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Synthesis, Characterization, and Electronic Structure of BasIn,Bis:
An Acentric and One-Electron Deficient Phase

Siméon Ponou,” Thomas F. Fissler,*'* Gerard Tobias,” Enric Canadell,*™™
Ara Cho,*! and Slavi C. Sevov*!

Abstract: The new ternary phase
BasIn,Bis was synthesized by direct re-
action of the corresponding elements
at high temperature. It crystallizes in a
noncentrosymmetric space group and

In,-bases and four exo-bonded bismuth
atoms (bond to the In atoms). Accord-
ing to Wade’s rule the compound is
electron-deficient with one electron
per cluster, that is, [In,Bis]'" instead of

the expected [In,Bis]''" for a closed-
shell species. The clusters are discussed
also in light of the known heteroatomic
deltahedral clusters with the same com-
position but different charge, [In,Bis]*".

represents a new structure type (tetrag-
onal, Pdnc with a=10.620(2) and c=
9.009(2) A, Z=2). The structure is
built of interconnected heteroatomic
clusters of In,Bis, square pyramids with

pounds
structures

Introduction

Reduction of the heavier main-group p elements by alkali
and alkaline-earth metals produces polar intermetallics that
contain various polyanions of those elements. Such com-
pounds are rationalized by the Zintl-Klemm concept as
ionic compounds, in which the more electropositive metals
lose their valence electrons to the more electronegative p el-
ements.!! The transferred electrons, however, are often not
enough for the p elements to achieve octets as isolated
anions and, instead, they are “forced” to form bonds to each
other. The resulting polyatomic species may be homo- or
heteroatomic and may have various sizes and dimensions.
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. One Figure
showing anisotropic displacement parameters of the atoms and one
Figure with sections of the Fermi surface of BasIn,Bis.
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Band structure calculations on the new
compound suggest substantial partici-
pation of barium in the overall bonding
of the structure that “accounts” for the
electron shortage

cluster com-
solid-state

Many such formations are known for heteroatomic anions
involving atoms of Groups 13 (triels, Tr=Al, Ga, In, Tl) and
15 (pnictogens, Pn=P, As, Sb, Bi), [Tr,,Pn,]?". One of the
most common motifs is TrPn,, a tetrahedrally coordinated
triel atom. Isolated tetrahedra, [TrPn,]’~, dimers of edge-
bridged tetrahedra, [Tr,Png]'®", chains of corner-shared tet-
rahedra, [TiPn;]°", chains of edge-shared tetrahedra,
A[TrPn,]*", layers and 3D-frameworks of corner- and edge-
shared tetrahedra and many other combinations of variously
shared tetrahedra are known.?! Often the tetrahedra are
connected through Pn—Pn bonds® and very rarely even by
Tr—Tr bonds.”! Trigonal-planar coordination (TiPn,) is also
known and the units have been found as isolated [TrPn;]®",
edge-sharing in dimers of [Tr,Pn,]°", and corner-sharing in a
ring-like trimer of [Tr,Pn]’~.

Recent studies, however, have revealed that often the
anionic substructures of such compounds are far more di-
verse and beyond the grasp of the original Zintl-Klemm
concepts. Transition-metal Zintl phases and some with
mixed valency,”! as well as compounds containing isolated
clusters with delocalized bonding!® elude description by
simple valence rules. Rather, the last group obey the Wade’s
rules developed for electron counting in deltahedral bor-
anes, B,H,”". Examples of these are the metallic and also su-
perconducting AeSn; (Ae=Sr, Ba), which may be explained
as composed of triangular Sny*~ with delocalized three-
center two-electron bonds,” the metallic Ae;Tt; (Tt=Sn,
Pb; Ae=Sr, Ba), which may be viewed as containing arach-
no-clusters of [Tts]°",®) and the electron-balanced Rb,Li,Sng
with arachno-[Sng]®™ as well as A, Tty and A;,Tt;; (A=alkali
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metal) with nido-[Tt,]*".") More

Table 1. Crystallographic data and structure refinement of BasIn,Bis.

recent studies explored hetero-

formula BasIn,Bis reflection measured 8204
atomic systems for clusters such M, 2190.88 independent reflections 1137
as [Tr APn5]3*’ which are isoelec- space group P4nc (no. 104) observed reflections [/>20([)] 1046
tronic with [Tty]*". The advant- T'K] 293(2) Rinl R, ) ) 0‘0584{0'0339
. . A[A] 0.71073 absorption correction numerical
age of such clusters is that itz 10.620(1) min/max transmission 0.0135/0.0967
might be possible to vary their ¢ [4] 9.009(2) Parameters 35
charge by changing the ratio V[A’] 1016.0(3) goodness-of-fit on F? 1.219/1.219
between the two elements with- 2 [ : 2 ] Ri/wR {11 320(1)] 0.0237/0.0700
. Peated [gCM ™ 7.161 R/WR,, all data 0.0273/0.0843
out changing the total number u [em™] 570.39 Flack parameter -0.07(1)
of atoms of the cluster, for ex- F(000) 1782 extinction parameter 0.0067(3)
ample [Tr,Pns]*~ and [TrsPn,>". 26 range [°] 3.8-55.7 largest diff peak and hole [e A~ 3.32/-2.64
Although no such clusters have index ranges -13<h<13
been found in neat solids yet, —13<k<13
—-11<i<11

they have been crystallized

from ethylenediamine solutions
of various ternary compounds
A, Tr,Pn, Thus, [InBis]* has
been characterized in  [Na-crypt];[In,Bis]  (crypt=
4,713,16,21,24-hexaoxa-1,10-diazabicyclo-[8.8.8]-hexacosane.”!
The geometry of the cluster is similar to that of [Tty]*” and
can be described as a distorted monocapped square anti-
prism in which the four indium atoms occupy the five
bonded positions (Scheme 1). The synthesis of the same or

P=(Max(F2 0)+2F2)/3.

10-

3. Bi2

Scheme 1.

similar heteroatomic clusters with delocalized bonding in
the solid state has been elusive so far despite the intensive
efforts. Instead, reactions designed to produce such clusters
have provided various Zintl phases with extended structures
of corner- and/or edge-shared TrPn, tetrahedra and with lo-
calized bonding.

Here we report the synthesis, structure, and electronic
structure of a phase, BasIn,Bis, in which both localized and
delocalized bonding can be found. It can be described as
containing isolated forms of the same composition as the
clusters crystallized from solution, [InBis], but with differ-
ent charge, [In,Bis]'"". Furthermore, according to calcula-
tions, this charge is one electron short from the correspond-
ing closed-shell species, that is, [In,Bis]'!".

Results and Discussion

The new compound BasIn,Bis crystallizes in the noncentro-
symmetric space group P4nc and presents a new structure
type according to a single-crystal structure determination.
Details of the data collection and refinement are given in
Table 1, while the atomic positions and important interatom-
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la] R\(F,)=X[|F,| - | F.| /S| F,| ; wR, = {S[w(F—FPVS[w(E)]}; w=1/[c*(F2) + (0.0382 P)>+28.60 P] in which

ic distances are listed in Tables2 and 3, respectively. The
structure contains square pyramids with four exo-bonds at
the square base (idealized C,, symmetry). The base is made
of the four indium atoms, while the four exo-bonded atoms
(Bil) and the apex of the pyramid (Bi2) are the five bismuth
atoms (Figure 1).

Table 2. Atomic coordinates and isotropic equivalent displacement
parameters.

Atom  Site  x y z U, [AY
Bil 8¢ 0.39058(7) 0.19079(7) 0.69032(8) 0.0175(3)
Bi2 2a 0.5 0.5 0.3180(2) 0.0123(4)
Bal 8¢ 0.6057(2) 0.1884(2) 0.3740(2) 0.0170(4)
Ba2 2a 0.5 0.5 0.7001(3) 0.0210(6)
Inl 8¢ 0.1834(2) 0.0720(2) 0.5316(2) 0.0200(4)
Table 3. Selected interatomic distances [A].

Bil-Inl 2.912(2) In1-Inl 2.958(2) x2
Bil-Inl 3.376(2) In1—Bal 3.707(2)
Bil-Bal 3.653(2) In1-Bal 3.830(2)
Bil-Bal 3.655(2) In1-Bal 3.864(2)
Bil-Bal 3.679(2) In1-Bal 4.084(2)
Bil-Bal 3.682(2) Ba2-Bil 3.484(1) x4
Bil-Bal 4.171(2) Ba2-Inl 3.647(2) x4
Bi2—Inl 3.322(2) x4

Bi2—Ba2 3.442(3)

Bi2—Bal 3.531(2) x4

[a] Intercluster bonds.

Figure 1. [In,Bis] cluster in BasIn,Bis (thermal ellipsoids at the 70%
probability level).
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The In—Bi exo-bond length of 2.912(2) A is quite normal
for a single bond between these elements. It compares well,
for example, with the observed range of distances in
Cs,In,Bi,, 2.896(3)-3.105(3) A.P") The In—In distance in the
square, 2.958(2) A, is also close to a single-bond length,
when compared with 2.976(4) and 3.004(5) A observed be-
tween indium atoms coordinated by bismuth in Cs,;In,Big.”"!
Nevertheless, it is somewhat longer than the Pauling’s dis-
tance for a single bond, 2.84 A."") The remaining four In—Bi
distances in the pyramid, that is, those to the apical Bi atom,
are quite long for a single bond, 3.322(2) A, and suggest
rather delocalized bonding. They compare better with the
intercluster distances of 3.376(2) A that occur between the
exo-bonded bismuth atoms and indium atoms of four neigh-
boring pyramids (Figure 2). This suggests that the interac-
tions between the pyramids can not be disregarded. Thus,
the clusters should not be considered as isolated units but
rather as parts of an extended network as shown in Figure 2.

HBal O

Figure 2. The structure of BasIn,Bis with the unit cell outlined (Bal:
crossed circle, Ba2: gray crossed, Bi: black, In: open shaded). The square
pyramidal clusters with four exo-bonds are stacked along the ¢ axis. They
are connected by longer Bi—In distances shown as black dotted lines.

The five barium cations in the formula occupy two differ-
ent positions. Ba2 caps the square base of the In,Bi pyramid
(opposite to the Bi apex) with Ba—In distances of
3.647(2) A (Figure 3). Its coordination environment is very
similar to that of the capping bismuth atom, Bi2, and resem-
bles a pseudo-octahedron in which one of the vertices is re-
placed by the In, square (Figure 3). Thus the nearest neigh-
bors of Bi2 and Ba2 are (4Bal +Ba2+n*In,) and (4Bil+
Bi2 +n*In,), respectively. It is perhaps these structural reci-
procities that give rise to the observed substantial contribu-
tion of barium in the calculated electronic structure of the
compound (below). Also, if we consider Ba2 as part of the
cluster, we obtain an octahedral unit surrounded by Bi and
Ba atoms that bridge edges and cap faces and resemble the
coordination topology of the well-known MgXs clusters
(Figure 3). Bal, on the other hand, has twelve neighbors
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Figure 3. A closer view of the coordination around [In,Bis] showing an
octahedron-like formation capped by Ba2 and Bil that resembles MXg
clusters (Bi: black, Bal: crossed, Ba2: gray crossed, Inl: gray). All Ba—In
and Ba—Bi interactions are shown with open bonds. The similarity of the
coordinations of Ba2 and Bi2 is clearly visible.

(Bi2+5Bil +41Inl+Ba2+Bal), an indication for less direc-
tional interactions.

The exo-bonded square pyramids are stacked in columns
along the ¢ axis (Figure 2) and the columns are connected
through the intercluster In—Bi distances of 3.376(2) A
(above). Neighboring columns are shifted by c/2 with re-
spect to each other and are also rotated by approximately
16.4° with respect to each other around the c¢ axis. The rota-
tion reduces the overall symmetry of the cell from body-cen-
tered to the current tetragonal primitive unit cell. The occur-
rence of such a rotation originates most likely from a strong
need for the clusters to interlink to each other.

Full electron transfer from barium to the more electro-
negative indium and bismuth as prescribed by the Zintl-
Klemm concept would result in a charge of —10 for the exo-
bonded pyramid, that is, [In,Bis]'>". On the other hand, the
species can be viewed as composed of a deltahedral nido-
cluster with 2n+4 =14 skeletal bonding electrons: four two-
center two-electron exo-bonds, one lone pair of electrons at
the apical bismuth, and four exo-bonded bismuth atoms that
need another six electrons each in order to satisfy the octet
rule. This totals 1448 +2+24 =48 electrons, of which only
37 are provided by the four In (3 electrons each) and five Bi
(5 electrons each) atoms. Thus, a closed-shell species should
have a charge of —11 instead, that is, [In,Bis]''"; therefore
[In,Bis]'"" is one electron short. It should be pointed out
here that the previously known deltahedral cluster with the
same stoichiometry [In,Bi;]>~ has substantially different
charge and very different geometry.”) It is a closed-shell
nido-cluster of nine atoms with the shape of a monocapped
square antiprism as shown in the left of Scheme 1. With re-
spect to this, the new species [In,Bis]'"~ can be viewed as its
inverted, opened version, almost as the blossomed flower
from its bud of [In,Bis]>". This “process” during which some
In—Bi and Bi—Bi interactions are formally removed is clear-
ly caused by the substantial reduction with seven additional
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electrons (eight electrons for a closed-shell unit of
[In,Bis]''") that would fill four empty antibonding levels of
the cluster. This, as can be expected, leads to a major reor-
ganization of the delocalized bonding within the cluster that
is expressed in the removal of the four Bi—Bi interactions at
the open square face of [In,Bis]*~ as well as four of the asso-
ciated Bi—In bonds, while reinforcing the four remaining
Bi—In bonds. The four bismuth atoms are then shifted up-
wards and also tangentially away from one of the two
indium atoms to which they are bonded. Apparently, this
tangential displacement of the bismuth atoms is not com-
plete, and they are not perfectly radial with respect to the
cluster, but are rather 7.4° off of the vertical plane through
In-Bi2-In. Thus, although the In,Bi pyramid has exact C,,
symmetry, the symmetry of the whole unit [In,Bis]'*" is re-
duced to C,.

In order to gain some insight into the factors behind the
stability of this apparently one-electron-deficient compound,
first principle DFT calculations were carried out. The calcu-
lated band structure along the main symmetry lines of the
tetragonal Brillouin zone (Figure 4) shows a group of four
bands near the Fermi level that are flat along I'-M-X-T" (the
ab plane), but are dispersed along I'-Z-A-M (perpendicular

The orbital nature of the bands indicates that barium has
substantial contribution in many of the filled bands and
should not be considered simply as an electron donor for
the Bi—In bonding, but rather as an important participant in
the overall bonding of the structure. This is reflected in the
calculated Mulliken charges of +0.28 and +0.38 for
barium; that is, quite different from the expected +2 for
complete electron transfer. The overlap populations are also
very informative. For In—In this is 0.279, while the values
for In—Bi are 0.292 for the exo-bond, 0.102 within the pyra-
mid, and 0.134 for the inter-unit interaction. Of course, the
more interesting values are those for the Ba—Bi contacts,
and they are +0.152 (x4) and +0.097 for the five neighbors
around Bi2 and +0.139, +0.117, 40.123, +0.108, and
+0.122 for the five neighbors of Bil. These positive and
larger than 0.1 values indicate substantial Ba—Bi bonding in-
teractions and are consistent with the observed large Ba
contribution in the filled DOS (see Figure 5; DOS =density
of states). Therefore, the structure of BasIn,Bis should be
viewed as a three-dimensional network of Ba-Bi-In, in
which the Ba—Bi bonding interactions contribute significant-
ly to the cohesion energy of the system (there seem to be no
bonding Ba—In interactions). Thus, based on all these obser-
vations, it can be concluded
quite firmly that barium plays

=

_____ <

E/eV

-1 L

-2

an essential role in the covalent
bonding of the structure. A sim-
ilar situation has been recently
suggested for phases like KsBi,
and K;Bi,."

Further analysis of the elec-
tronic structure of BasIn,Bi;
was done based on the calculat-
ed total DOS of the compound
and the separate contributions
from the constituting elements
(Figure 5). The four peaks with

r M X r Z A R

Figure 4. Calculated band structure for BasIn,Bis (I'=0, 0, 0; X=1/2, 0, 0; M=1/2, 1/2, 0; Z=0, 0, 1/2; R=1/
2,0,1/2; A=1/2,1/2, 1/2, in units of the tetragonal reciprocal lattice vectors).

to the ab plane). This indicates that these bands are in-
volved in interactions only along the c axis. There is also an
additional, very dispersed band that goes along I' =X, I'—
M, and I'—Z, and overlaps with the set of four flat bands
(Figure 4). This band has In—Bi antibonding character, but
is stabilized by mixing with barium states, specifically
through Ba—Bi bonding interactions. The Fermi level passes
through the four flat bands (and the bottom of the dispersed
band) and makes them partially filled. They would have
been completely filled with two additional electrons in a hy-
pothetical, electronically balanced compound “Ba;;IngBi,,”
(note that the unit cell contains two formula units). The con-
tinuum of states at and around the Fermi level is consistent
with the observed metallic properties. However, due to the
dispersed Bi—In antibonding band, there is no band gap
even for the hypothetical compound “Ba;;IngBi;,” with two
additional electrons.

Chem. Eur. J. 2004, 10, 3615-3621 www.chemeurj.org
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the lowest energies in the DOS
are the bismuth and indium
sorbitals. The  continuous
region following them (—3.5 to
0.2 eV) contains predominantly
contributions from the p orbitals of Bi and In, but also non-
negligible participation from Ba. As a matter of fact, the
latter is more than 30% and is almost as large as that of
indium. For two-thirds of this block (—3.5 to —1.0 eV) the
In and Bi contributions have very similar shapes (the curves
follow each other) and indicate good Bi—In orbital mixing
and bonding interactions. The remaining one-third of the
block is dominated by the bismuth p orbitals, particularly
from p, orbitals. The sharp spike right at the Fermi level is
almost purely bismuth p, orbitals, mostly from Bil, that
would have been filled if two additional electrons were
available. This peak is made of the four flat bands discussed
above and has essentially nonbonding character; therefore,
the predominant character of the “missing” two electrons
would have been nonbonding.

Because there is one missing electron per formula unit,
the Fermi level cuts bands which are flat along certain direc-

ZM AX R
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DOS

EleV

Figure 5. Total and projected density of states of BasIn,Bis

tions but not along others. In principle a situation in which a
single electron per formula unit remains localized is also an
alternative possibility. In that case the phase could be a
magnetic insulator. In order to test this possibility we also
carried out spin-polarized calculations for BasIn,Bis. These
calculations led to exactly the same result as those without
spin polarization. Thus we conclude that the present phase
should be a metal with a high density of states at the Fermi
level. The calculated Fermi surface (see Supporting Infor-
mation), as can be expected from the nature of the bands at
the Fermi level, is extremely complex with many electron
and hole pockets of different sizes. This is the signature of a
good three-dimensional metal. The absence of nesting fea-
tures in the Fermi surface makes the phase immune to den-
sity-wave-type instabilities,"? and the compound is predicted
to remain metallic even at very low temperatures. Also, the
fact that the Fermi level passes near a maximum in the den-
sity of states suggests that the compound could be supercon-
ducting. However, all tests at temperatures as low as 2K
and various fields on both field cooled and zero-field cooled
samples gave negative results and did not show supercon-
ducting transitions.

As already discussed, BasIn,Bi; presents a very well
packed structure with matching positioning for the five
barium and five bismuth atoms with respect to each other,
as well as with respect to the indium square. Thus, barium is
in positions that allow optimum interactions with the non-
bonding lone pairs of both the capping Bi2 and the four
exo-bonded Bil atoms. Therefore, although the anionic part
of the structure, that is, Bi—In, does not have enough elec-
trons to fill the relatively high-lying levels (mostly Bi) near
the Fermi level, the overall structure, that is, Ba-In-Bi, com-
pensates this by switching on relatively strong Ba—Bi bond-
ing interactions and thus stabilizing a considerable portion
of the filled DOS. What makes it difficult to understand
structures like this one is our biased way of looking at the
structures of polar intermetallic compounds as built of an
anionic, covalently-bonded substructure of the p elements
and isolated cations of the s elements that only provide elec-
trons. What the present study suggests is, that if it is impossi-

3620 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ble to find room for all cations necessary for electron bal-
ancing in a particular structure, the system finds such a dis-
tribution of the available cations that would maximize their
participation in the covalent bonding of the structure and
thus compensate for the electron “deficit”. A related ex-
planation holds for phases with extra electrons."'*!

Electron-deficient compounds are very rare and only a
few precedents are known. K6Sn25 is electron deficient due
to lone pair interactions.’! The two most recent examples,
Sr3Ing and K,SrIn,,'® are both with extended indium net-
works and are also one-electron short for closed-shell com-
pounds. Similar to BasIn,Bis they should be viewed as struc-
tures stabilized by cation-anion interactions that compen-
sate for the missing bonding electrons. Apparently such
electron “shortages” with respect to the classical closed-
shell bonding schemes can develop when other factors such
as Madelung energy and packing efficiency become perhaps
more important than covalent bonding. BasIn,Bis presents
the first such an example that involves a heteroatomic
framework. In this case, the “decisive” factor appears to be
the substantial participation of Ba in the overall bonding of
the structure.

Experimental Section

Synthesis: All manipulations were performed inside argon-filled glove
boxes with moisture levels below 1 ppm. The new compound was synthe-
sized from the elements (at Notre Dame: all from Alfa-Aesar, 99.95+ %
purity; at Darmstadt/Munich: all from Chempur, Bi 99.99 %, In 99.99 %,
and Ba 99.3%). Typically, a mixture of them was loaded in a niobium
container that was then sealed by arc-welding under argon at low pres-
sure. The container was in turn enclosed in an ampoule made of fused-
silica, and after evacuation the latter was flame-sealed. The assembly was
heated in tubular furnace with temperature control. Initially BasIn,Bi;
was characterized as one of the products of two different reactions: at
Notre Dame the used molar ratio of Ba/In/Bi was 3:2:4 and the mixture
was heated at 700°C for 10 days and slowly cooled to room temperature
at a rate of 6°Ch ™', while at Darmstadt/Munich the corresponding molar
ratio of the elements was 2:3:3 (designed to produce an eventual inter-
growth structure of BaBi; and Baln; to be isoelectronic with the known
BaSn;"') and the mixture was then heated at 800°C for 5 h, cooled down
to 400°C with a rate of 60°Ch™', and held at that temperature for five
days before cooling to room temperature. The latter reaction yielded
Ba;In,Bis and traces of amorphous phase (according to powder X-ray dif-
fraction). Pure phase was later made from the corresponding stoichio-
metric composition. The compound was air-sensitive and crystallized as
irregular silver crystals with a metallic luster. Energy-dispersive X-ray
(EDX) spectroscopic analysis confirmed the presence of all three ele-
ments and absence of possible niobium impurities or any other elements.

Structure determination: Crystals of BasIn,Bis were selected, mounted in
thin-wall glass capillaries, and checked for singularity. The best one, a
needle-shaped single crystal (0.40x0.167x0.05 mm), was used for data
collection at 23°C with a Stoe IPDS (image plate detector system) dif-
fractometer with monochromated Mo, radiation (180 frames with expo-
sure time of 7 min per frame, angular range of 3.8° <260 <55.7°, w-scans,
Aw=1°. Numerical absorption correction was applied by using the pro-
gram X-shape from STOE®). The structure was solved (direct methods)
and refined (on F?) in the acentric P4nc space group with the aid of the
SHELXTL-VS5.1 software package."”! Further details of the crystal struc-
ture investigation can be obtained from Fachinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (449)
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on quoting the deposi-
tory number CSD-413581.

www.chemeurj.org Chem. Eur. J. 2004, 10, 3615-3621
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Magnetic measurements: The magnetization of 48.3 mg of BasIn,Bis was
measured on a Quantum Design MPMS SQUID magnetometer at a field
of 3T over the temperature range 10-250 K. The sample was made by
manual selection of large crystals only in order to ensure absence of any
small impurities. These were then coarsely ground and sealed in fused-
silica tubing (I.D.=3 mm) between two tightly fitting rods of the same
material. The raw data were corrected for the holder and for the ion-core
diamagnetism of 5Ba’*, 4In’*, and 5Bi’*. The resulting molar magnetic
susceptibility was positive and temperature independent, + (4.8 to 6.6) x
10~ emumol™ (+3.5x10~* emumol ' for a second sample). This is con-
sistent with Pauli-type paramagnetism that is associated with metallic
properties. Samples were also tested for superconductivity down to 2 K
at fields of 500 and 100 Oe, both at zero-field cooled and field cooled
conditions, but none of them showed such a transition.

Conductivity measurements: A four-probe device (in-line head from
JANDEL with 1 mm spacing), set up inside a nitrogen-filled glove box
with a cold trap, was used to measure the temperature dependence of the
resistivity of BasIn,Bis. A thin pellet of the compound with thickness of
0.26 mm was used as a sample (35 mg). The assembly was placed inside
the cold trap and the latter was cooled externally with liquid nitrogen.
Due to the apparent high conductivity of the compound the maximum
possible current of 10000 pA available from the JANDEL RM2 unit was
used. Despite this, however, the voltage that was measured was still
nearly zero, between 0.06 and 0.07 mV, and its variation with the temper-
ature was out of the range of the measuring unit. Thus, using these meas-
ured values the resistivity is calculated to be 825x10°Qm (236x
10 Qm for a second sample), that is, a highly conducting compound.
For comparison, the resistivities of elemental Mn and Yb;;MnSb,; are
144x107* and ca. 1100 x 10~® Q m, respectively.'*!

Band structure calculations: The calculations were carried out by using a
numerical atomic orbitals DFT approach.!'”? This method, developed
relatively recently, is designed for efficient calculations in large systems
and implemented in the SIESTA code.’! The use of atomic orbitals in-
stead of plane waves greatly facilitates a chemical analysis of the results.
We used the local density approximation to DFT and, in particular, the
functional of Perdew and Zunger.”? Following recent first-principles
work on bismuth-containing intermetallics,” only the valence electrons
were considered in the calculation, with the core being replaced by
norm-conserving scalar relativistic pseudopotentials factorized in the
Kleinman-Bylander form.??! Nonlinear partial-core corrections to de-
scribe the exchange and correlations in the core region were included.!
We used a split-valence double- basis set including polarization orbitals
for all atoms, as obtained with an energy shift of 250 meV.””! The inte-
grals of the self-consistent terms of the Kohn-Sham Hamiltonian were
obtained with the help of a regular real space grid in which the electron
density was projected. The grid spacing was determined by the maximum
kinetic energy of the plane waves that can be represented in that grid. In
the present work, we used a cut off of 150 Ry. The Brillouin zone (BZ)
was sampled by using a grid of (5x5x5) k points.” We checked that the
results were well converged with respect to the real space grid, the BZ
sampling, and the range of the atomic orbitals.
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