3)in this case ¢ = 2.88 A), whereas each of site 16 and, second, on the hypothetical limit “fBi(Sne-
the equivalent Eu2 atoms here has undergone a displacemerii)” (in reducedP1 symmetry) with (ordered) 3:1 Sn/Bi on
of over 0.5 A in thex—y plane to eliminate the dimer feature. what were formerly 1Bsites. These two examples straddle
This not only reduces what would otherwise be a strong the experimental upper (electron-richer) Sn/Bi limit inl,16
intercation repulsion but also allows more favorable align- 85:15. Finally, the composition BBi(Sns sBio.s) with a 7:1
ment of Eu2 with Sn/Bi atoms in the adjacent puckered ordered mixture gave a close approximation to the experi-
anionic slabs (Figure 3). Likewise, clear repulsions between mental value of 3.6:0.4 and a close match of the gapEnd
Eu cations in the puckered slabs ofl Hu in the 5:3 phase  (not shown).
(which are held together by isolated Sn1 anions) are replaced The first two band structure calculations exhibited the
by abondedSn/Bi polyanionic layer now centered by Eul. characteristics of a metallic phase, consistent with the simple
This alteration clearly decreases the thickness of eachelectron counting. For EBiSn, Figure 4a,Er cuts the
puckered layer by 1.42 A, from 3.024 A in E&nsH,2° to shoulder of the valence band at 108e, below the DOS
1.606 A in EuBi(Sns.4Bios). The compactness between the minimum of~112e Z = 4), whereas the results for the £u
slabs also increases, as can be judged from the decreaseBi(SnsBi) equivalent put the Fermi level very slightly above
distances between the atoms that alternate along (8, 0, the calculated DOS minimum and at the ideal 112e (Figure
3.77 A for Eut-Sn1 in EuSnsH, versus 3.141 A for Bit 4b). These results clearly show the advantages of a rational
Eul in the antitype, even though the intrinsic anionic radii Sn/Bi mixing that takes the system closer to the pseudogap.
of the p elements presumably increase from Sn to Bi. TheseThat the ideal composition slightly exceeds the experimental
collective effects are clearly responsible for the correspond- limiting composition probably occurs because the actual limit
ingly smaller values forc/a in these three inverse-6Bs- is determined by the relative thermodynamic stabilities of
type phases, 1.424 here, 1.445 ingGealn, and 1.398 in competing phase(s) in equilibrium at that point, the observed

6868 Inorganic Chemistry, Vol. 46, No. 17, 2007
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Figure 4. Graphical representation of the results of TB-LMTO-ASA for (apB(Sny) and (b) EyBi(SnsBi). The projected DOS (PDOS) are Sn (red),
Bi (green), and Eu (blue) (left). The crystal orbital Hamiltonian populatie@QHP) plots (right) pertain to the two independent bond distances between
Sn/Bi(2) atoms in the layers (black, red) and to E®L1 bonds alongs (green). The Fermi levels are at 108 and 112 e/cell, respectively.

Eui1(Sn,Bi)o (Ho:Geo type?® in particular, not by the  alkaline-earth metals in some &g; examples! Ba(Mg,-
electronic structure alone. In both models, Sn, Bi, and Eu In)g,?” and so forth. To quantify the interactions between
show appreciable contributions to the DOS near the Fermi atoms, integrated populations-ICOHP) were also deter-
level (Figure 4a). This is in agreement with the presence of mined. (-ICOHPs obtained from the first-principle LMTO
clear Sn/B+-Sn/Bi bonding in the layers and considerable methods are better measures of relative bond strengths than
Eu—Bi interaction along the axis, especially nedEr, as Mulliken overlap populations from extended ¢kel meth-
follows. ods.) Those for Sn/BiSn/Bi (3.00 A), Sn/B+Sn/Bi (3.10

To better quantify the interactions between atoms, crystal A), and Eut-Bil (3.14 A) (Figure 4b) are about 1.32, 0.70,
orbital Hamilton population{COHP) data were also evalu- and 0.86 eV/bongnol, respectively, indicating very sub-
ated (Figure 4, right). At the Fermi level, Sn/Bi(2$n/Bi- stantial total EtBi bonding alongc as well as SprSn
(2) bonding (3.00 and 3.10 A) are both optimized in model bonding in the networks. Thus, it is important that the
a, whereas the EwiBil data show that some bonding relatively short Eu-Bi interlayer bonds not be ignored. In
character still remains. The Eu 5d and Sn 5p orbitals make addition, Eul,2-Sn/Bi interactions also remain bonding well
the principal contributions there, in parallel with recent results aboveEr (figures in the Supporting Information).

for EuGe®® as well as for d orbital participation from Such analyses are also useful in providing more insights
into how and why nominal Zintl phases may coincidentally
(25) GSrgith G. S.; Johnson, Q.; Tharp, A. &cta. Crystallogr 1967, 23, also remain metallic and how they may be tuned.
40.
(26) Bobev, S.; Bauer, E. D.; Thompson, J. D.; Sarrao, J. L.; Miller, G. J.;
Eck, B.; Dronskowski, RJ. Solid State Chen2004 177, 3545. (27) Bin, L.; Corbett, J. DInorg. Chem.2007, 46, 2237.
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Conclusions sizable pseudogap at that point and retains metallic charac-
teristics. Cation d orbital contributions appear important in

The tet I ph i(S—Biy)4, only the third )
e tetragonal phase Bi(Sn.Bl.)s, only the thir the states present at the ideal gap.

example of a rare inverse-{Bs-type structure, exhibits new
layered substructures, three-bonded Sn/Bi slabs of puckered Acknowledgment. The authors thank Gordon J. Miller
eight- and four-membered rings interlinked at all vertices and Bin Li for advice on the calculations.

that are separated by planar layers of individual Eu and Bi ) ) ) _ )

atoms. The uppex limit, 0.15, lies close to the ideal Zintl SE‘;_pport'n.g Information Available: - Refinement parameters for
phase composition(= 0.25) electronically, but the phase WBI(Sns 6Bio.4) in CIF format; tables of additional crystallographic

. o . and refinement parameters for Bi(SnyBio); three figures of
remains a poor metal._ Not_ably more bonding |nteract|0ns. —COHP data for separate E®n/Bi contacts, an amplified DOS
appear to be present in this phase versus the normal anti-

- > K ) >t plot aroundEg, and a projection of Eu d orbitals in the DOS, all
typic EusSny(Hy). The nonstoichiometric variations observed for the model EuBi(SruBig). This material is available free of
in the puckered layers in both the title phase and the charge via the Internet at http://pubs.acs.org.

published isotypic LgGeln* allow closer approaches to the

ideal Zintl compositions, but the title phase exhibits only a 1C070281C
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