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Abstract

Ternary rare-earth main-group pnictides RE,M,Pn. where M is a Group 13 or 14 element and Pn is P, As, Sb, or Bi form an
emerging class of solid state compounds that frequently display extensive homoatomic M—M and Pn—Pn bonding in addition to
heteroatomic M—Pn bonding in their anionic substructures. Their structures, properties, and bonding are discussed, with a focus on

the antimonides, which have been most heavily investigated.
© 2002 Elsevier Science B.V. All rights reserved.
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Abbreviations: A, alkali or alkaline-earth metal; RE, rare-earth
metal; M, main-group element (Group 13 or 14); Pn, pnicogen (P, As,
Sb, Bi); CN, coordination number; EDX, energy-dispersive X-ray; 7c,
transition temperature for a superconductor or Curie temperature for
a ferromagnet; Ty, Néel temperature; Hc, critical field; up, Bohr
magneton; Mg, saturation magnetization; ! , one-dimensional chain;
2, two-dimensional layer; , *, three-dimensional network.

* Corresponding author. Tel.: +1-780-492-5592; fax: +1-780-492-
8231.

E-mail address: arthur.mar@ualberta.ca (A. Mar).

1. Introduction

Extended solid-state compounds fall between two
extremes: intermetallics such as CusZng in which the
electronegativity difference between components is small
and structures are controlled by the valence electron
concentration, and classical ionic compounds such as
NaCl in which the electronegativity difference is large
and full electron transfer is assumed to take place so that
atoms conform to the octet rule [1-3]. In both extremes,
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bonding is nondirectional and atoms pack as efficiently
as possible to attain dense arrangements or maximized
electrostatic attractions. For the vast majority of
combinations of elements, however, the electronegativ-
ity differences are intermediate and the resulting struc-
tures display a bewildering variety of bonding patterns.
The question that arises is how one accounts for the
bonding in these compounds. It is natural for chemists
to gravitate towards the octet rule and assume, even
though bonding is clearly no longer ionic in these
compounds, that the more electropositive component
transfers its valence electrons entirely to the more
electronegative component, which may still need to
form additional homoatomic bonds to achieve a
closed-shell configuration. Known as the Zintl concept,
this application of the octet rule to ‘ionic compounds of
reduced polarity’, as it were, seems so obvious as to be
trivial, but when these compounds are viewed from the
other extreme as ‘polar intermetallics’, as they are
normally called, it is remarkable that the rule should
work as well as it does [4-6].

Most Zintl compounds studied in the past have
involved combinations of alkali or alkaline-earth metals
with the p-block elements. As the electronegativity
differences are reduced by choosing the p-block element
further to the left (e.g. CaAly [7]) or down (e.g. Caz;Snyg
[8]) in the periodic table, the ionic picture becomes less
realistic and the Zintl concept must be reformulated in
terms of filled bonding (or nonbonding) states and
unfilled antibonding states to account for the clusters
and networks that now abound in the anionic substruc-
tures. New and unusual modes of bonding might also be
found by use of a less electropositive component. This
could be done by selecting an element further to the top
of the periodic table; thus, in binary lithium silicides and
germanides, it is believed that Li orbitals are substan-
tially involved in covalent bonding to the p-element
frameworks [9]. Alternatively, an element further to the
right of the periodic table, viz. the rare earths (RE),
could be chosen. Binary compounds of RE and p-block
elements such as SmSb, [10] or Laslns [11] featuring
multicentre bonding can be understood in terms of the
modernized reformulation of the Zintl concept. Our
point of departure begins here.

Six years ago, we set out to investigate the ternary
systems RE-M-Pn, where M is a Group 13 or 14
element and Pn is a pnicogen (P, As, Sb, Bi), focusing
primarily on the antimonides. The extensive work of
Eisenmann, Cordier, and Schifer had revealed a phe-
nomenally rich chemistry in the corresponding ternary
alkali and alkaline-earth main-group pnictides A—M—
Pn [12]. For the most part, the structures of these latter
compounds contain trigonal planar or tetrahedral units,
centred by the less electronegative M atom, that may be
condensed into extended heteroatomic anionic substruc-
tures consisting of normal 2c-2e~ bonds. As could be

anticipated by inspection of the structures of binary
rare-earth pnictides, new bonding patterns emerge on
going to the ternary rare-earth main-group pnictides.
‘Nonclassical’ bonding involving fractional bond orders
recurs in ternary rare-earth main-group antimonides.
The hypervalent bonding patterns that are adopted by
heavier late p-block elements such as Sb and Te have
been reviewed by Papoian and Hoffmann, who assert
the use of a refined electron counting scheme to extend
the Zintl concept to these compounds [13,14]. Hyperva-
lent bonding in antimonides had, of course, been
implicated earlier [9]. As structural chemists, we were
interested in how the anionic substructure would parti-
tion the electrons available to it to form homo- and
heteroatomic bonds for these compounds at the Zintl
border, and what sort of systematizing principles would
be apparent to organize their structures. A recent review
on ecarly-transition-metal-rich antimonides [15] comple-
ments the present one, illustrating that these nonclassi-
cal anionic networks persist even in intermetallic
antimonides of more greatly reduced electronegativity
differences, as occurs, for instance, in (Zr, V);3Sb;, [16].
This review summarizes the syntheses, structures,
bonding, and properties of ternary (and some quatern-
ary) rare-earth main-group pnictides RE.M,Pn.. The
main-group element M has been restricted to Group 13
or 14 to ensure that we are dealing with anionic Pn (i.e.
pnictides as opposed to chalcopnictates or halopnic-
tates). Nitrides are not considered because of their very
different chemistry. Most of the compounds described
are antimonides, but a smaller number of phosphides,
arsenides, and bismuthides have also been identified.

Table 1
Rare-earth main-group phosphides and arsenides

Compound Structure type Reference

RESIiP; (RE = La, Ce, Pr)
LaSiAs;

RESiP; (RE = Ce, Pr, Nd, Sm)
RESiAs; (RE = La, Ce, Pr)

LaSiAss-type (Pbca)  [17-21]
LaSiAs;-type (Pbca)  [22-24]
CeSiPs-type (Pn2ia) [17-21]
CeSiPs-type (Pn2ia)  [22-24]

LaSiP, “X-type’” (unknown [20]
structure)

RESIiP; (RE = Ce, Pr) ‘C-type’ (unknown [20]
structure)

RESi,P (RE = La, Ce, Pr, Nd)
LB.SM_?,P (M = Ge, Pb)

LaSi,Pe-type (Cmc2;) [26]
Stuffed MnsSiz-type  [27,28]

(P 63/mem)

LasM;As (M = Ge, Pb) Stuffed Mn;Si;-type [27,28]
(P 63/mem)

Eu14AlP1 1 Ca14Ale1 l—type (141/ [29]
acd)

Euf,Gasz, BaGAIZSbf,-type [29]
(Cmca)

Naz(Na,Euz _ . )MP,; (M = Si, NagZnOy4-type [31,32]

Ge, Sn, Pb) (P6zmc)

Naz(Na,Euz _ ,)MAs; (M = Si, NagZnOy4-type [31,32]

Ge, Sn, Pb) (P63mc)
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2. Rare-earth main-group pnictides

2.1. Phosphides and arsenides

There are surprisingly few rare-earth main-group
phosphides and even fewer arsenides, as listed in Table
1.

The most well-studied are the rare-earth silicon
phosphides and arsenides. These phases were first
identified as byproducts of reactions in silica tubes,
which were attacked above 900 °C[17,18]. Several types
of phases are formed depending on the temperature and
the pnicogen vapour pressure. Plate-shaped crystals
RESiP; (RE=La-Nd, Sm) [19-21] and RESiAs;
(RE =La—Pr) [22-24] exist in at least two well-char-
acterized structure types that were originally called ‘F-
type’ with the assumption of an F-centred orthorhombic
cell and ‘P-type’ with the assumption of a primitive
orthorhombic cell. In fact, the F-type phase, whose

(a) CeSiP3 (Pn2+a)

structure was first determined for LaSiAsz;, was shown
to adopt a primitive cell (Pbca) [22]. To avoid confu-
sion, we refer to these two phases as the LaSiAs;-type
(Pbca) and the CeSiPs-type (Pn2;a). Fig. 1 shows their
structures, which are closely related and have unit cells
with ¢ ~6, b ~6, and ¢ ~25 A. Both structures consist
of layers of composition [SiPn,]*~ and [Pn]' ~ stacked
along the ¢ axis and separated by the RE** cations. The
[SiPn,] layers are built up of corner-sharing SiPny
tetrahedra, creating six-membered rings in a boat
conformation. In the structure of CeSiPs, the [Pn] layers
contain segregated cis—trans chains of pnicogen atoms
running along the b direction; the P-P distances are
2.249(7)-2.328(7) A within the chains but more than 3.7
A between the chains [21]. In the structure of LaSiAss,
the [Pn] layers resemble much more closely an undis-
torted square sheet, with As—As distances of 2.99(2)—
3.04(1) A [23]. The As atoms have oblate-shaped
thermal ellipsoids that are very large within the ab

(b) LaSiAs; (Pbca)

Fig. 1. Comparison of: (a) CeSiPsz- [21]; and (b) LaSiAss-type [23] structures, built up of layers of composition [SiPn,] and [Pn] separated by the RE
atoms. Here and in all subsequent figures, the large shaded circles are RE atoms, the small solid circles are M (Group 13 or 14) atoms, and the

medium open circles are Pn atoms.
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plane, however, suggesting that the square net is prone
to distortion. Indeed, LaSiAs; undergoes a phase
transformation between the two structure types, with
the high-temperature structure (LaSiAs;-type) having
the undistorted square sheet being formed at 900 °C
and the low-temperature structure (CeSiPs-type) having
the distorted square sheet being formed at 780 °C [24].
A comparison of densities also implies that the LaSiAs;-
type is the low-pressure phase and the CeSiP3-type is the
high-pressure phase. The distortion of the square net is
reminiscent of that seen in GdPS [25]. LaSiAs; thus
provides a nice illustration of how a square 2 [As]'~
sheet, representing a hypervalent geometry for As in a
two-dimensional arrangement, transforms through a
Peierls distortion to a classical geometry of zigzag
! [As]'™ chains with reduced dimensionality [13]; that
is, four weak As—As bonds are electronically equivalent
to two strong As—As bonds. The difference between the
CeSiP3- and LaSiAss-type structures does not merely
involve a redistribution of electron density within the
[Pn] sheets, however. The RE atoms are stacked
differently in the two structures (they are positioned
directly opposite to each other above and below the [Pn]
sheet in LaSiAs; whereas they are staggered in CeSiP3).

LaSi,Ps (Cmc2;)

Fig. 2. Three-dimensional structure of LaSi,Pg [26] built up of corner-
sharing SiP, tetrahedra in the anionic framework.

An ‘X-type’ phase of LaSiP; and ‘C-type’ phases of
CeSiP; and PrSiP; were also reported, but their
structures remain unknown [20].

Needle-shaped crystals RESi,P¢s (RE = La—Nd) were
produced by direct reaction of the elements at 900 °C or
in the presence of a Sn flux at 800 °C [26]. Although it
can be described as consisting of layers connected by P—
P bridges, the anionic substructure of RESi,Pg is really
three-dimensional in extent; it is built up of corner-
sharing SiP, tetrahedra and forms channels within
which the RE cations reside, as shown in Fig. 2. There
are a number of P—P bonds within the anionic
substructure, but all of them are normal 2c—2e~ bonds
(2207 A on average in LaSi,Pg), so that the Zintl
concept gives a satisfactory formulation for RESI,Pg,
or with Z =16 within the unit cell, RE;Siz>Pos:
(RE*)16(Si* " )32(P* 7 )24(P* 7 )ao(P' 7)2a(P)s i oxida-
tion states are considered.

Ternary interstitial derivatives LasM3;P or LasM3As
(M = Ge, Pb) are known in which P or As atoms are
stuffed into the binary LasGe; and LasPb; host
structures [27,28]. These were prepared by reactions in
Ta tubes jacketed by silica, generally at temperatures
above 1050 °C and with the use of binary LaP or LaAs.
The compounds adopt the stuffed hexagonal MnsSis-
type structure, a very common one, in which the
interstitial P or As atoms reside in the centres of Lag
octahedra forming confacial chains along the ¢ direc-
tion. Ge or Pb atoms bridge the edges of the shared faces
of the Lag octahedra and they also connect the confacial
chains to parallel linear chains of La atoms. Unlike the
parent LasM3 hosts which are metallic, the LasM3;Pn
compounds are valence-precise and show semiconduct-
ing behaviour. LasGe;P, for instance, has an experi-
mental band gap of ca. 0.11 eV and is diamagnetic [27].

The remaining entries in Table 1 involve Eu acting in
its capacity in the divalent state as a pseudo-alkaline-
earth metal. Eu4AlP;;, obtained from reaction of EuP
and Al in a Nb tube at 1100 °C [29], is isostructural to
the well-known family A;4MPn,; where typically A =
Ca, Sr, Ba and M =Al, Ga, Mn [4]. In addition to
discrete P*~ anions and AIP] ™ tetrahedra, the structure
of Eu;4AlP; contains a linear P;_ trimer containing
hypervalent 3c—4e~ bonding: (Eu“)M(AlPZ*)(P;*)—
(P*7),. Similarly, Eu¢Ga,Pe, synthesized from Eu+
EuP+GaP in a steel ampoule at 1100 °C, is isostruc-
tural to BagGa,Pg and consists of isolated pairs of edge-
sharing GaP, tetrahedra: (Eu”)é(GazPéz_) [30]. After
Naj(Na,Eu;_,)SiAs4 was first discovered in a reaction
of Na, Eu, and As in a silica tube [31], the family of
quaternaries Naz(Na,Eu;_,)MP; and Naz(Na,-
Eus;_,)MAs; (M =Si, Ge, Sn, Pb) was elaborated by
reaction of the elements in Nb tubes at 1000 °C [32].
Adopting the NagZnOy-type structure, they contain
isolated MPn}~ tetrahedra. Charge balance then de-
mands the formula (Na'),(Na,Eu, .)’*(MPn}").
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Table 2

Rare-earth main-group antimonides and bismuthides

Compound Structure type Reference

La]3Gang2| La]3Gang2]—type (P6/ [34,35]
mmm)

RE12G3.4Sb23 (RE = La, Ce, Pr12G3.4Sb23—type (Immm) [34,35]

Pr, Nd, Sm)

REGaSb, (RE = La, Sm) SmGaSb,-type (C222,) 36]

REGaSb, (RE = Ce, Pr, Nd) NdGaSb,-type (/4,/amd) 36]

[

[
Zincblende-type (F43m) [37]

[

[

Sm,Ga;_,Sb

SmGaSb, NaCl-type (Fm3m) 37

REIng gSb, (RE = La, Ce, Lalng gSb,-type (P2,/m) 40]

Pr, Nd)

YbsIn,Sbg BasAl,Big-type (Pbam) [41]

Eu14InSb11 Ca14Alsb1 1-type (141/&1Cd) [48]

Ce,GeSb; ThGe,-type (Cmmm) [49]

Ce3GeSb La;Geln-type? [49]

CesGe;Sb, Unknown structure [49]

LasM3;Sb (M = Ge, Pb) Stuffed MnsSis-type (P63/ [27]
mem)

RE6GC5,XSb11 +x (RE- RE6G65,XSb11+X-tpr [51,52]

= La, Ce, Pr, Nd, Sm, Gd, (Immm)

Tb, Dy)

LasMSb, (M = Sn, Pb) anti-Th3P,-type (I143d) [53]

RESn, Sb, (RE = La, Ce, Pr, LaSn, Sb,-type (Cmcm) [55,56]

Nd, Sm)

EuSn;Sby EuSn;Sby-type (Pnma) [57]

REGa,Sn, Sb, Disordered RE- [60]
GaSb,—~RESn, Sb,

REIn, Sn,Sb, Disordered REIng g- [61]
Sb,—~RESn, Sb,?

Eu14InBi11 Ca14AISb11-type (141/acd) [48]

La,SnBi, anti-ThsP,-type (I43d) [53]

La,Pb, Bi;_, anti-Th3P,-type (I143d) [53]

LaGaBi,? Unknown structure (hexa- [62]
gonal)

Although the five positive charges could be distributed
over the disordered Na/Eu site as (Na™*)(Eu®"),, the
refined occupancy is somewhat less than 2/3 Eu in all
cases, suggesting that a small amount of trivalent Eu® "
is present.

2.2. Antimonides

A growing number of rare-earth main-group anti-
monides is being revealed, as listed in Table 2.

2.2.1. RE-AI-Sb

Investigation of part of the Ce—Al-Sb phase diagram
by arc-melting and annealing samples at 500 °C for 150
h revealed no ternary compounds [33], although the Sb-
rich (>50% Sb) region deserves examination, as do
other RE—AI-Sb systems.

2.2.2. RE-Ga-Sb

At least four structure types have been well char-
acterized in the RE-Ga-Sb system: La;3GagSbi-
[34,35], Pr;2GasSbys- [34,35], SmGaSb,- [36], and
NdGaShb,-types [36]. (There is also a cursory study of

the pseudobinary SmSb—GaSb phase diagram that
suggests the existence of a limited solid solution for
Sm,Ga;_,Sb, (0<x <0.1) with GaSb as the end
member and a ternary SmGaSb, compound with the
NaCl-type structure [37].) The synthetic conditions for
preparing these phases have not yet been optimized. A
mixture of La+2 Ga+2 Sb heated at 900 °C for 3 days,
cooled to 500 °C in 4 days, and cooled to room
temperature in 12 h produced needle-shaped crystals
of La;3GagSb,; and plate-shaped crystals of LaGaSb,
(SmGaSb,-type). For RE =Ce—Nd, analogous reac-
tions produced plate-shaped crystals of REGaSb, as
well as unreacted Ga, which apparently serves as a flux
when present in excess. REGaSb, (RE =La-Nd, Sm)
can be obtained by stoichiometric reaction of the
elements (RE+Ga+2 Sb), but the product is generally
contaminated by RE|,Ga,Sb,3 phases. However, RE,-
GaySb,; (RE =La—Nd, Sm) can be produced in rela-
tively pure form through stoichiometric reactions 12
RE+4 Ga+23 Sb. These observations point to complex
behaviour in these phase systems. Woe betides the

(a) La136388b21 (P6/mmm)

Fig. 3. Comparison of the structures of: (a) La;3GagSb,;; and (b)
Pr,Ga,Sby; [34]. The dashed lines outline the assemblies of REg
trigonal prisms common to both structures.
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Fig. 4. Comparison of the 2l-atom channels in: (a) La;3GagSb,,
composed of five-atom-wide Sb ribbons; and (b) Pr;;GasSbss,
composed of two six-atom-wide Sb ribbons and one five-atom-wide
Sb ribbon [34]. The Sb ribbons are linked by Ga atoms.

experimentalist who fails to take precautions to distin-
guish between the similar appearance of these crystals.

La;3GagSb,; and RE;,Ga,Sby; tend to be needle-
shaped and have crystal structures, shown in Fig. 3, that
are characterized by channels outlined by 21-membered
rings [34]. In the La;3GagSb,i-type structure (Fig. 3a),
these channels are made up of five-atom-wide ribbons of
Sb atoms connected by Ga—Ga bonds. In turn, these
Ga—Ga bonds form a puckered six-membered Gag-ring,
assumed to be in a chair conformation, around the
origin of the unit cell. In the Pr,Ga,Sbys-type structure
(Fig. 3b), these channels are made up of isolated five-
atom-wide Sb ribbons, and six-atom-wide Sb ribbons
connected by Ga—Ga bonds forming Ga,-pairs. The loss
of equivalence of the three Ga/Sb segments outlining
these channels on going from La;3GagSby; to
Pr;»GasSb,; is accompanied by a lowering of the
crystallographic symmetry from hexagonal to orthor-
hombic (Fig. 4). Within the channels in both structures,
there are trigonal planar GaSbs units. Each of the Ga
and Sb atoms making up the GaSbs trigonal planes is
coordinated by six RE atoms in a trigonal prism. These
trigonal prismatic columnar assemblies then extend
along the needle-axis direction. La;3GagSb,; features
an unusual coordination for the La atom at the origin of
the unit cell, being sandwiched by two puckered Gag-
rings. It is noteworthy that the La;3GagSb,; structure
forms uniquely for RE =La, even though the Lajs-
GagSb,; and Pri,Ga,Sb,; structure types are closely
related. Although this CN12 geometry is atypical, it is
observed for other RE in, for example, GdsCuGay
(CeCd,-type) [38] or YbGa, (Caln,-type) [39]. The
unique occurrence of La;3GagSb,; may be related to
the presence of the rather short Ga—Ga bond (2.422(5)
A) within the Gag-rings compared to the more normal
Ga-Ga bond (2.586(4) A) of the Ga,-pair in
Pr1,Ga,Sb,s. Substitution of a smaller RE for La in
La;3GagSb,; would contract the structure to an extent
that the Ga—Ga bonds linking the Sb ribbons would
become unreasonably short.

The SmGaSb,- and NdGaSb,-type structures are
layered [36], as shown in Fig. 5; correspondingly,
crystals tend to be plate-shaped. They are stacking

(a) SmGaSh, (C2221) (b) NdGaSbs (/4+/amd)

- %) %M
& R %
=
& = "a CRZ 1 h

Fig. 5. Comparison of the layered: (a) SmGaSb,- and (b) NdGaSb,-
type structures [37]. The coordination around a RE atom by Sb atoms
is shown in each structure.

variants of each other and contain 2 [GaSb] and 2 [Sb]
layers separated by the RE cations. The Ga atoms in the
. 2[GaSb] layers are coordinated in a tetrahedral fash-
ion, Ga(Ga,Sb,), such that the Ga atoms that serve as
the ligands in one tetrahedron can be regarded as centres
of adjacent tetrahedra, thereby forming infinite one-
dimensional zigzag Ga chains containing Ga—Ga bonds
of 2.539(2) A in SmGaSb, and 2.605(3) A in NdGaSbs.
In orthorhombic SmGaSb, (C222,), these Ga chains
run along the ¢ axis and impart chirality to the
structure. In tetragonal NdGaSb, (/4,/amd), there is
disorder of the Ga chains associated with a 50%
occupancy of the Ga sites. All of the Ga chains in
SmGaSb, are parallel and run along the ¢ direction,
whereas they are mutually perpendicular and run
alternately along the a or b direction in NdGaSb,.
Why the SmGaSb,-type structure forms for RE=1La
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and Sm whereas the NdGaSb,-type structure forms for
RE = Ce, Pr, Nd is unclear. It does not seem that there
would be much energetic difference between one stack-
ing variant and the other, and it may well be that
adjustment of synthetic conditions could yield alterna-
tive polytypes. The 2 [Sb] square nets are a common
theme in structures of many antimonides. The Sb—Sb
distances within these nonclassical square nets (3.0-3.1
A) is suggestive of weak hypervalent bonding, which will
be discussed in further detail later.

La;3GagSb,; is found to be superconducting below
Tc=2.4 K [35]. All RE{,Ga4Sb,; compounds (RE =
La, Ce, Pr, Nd, Sm) show metallic behaviour down to
2 K and have room temperature resistivities of about 1—
2x107* Q cm, except for the Sm member which is
about two orders of magnitude more resistive. It is
surprising that La;3GagSb,; is superconducting whereas
La;»GaySbss is not, given the similarity of their crystal
and electronic structures, but the manifestation of
superconductivity can be quite sensitive to the precise
shape of the Fermi surface. The properties of the
REGaShb, series remain to be measured, but one would
anticipate highly anisotropic behaviour given the
layered nature of the structure.

2.2.3. RE-In-Sh

The reaction RE+1In+2 Sb at 570 °C for 1 day and
950 °C for 2 days, followed by cooling to 500 °C over 1
day and to room temperature over 5 h, produces ternary

Lah’lo_ssz (P21/m)

Fig. 6. The layered structure of Laln,gSb,, with the zigzag In chains
and square Sb nets shown [40].

compounds that are substoichiometric in In, with an
approximate formula REIng gSb, for RE = La, Ce, Pr,
Nd [40]. The plate-shaped crystals of REInggSb, are
very soft and pliable making crystallographic studies
somewhat of a challenge. Lalng gSb, is monoclinic (P2,/
m) and has a layered structure similar to that of
REGaSb,, with _ *[In,4Sb] and 2 [Sb] layers separated
by the La cations, as shown in Fig. 6. Similar to the Ga
chains in REGaSb,, there are zigzag In chains in
Lalng gSb,. The larger size of In compared to Ga atoms
as they are inserted between sandwiching Sb sheets
imparts some differences. Within the zigzag chains, the
In—In bond (2.967(5) A) in Lalny¢Sb, is considerably
longer than the Ga—Ga bond (ca. 2.5 A) in either
REGaSb, polytype. Whereas parallel Ga chains are
coplanar in REGaSb,, parallel In chains are slightly
canted with respect to the planes of the surrounding Sb
sheets in Lalng gSb,. Moreover, the In atoms are now
coordinated in a distorted square pyramidal fashion,
In(In,Sbs), in LalnggSb,, compared to the tetrahedral
coordination of Ga in REGaSb,. The substoichiometry
of In (80% occupancy) can be interpreted on a local level
by vacating every fifth site, on average, within the zigzag
chains. Band structure calculations suggest that the
substoichiometry occurs to avoid occupation of too
many In—In antibonding states. The distance between
neighbouring In zigzag chains is only 3.346(6) A, but
examination of the COOP curves in an extended Hiickel
calculation suggests that this interaction is insignificant
compared to the intrachain distance.

YbsIn,Sbg, prepared from reaction of a stoichiometric
mixture of the elements at 700 °C [41], is a rare-earth

YbsIn,Sbs (Pbam)

3
2 %

D
o)

a

a

Fig. 7. Structure of YbsIn,Sbe, built up of double chains of corner-
sharing InSby, tetrahedra bridged through Sby-pairs [41].
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analogue of the AsM,Pn¢ (A =Ca, Sr, Ba; M = Al, Ga,
In; Pn=As, Sb, Bi) family. There are at least three
structure types formed by members of this family. They
are named inconsistently in the literature, so these are
enumerated explicitly: (1) CasGa,Asg [42,43], CasAl,Sbg
[44], CasGa,Sbg [45], CasIn,Sbe [45], SrsIn,Sbg [47],
BasIn,Sbg [46] (Pbam); (ii) CasAl,Big (Pbam but with a
long ca. 23 A axis) [47]; (ili) SrsAl,Sbg (Pnma) [46].
YbsIn,Sbg is isostructural to CasAl,Big (after a unit cell
transformation involving exchange of the a and b axes
and an origin shift is applied). In YbsIn,Sbg, two chains
of corner-sharing InSby tetrahedra are bridged together
by Sb,-pairs to form a ‘OO[InZSb(,]]O* double chain (Fig.
7). An interesting observation is that even though Yb>*
and Ca’" have similar ionic radii, YbsIn,Sbs is not
isostructural to CasIn,Sbs, whose structure involves a
slightly different packing of the ! [In,Sb]'"" double
chains. Moreover, the Sb—Sb distance within the Sb,-
pair is significantly longer in YbsIn,Sbs (2.944(2) A)
than in CasIn,Sbe (2.863 A). As alluded to earlier, the
increased covalent character imparted by the use of RE
instead of alkali or alkaline earth elements has impor-
tant effects. To a first approximation, the Zintl for-
mulation  (Yb*)s[(In*"),(Sb; " )(Sb*7),]  appears
satisfactory, but it belies the existence of the mixing of
Yb and Sb states as confirmed by band structure
calculations. Consequently, the band gap can be nar-
rowed relative to that in an alkaline-earth analogue
(YbsIn,Sbg has an experimental band gap of 0.2-0.4 eV
and appears to be a highly doped p-type narrow gap
semiconductor).

Eu4InSb;; was prepared by stoichiometric reaction
of the elements in a Ta tube at ca. 1000 °C [48] and

Ce,GeSbz (Cmmm)

Fig. 8. Structure of Ce,GeSb;, an ordered ternary variant of the
ThGe,-type [49]. The dashed lines outline the RE¢ trigonal prisms.

adopts the Ca 4AlSbyi-type structure, discussed earlier
in the context of Eu4AlPy;. It is paramagnetic at high
temperatures with a magnetic moment = 30(1) up
and displays a divergence between the zero-field- and
field-cooled susceptibilities below 15 K.

2.2.4. RE-Ge—Sbh

Investigation of the Ce—Ge—Sb phase diagram by arc-
melting and annealing samples at 400 °C for 500 h
revealed the ternary compounds Ce,GeSb;, Ce;GeSb,
and ‘CesGesSb,’ [49]. Ce,GeSbs is an ordered ternary
variant of the ThGe,-type structure (Fig. 8) [2]. The Ce
atoms form trigonal prisms that are arranged in CrB-
type slabs. The trigonal prisms are centred by Sb atoms
so as to form zigzag chains containing Sb—Sb bonds of
3.111 A. These slabs are separated by 2 [GeSb] square
sheets containing long Ge—Sb bonds of 3.166 A. It is not
clear how charges should be partitioned in the anionic
framework. The zigzag chain is a classical geometry
expected for Sb, but the Sb—Sb distance is a little too
long for 2c—2e~ bonding. Likewise, the Ge—Sb dis-
tances in the 2 [GeSb] square sheets are quite long.
Ce3GeSb is proposed to be isostructural to Lasz;Geln
[50]; although the cell parameters are reasonable, the
atomic parameters reported for Ce;GeSb are glaringly
amiss. ‘CesGe;Sb,’ represents the approximate compo-
sition of a phase with as yet undetermined structure.

The ternary interstitial derivative LasGesSb is analo-
gous to the corresponding phosphides and arsenides

LagGesxSb11+x (Immm)

Fig. 9. Structure of LagGe,g1)Sbizo1), built up of REg trigonal
prisms (outlined by dashed lines) within walls defined by Ge and Sb
atoms [51]. M(1) and M(2) are disordered sites containing a mixture of
Ge and Sb atoms.
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discussed ecarlier, adopting the stuffed Mn;Sis-type
structure [27].

The series RE¢Ges_ Sby;,, can be prepared for
RE = La—Nd, Sm, Gd—Dy by stoichiometric reaction of
the elements at 950 °C for 2 days, which gives needle-
shaped crystals [51]. Partial disorder of the Ge and Sb
atoms is responsible for the variable stoichiometry,
which follows a trend of increasing Ge and decreasing
Sb content as the size of the RE decreases. EDX
analyses and single-crystal structure refinements give
the composition of three representative members of this
series as La6G62_8(1)Sb13‘2(1), Nd6G33A6(1)Sb12_4(1), and
GdeGes 31)Sbi1.7). Fig. 9 shows the structure of
LasGe, 3(1)Sbis .21y, a relatively complex one displaying
an interesting variety of anionic networks. It resembles
the Pr;,Ga,Sb,s-type structure in consisting of channels
outlined by the metalloid atoms within which lie trigonal
prisms of the RE atoms. The metalloid part of
RE¢Ges_,Sb;; . can be deconstructed into three
constituents: isolated Sb atoms within the centres of
the RE trigonal prisms, three-atom-wide Sb ribbons,
and kinked sheets folded at every fifth atom. Sites M(1)
and M(2) contain a mixture of Ge and Sb atoms;
further, M(2) can only be 50% occupied because of its
proximity to a symmetry-equivalent position. The three-
atom-wide Sb ribbons provide yet another example of
the continuum of Sb strips of varying widths that can be
excised from a square net. Although these strips are
symmetrical with four equivalent Sb—Sb bonds of
3.0780(8) A around each Sb centre in the case of
GdeGes 31)Sbi1.7(1), they become distorted with two
short (2.918(1) A) and two long (3.333(1) A) Sb-Sb
bonds in the case of LacGe, g1)Sbi3 (1), illustrating yet
again how a hypervalent geometry for Sb can be
converted to a classical geometry via a Peierls distortion.
M(2) sites then border each side of the three-atom-wide

Table 3
Electrical and magnetic properties of REgGes _ Sby;, , [52]

Compound * Properties

LasGes g(1)Sbiz o1y  Metallic; nonmagnetic

CesGes_ . Sby;,» Metallic; antiferromagnetic, Ty = 4.0 K; meta-

magnetic, Hc=1.0 T at 2 K

Metallic; antiferromagnetic, 7y = 2.7 K; meta-

magnetic, Hc=1.5T at2 K

NdGes 6(1)Sbi12.41) Metallic; antiferromagnetic, Ty = 4.2 K; meta-
magnetic, Hc=4.0T at2 K

SmgGes . Sby; Metallic; antiferromagnetic, Ty = 8.3 K

GdeGey 3(1ySbi1.71y Metallic; antiferromagnetic, Ty = 12.5 K; spin-
flopping, Hsp = 1.85 T, Hc=5.75T at2 K

TbeGes_ . Sby;,» Metallic with resistivity minimum at 10 K;
antiferromagnetic, T = 22 K; metamagnetic,
Hc>7Tat2K

Dy¢Ges_ . Sby; ., Resistivity minimum at 150 K

PreGes_ . Sbyi 4«

% Compositions of the La, Nd, and Gd members were determined
from structure refinements.

Sb ribbons. Within the kinked sheets, some sites are
exclusively occupied by Sb atoms, whereas M(1) con-
tains Ge and Sb atoms. Substitution with a smaller RE
contracts the RE¢Ges_ ,Sby; | structure; the distances
within these kinked sheets are then shortened so that
they become more suitable for Ge—Ge instead of Ge—Sb
bonds, accounting for the trend of increasing Ge and
decreasing Sb content described above.

In RE¢Ges_ . Sby . ., the arrangement of RE atoms
in trigonal prismatic columns in which the intercolumn
distances are significantly longer (>1 A) than the
intracolumn distances gives rise to the possibility of
low-dimensional magnetic ordering. All members of the
RE¢Ges_ . Sby; . series display metallic behaviour, but
(except for the La member) they also show pronounced
magnetic transitions indicative of interactions between
conduction electrons and RE moments [52]. Table 3
summarizes the properties measured for REg4-
Ges_ Sbyj 4 . Long-range antiferromagnetic ordering
(TN~ <22 K) occurs for RE =Ce, Pr, Nd, Sm, Gd, Tb.
The Ce, Pr, and Nd members display metamagnetic
behaviour at 2 K (Hc =1.0-4.0 T) which is proposed to
arise from a ferro- or ferrimagnetic spin arrangement
within RE triangles, and an antiferromagnetic or canted
spin arrangement between RE triangles of a column.
The CesGes_ Sbyj,, compound exhibits short-range
one-dimensional magnetic interactions along RE col-
umns as a result of uncompensated spins, manifested by
an increase in the effective moment down to 5 K, below
which long-range antiferromagnetic interactions be-
tween columns set in. GdgGes_ ,Sby; . is especially
interesting as it undergoes a field-induced transition to a
spin-flop phase, as evidenced from single-crystal mag-
netization and magnetoresistance experiments. The Tb
and Dy members show minima in their resistivity curves
that may also be a result of short-range interactions in
this low-dimensional material.

2.2.5. RE-Sn—Sbh

The solid solution LasSn,Sbs_, (x=ca. 1.0) was
prepared to study the effects of electron concentration
on the superconducting transition of the parent La,Sbs,
which adopts the cubic anti-Th;P4-type structure [53].
Whereas LasSb; superconducts below 0.25 K, LasSnSb,
shows no superconducting transition down to 0.08 K.

An early investigation of the ‘LaSn,’—LaSb, section
of the La—Sn—Sb phase diagram showed the existence of
a ternary compound with tentative formula ‘LaSnSb,’
[54]. The structure was not determined at the time, but
the X-ray powder diffraction pattern was provided. This
phase has subsequently been shown to be part of a
family of nonstoichiometric rare-earth tin antimonides
RESn,Sb, with RE = La, Ce, Pr, Nd, Sm and ca. 0.1 <
x <ca. 0.7 [55]. They can be prepared by reacting
stoichiometric mixtures of the elements at 950 °C for
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LaSnU_mez (Cmcm)
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Fig. 10. Structure of LaSn, ;5Sb,, built up by inserting chains of Sn
sites between RESb, layers [55]. Each of the sites within these chains is
only partially occupied with Sn atoms up to a maximum of 20%.

2 days, but they are also frequently found as byproducts
when Sn is used as a flux in the synthesis of other
ternary rare-earth antimonides! The orthorhombic
structure of LaSng;5Sb, has been determined and it
bears a resemblance to the other layered structures
discussed earlier, REGaSb, and REInggSb,. Corre-
spondingly, it is possible to describe the structure as
consisting of 2 [Sn,,sSb] and 2 [Sb] layers separated by
the La cations. However, the RESn,Sb, series is
different from REGaSb, and REInggSb, in that the
Sn content is broadly variable. Fig. 10 shows an
alternative way of describing the structure as consisting
of chains of Sn sites inserted between % [RESb,] layers.
These chains contain three types of sites spaced at
increments of ca. 0.6 A that are occupied by Sn atoms.
To arrive at reasonable Sn—Sn separations of ca. 2.8 A,
each of these sites can only be partially occupied to a
maximum of about 20%, which corresponds to a limit-
ing formula of ‘LaSnggSb,’, reasonably close to the
crystallographically refined formula of LaSng 75:3)Sbo.
Although it becomes increasingly more difficult to
obtain single crystals of RESn,Sb, of lower Sn content,
a single-crystal structure determination of LaSng sSb,
shows that Sn atoms continue to disorder over the same
three types of sites in the chains at a reduced partial
occupancy of ca. 13% in each but with no particular site
preferences [56].

9Sn Mossbauer spectroscopy on the LaSn,Sb,
(0.1 <x <0.7) series shows that the Sn atoms in the

Table 4
Electrical and magnetic properties of RESn, Sb, [56]

Compound Properties

LaSn,;Sb, Superconducting, 7c <2 K

CeSng ;Sb, Metallic with resistivity minimum at ca. 25 K; ferro-
magnetic, Tc = 3.5 K, M, =135 pugat 2 K

CeSng sSb, Ferromagnetic, 7c = 3.2 K, Mg, = 1.46 ug at 2 K.

PrSng ;Sb,  Metallic; no long-range magnetic ordering down to 2 K

PrSny sSb, No long-range magnetic ordering down to 2 K

NdSng ;Sb, Metallic; antiferromagnetic, 7 = 3.8 K; metamagnetic,
Hc=55Tat2K

NdSng sSb, Antiferromagnetic, Ty = 4.0 K; metamagnetic, Hc = 5.4
Tat2 K

SmSn, ;Sb, Metallic; no long-range magnetic ordering down to 2 K

SmSn sSb, No long-range magnetic ordering down to 2 K

three inequivalent sites have isomer shifts (2.58-2.81
mm s~ ! relative to SnO») close to that of elemental p-Sn
(2.52 mm s~ ') [56]. This implies that the Sn atoms
within these chains are essentially zero-valent. Although
it is hard to portray in Fig. 10, on average each Sn atom
is bonded to four atoms (two neighbouring Sn and two
Sb(2) atoms) and each Sb(2) atom to one Sn atom.
Taking a picture in which these Sn—Sn and Sn-Sb
bonds are fully covalent, we assign formal charges of
Sn® and Sb(2)* . With the further assumption that the
La-Sn and La—Sb bonds are fully ionic and the atoms
in the hypervalent 2 [Sb] square sheet are Sb(2)' ~, the
formulation (La**)(Sn%),(Sb(1)! 7)(Sb(2)> ") suitably
accounts for the variable Sn content.

The RESn, Sb, structure can be derived by formally
inserting neutral Sn chains into the structure of the
parent binary antimonides RESb,, prying the 2 [RESb,]
layers apart. Expanding the structure and increasing the
interlayer separations between RE ions as more Sn is
inserted will therefore have an effect on electrical and
especially magnetic properties, which are summarized in
Table 4. All RESn(;Sb, compounds are metallic, but
with transitions in their resistivity curves [56].
LaSng ;Sb, appears to be superconducting below 2 K.
CeSng ;Sb, and CeSng sSb, show long-range ferromag-
netic interactions with Tc=3-4 K. The lower Tc¢
compared to that in CeSb, (7c=15 K) reflects the
diminished magnetic interactions in CeSn,Sb,. Field-
induced magnetic transitions are observed in the mag-
netization curves before a saturation magnetization of
1.4 up is reached above 1 T. PrSng;Sb, and PrSny sSb,
do not attain long-range magnetic ordering down to 2
K. NdSn(;Sb, and NdSng sSb, show long-range anti-
ferromagnetic interactions, similar to NdSb,; the order-
ing temperature 7Ty decreases accordingly as more Sn is
inserted: 8 K for NdSb,, 4.0 K for NdSng sSb,, and 3.8
K for NdSng,Sb,. The NdSn,Sb, compounds also
display metamagnetic transitions at Hc=5.5T at 2 K,
and a magnetic phase diagram for NdSng 7Sb, has been
determined. The long-range antiferromagnetic ordering
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EuSn3;Sb, (Pnma)

Fig. 11. Structure of EuSn3Sby, containing an anionic channel frame-
work built up of 30-membered rings [57].

in SmSb, disappears on going to SmSng,Sb, and
SmSng sSb,, which only show a weak temperature
dependence of magnetic susceptibility down to 2 K.

EuSn;Sby [57] is isostructural to SrSn;Sby [58], not
surprisingly given the similarity of the ionic radii of
Eu?" and Sr**. It is a classical Zintl compound with an
anionic channel structure built up of SnSb, tetrahedra,
SnSbs trigonal prisms, and Sb—Sb zigzag chains (Fig.
11). Although each atom has a closed-shell configura-
tion and semiconducting properties might have been
naively expected, additional interactions linking the
channels together to form the three-dimensional net-
work induce band broadening of the valence and
conduction bands so that the energy gap vanishes.
Accordingly, the resistivity curve down to 25 K for
EuSn;Sb, confirms metallic behaviour [57]. In light of a
more recent measurement down to 2 K for the
isostructural compound SrSn;Sb, suggesting supercon-
ductivity at ca. 4 K [59], it would be worthwhile to
remeasure the resistivity of EuSn;Sb, at lower tempera-
tures.

2.2.6. RE-Pb—-Sb

LasPbsSb, an interstitial derivative with the stuffed
Mn;Sis-type structure discussed earlier [27], and
La,PbSb,, a solid solution with the anti-Th;P,-type
structure of the parent LasSby [53], are the only
representatives known in this system. LasPbSb, does
not superconduct down to 0.08 K.

2.2.7. Quaternaries

The similarity of the layered REGaSb,, REIn, gSb,,
and RESn,Sb, structures provides an excellent oppor-
tunity to study the effects of size and electron concen-
tration if the different main-group elements M, M’ =

Ga, In, and Sn can be mixed to form quaternary phases
RE-M-M’-S8b. The series LaGa, Sn, Sb, can be elabo-
rated [60], but as in the preparation of LaGaSb,, an
excess of Ga must be used to avoid formation of
Pr;»GasSbos-type byproducts. When only a small
amount of Sn is added, the Sn atoms simply disorder
with Ga atoms in zigzag chains as in the parent
REGaSb, structure: in LaGag go3)Sng 20Sb», the zigzag
chains now contain a small proportion of Ga—Sn bonds
in addition to Ga—Ga bonds. When a large amount of
Sn is introduced, the zigzag chains cannot accommodate
Sn—Sn bonds which are considerably longer than Ga-—
Ga bonds, so the Sn atoms reappear in chains of
partially occupied sites as in the parent RESng;5Sb,
structure: in substoichiometric LaGag 43(3)Sng 39(3Sb,
there is disorder between the zigzag chains of Ga sites
and linear chains of Sn sites. There is also evidence for
the possibility of extensive mixing of In and Sn in the
quaternary system Laln,Sn,Sb, (ca. 0.1 <x,y <ca.
0.7) [61]. The X-ray powder diffraction patterns of these
quaternaries indicate that their structures probably
involve random stacking of 2 [LaSb,] layers with dis-
ordered In and Sn chains between them, so that accurate
structure determination will no doubt be challenging.

2.3. Bismuthides

Eu4InBi;, prepared by stoichiometric reaction of the
elements in a Ta tube at ca. 1000 °C (with some EuyBi;
byproduct always being formed) [48], is yet another
representative of the Caj4AlSb;-type structure; it un-
dergoes an apparently antiferromagnetic transition at 10
K. The anti-Th;P4-type solid solutions LasSnBi, and
La4Pb, Bis_, (0.5 <x <1.5) are known [53], with the
latter being superconducting at 7Tc=2.3-2.5 K. We
have evidence for the existence of a ternary La—Ga—Bi
phase [62] with a hexagonal structure likely related to
that of La;3GagSb,;. Otherwise, ternary rare-earth
main-group bismuthides have not been systematically
studied.

3. Structure and bonding

Perhaps the most striking feature in the rare-earth
main-group pnictides surveyed is the recurrence of
extensive homoatomic bonding of the main-group and
pnicogen components. Although it is understandable
that the antimonides are the most prone to show
hypervalent bonding networks such as Sb square sheets,
even a few phosphides and arsenides such as RESiP;
and RESiAs; display similar pnicogen square sheets.
The majority of the ternary antimonides discussed fall
into this intermediate category, between ‘normal’ Zintl
phases such as YbsIn,Sbg or EuSn;Sby at one extreme,
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where a divalent RE simply substitutes for an alkaline-
earth element, and more typical intermetallic phases
such as LasSnSb, or LasPbSb, (anti-Th;P4-type) at the
other extreme, where the main-group and pnicogen
atoms simply disorder.

To examine the bonding in these complicated struc-
tures, we apply a ‘retrotheoretical analysis’ in which the
extended structures are broken up into simpler building
blocks of lower dimensionality [63]. The removal of the
RE atoms from further consideration, with the assump-
tion that they transfer their electrons to the anionic
substructure, simply corresponds to the Zintl concept.
What is not so clear, however, is how the ensemble of
valence electrons available to the anionic substructure is
partitioned.

3.1. Role of RE

Before we examine the anionic substructures, it is
worthwhile questioning the assumption of full electron
transfer from the RE atoms. The structures of ternary
alkali and alkaline-earth main-group pnictides A—M—
Pn tend to contain heteroanions with the less electro-
negative M as the central atom and the more electro-
negative Pn as bridging ligands that serve to condense
together tetrahedral, trigonal pyramidal, or trigonal
planar units [12]. In the unusual case of NaSn,As, and
SrSn,As,, which are found to adopt the same structure,
it is proposed that an incomplete transfer of electrons
from Sr to the [Sn,As,] substructure entails additional
Sn—Sn bonding [12,64]. That is, instead of forming lone
pairs, the metalloid atoms satisfy their valence require-
ments (i.e. octet rule) by forming bonds to themselves.
Similarly, the assumption of RE*" jons may be suspect
given that many of the structures of the ternary rare-
earth main-group antimonides show such extensive
homoatomic bonding networks of the metalloid atoms.
Band structure calculations on the La;3GagSb,; and
RE;»,Ga,Sb»s structures indicate a significant overlap of
RE 5d states with the metalloid states [35]. In these
calculations, the manifestation of a reduced electron
transfer from the RE atoms is evidenced by a shift in the
Fermi level compared to a calculation with the RE
atoms omitted.

Another clue that shows a link to more typical
intermetallic structures is the presence of RE¢ trigonal
prisms that share their triangular faces to form columns
and are centred by metalloid atoms, as seen in Lajs-
Gangzl, RE12Ga4Sb23, CezGCSb3, and RE6-
Ges_ . Sbyj . Such triangular assemblies reflect the
tendency of atoms to form close-packed layers in
intermetallic structures; they may be regarded as frag-
ments of the WC-type structure in the limit of infinitely
large triangular assemblies. Maximizing space-filling
cannot be the sole determining principle in these
compounds, however. The RE atoms do not attain the

Fig. 12. Common coordination geometries of the RE atom found in
ternary rare-earth main-group pnictides. All are based on square
antiprisms that are: (a) monocapped (e.g. LalnggSb, [40]); (b)
bicapped with capping atoms above the same square face (e.g.
REGaSb, [36]); (c) bicapped with capping atoms above different faces
(e.g. RE¢Ges_Sbyy, . [51]); or (d) capped by a chain of partially
occupied Sn sites (approximately capped by two atoms, on average) in
LaSn0_75Sb2 [55,56]

very high CNs (12-16) found in typical intermetallics
such as the Laves phases [2,3]. Instead, a square
antiprism capped by one or two additional atoms is
the most common coordination geometry (CN 9 or 10),
as shown in Fig. 12. Usually, Sb atoms form the corners
of the square antiprism and the other metalloid atoms
reside above the square faces (on average, the La atom
in LaSn, 75Sb, is capped by two Sn atoms; Fig. 12d).

3.2. M—M and Sb—Sb bonding networks

A summary of the major homoatomic bonding
patterns seen in the ternary RE-M—-Sb compounds is
given in Table 5. The metalloid component M generally
forms strong 2c—-2¢~ M-M bonds within pairs or
chains. The Gag ring in La;3GagSh,; is unusual [34]
but another example of it occurs in a La—Ga-—Bi
compound currently being characterized [62]. Sb shows
remarkable versatility in forming classical Sb, pairs to
weak fractional bonds in nonclassical square sheets and
ribbons in these compounds. As a point of reference, a
bond distance of 2.908 A is found for the intralayer
contacts and 3.355 A for the interlayer contacts in
elemental Sb [65]. Evaluations of Sb—Sb bond strengths
have been presented previously, with the conclusion
that, aside from obviously strong single bonds near 2.9
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Table 5
Patterns of homoatomic bonds (A) in rare-earth main-group antimonides RE-M—Sb
Compound M Sb Reference
La;3GagSb;, Gag rings, 2.422(5) Sbs ribbons, 3.0934(11)—3.1338(14) [34]
Pr,Ga,Sbos Ga, pairs, 2.586(4) Sbs ribbons, 3.1088(7)—-3.1095(10) [34]
Sbe ribbons, 3.0085(7)—3.1296(7)
SmGaSb, Ga zigzag chains, 2.539(2) Sb square sheets, 3.0549(2) [36]
NdGaSb, Ga zigzag chains, 2.605(3) Sb square sheets, 3.0749(2) [36]
Lalng gSb, In zigzag chains, 2.967(5) Sb square sheets, 3.119(3)—3.142(3) [40]
YbsIn,Sbg - Sb, pairs, 2.9437(18) [41]
Ce,GeSb; - Sb zigzag chains, 3.111 [49]
Laf,Gez_g(])SbL},_z(]) Mz pairs, 26154(16) Sb3 ribbons, 29179(1 1), (33328(1 1)) @ [51]
NdsGes 6(1)Sb12.4(1) M, pairs, 2.5879(14) Sb; ribbons, 2.9175(9), (3.2788(10)) * [51]
Gd6G€443(1)Sb|].7(]) M2 pairs, 2547(2) Sbg ribbons, 30780(8) a [51]
LaSn, 75Sb, Sn chains, 2.814(3)-2.844(3) Sb square sheets, 3.0952(3) [55]
EuSn;Sby - Sb zigzag chains, 2.915(1) [57]

% An Sb, zigzag chain is also present in a disordered Ge—Sb puckered sheet. Within such sheets, there are M, pairs consisting of a mixture of Ge

and Sb atoms.

A, any contact in the range of 3.0-3.3 A is potentially a
bonding interaction that cannot be neglected [13—15,63].
Square Sb sheets containing this range of Sb-Sb
distances are already found in binary rare-earth anti-
monides such as YbSb, [66] or SmSb, [10]. Whether one
carries out a rigorous band structure calculation or
simply applies the octet rule to each four-bonded Sb
atom, the conclusion is that each Sb atom in a square
sheet is assigned a count of six electrons: two lone pairs
occupy the s and p. (perpendicular to the sheet) orbitals
(or sp. hybrids thereof, as shown in Scheme 1 below),
and the remaining two electrons are distributed over the
in-plane p, and p, orbitals which overlap with those on
neighbouring atoms to form weak Sb—Sb bonds. That
is, each Sb atom in a square sheet is assigned an
oxidation number of —1, and each Sb-Sb bond is
approximately a one-clectron bond. The emerging
theme in the rare-earth main-group antimonides is the
frequent occurrence of Sb ribbons (or ‘strips’) that are
one-dimensional in extent and excised as fragments of a
square net [14]. A distinction is made between atoms
located in the interior and at the borders of the ribbon.
The interior Sb atoms are four-bonded and assigned to
be —1, in analogy to the square net, but the border Sb
atoms are two-bonded and assigned to be —2 (consis-
tent with three lone pairs and one bonding electron per
atom). Although these ribbons were previously seen in
the structures of LagMnSb,s [67] and ZrSb, [68,69], we
aver that the variation in widths of these ribbons can be
even more extensive, as seen in the rare-earth main-
group antimonides (Fig. 13). One can envision that even
wider ribbons are possible, and that the examples listed
in Table 5 are potentially members of a larger family of
compounds. Given that square Pn sheets are also
observed in RESiP; [19-21] and RESiAs; [22-24], one
can anticipate that this theme of pnicogen ribbons

should also apply more generally to phosphides and
arsenides.

An analysis of the crystal orbital overlap population
(COOP) curves for the Sb—Sb contacts in these ribbons
or sheets within the actual crystal structures frequently
reveals that only weakly antibonding levels are occupied
near the Fermi level. Coupled with the broad energy
dispersion of the Sb bands, this means that there is
relatively little sensitivity of the Sb—Sb bond strengths
to small changes in band occupation. As we shall see,
this has important consequences.

3.3. Retrotheoretical analysis

To illustrate the basic approach, Fig. 14 shows the
analysis of REGaSb, (which could be adapted for the
related layered structures of LalnggSb, and LaSn,Sb,)
[36]. It is natural to break up the anionic substructure
[GaSb,]*~ in REGasSb, into separate 2 [GaSb]*~ and
iC[Sb]'* layers. Assuming a polar Ga—Sb bond, assign-
ing an oxidation state of +1 to Ga (and —3 to Sb)
within the 2 [GaSb]*~ layer is consistent with the
formation of two Ga—Ga bonds to each Ga centre,
forming a zigzag chain. The charge on a 2 [Sb]'~ square
sheet has been rationalized earlier. Band calculations

Scheme 1.
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Fig. 13. Planes, chains, and antimonides. The evolution of one-dimensional Sb ribbons of variable width, to the limiting extreme of a two-

dimensional square net.
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Fig. 14. Retrotheoretical analysis of REGaSb, [36].

carried out separately for the two layers reveal that the
2 [GaSb]*~ layer is a closed-shell system with a band gap
between completely filled Ga—Ga and Ga—Sb bonding
levels and the empty antibonding levels, whereas the
2 [Sb]'~ square sheet gives rise to a continuous distribu-
tion of states with essentially nonbonding Sb-Sb
character near the Fermi level. When the two layers
are reassembled to form the composite structure, a
donor—acceptor interaction occurs in which the
2 [GaSb]*~ layer gives up some of its electrons to the
2 [Sb]'~ square sheet. The Sb square sheet thus acts in its
capacity as an electron sink, able to accept additional
electrons to an extent that Sb—Sb bonds are weakened
only slightly because of the slightly antibonding char-
acter of the states being occupied. The argument can be
extended to LalnggSb,, which is found to be substoi-
chiometric in In [40]. Because In is less electronegative
than Ga, the states derived from the i[InSb]Z* layer of a
hypothetically stoichiometric LalnSb, lie higher in
energy. The enhanced donor—acceptor interaction en-
tails a greater transfer of electrons to the antibonding
Sb-Sb states, to an extent where Sb—Sb bonds would be
weakened a little too much. Nature’s answer is to
introduce vacancies to lower the electron count.

The real utility of retrotheoretical analysis is demon-
strated in trying to make sense of the more intricate
RE|»Ga,Sbys structure (Fig. 15) [35]. The anionic
substructure [Ga4Sb,3]*® ~ can be decomposed into three
parts: two isolated [GaSbs] planar units, an isolated five-
atom-wide Sb ribbon, and a [Ga,Sb,,] framework. How
the 36 negative charges are to be distributed is unclear.
Instead, we analyze each part and assign reasonable
charges separately, and then compare the sum of the
charges to 36—. The GaSb; trigonal planar unit is
isoelectronic to the familiar boron trihalides; the Ga
centre remains formally electron deficient in [GaSbs]° ™.
The five-atom-wide Sb ribbon is assumed to contain
one-electron bonds, and following Fig. 13, it is repre-
sented as [Sbs]’~. Breaking Ga—Ga bonds in the
[Ga,Sb,] framework leads to kinked [GaSbg] sheets
that may be regarded as being derived from a square Sb
sheet with every seventh diagonal being replaced by a
row of Ga atoms. Assumption of one-electron bonds
and completion of octets leads to an assignment of
[GaSbe]’ . To reform the [Ga,Sby,] framework, adja-
cent kinked sheets are stacked so as to direct lone pairs
of Ga atoms from adjacent sheets together. To forgo the
2c—4e” repulsion that would otherwise arise, each Ga
atom must be oxidized by one electron to give an
attractive 2c—2e” interaction, yielding a formulation of
[Ga,Sb;5]'~. When the charges are tallied up,
[GaSbs]° [GaSbs]°[Sbs]” ~[Ga,Sby]' ™ =
[Ga4Sb23]35_, the total charge is one electron less than
the 36 — expected if the RE atoms had transferred their
valence electrons entirely. Again, the most likely candi-
date for further reduction is the [Sbs] ribbon. An
analysis of COOP curves shows that adding one more
electron to bring the charge to 36— is favourable in
strengthening the Ga—Ga and Ga-Sb bonds at the
expense of only slightly weakening the Sb—Sb bonds
within the [Sbs] ribbons.
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RE12Ga4Sb23

[Ga,Sb+s]

Fig. 15. Retrotheoretical analysis of RE;,GaSb,; [35].

4. Conclusion

The rare-earth main-group pnictides adopt structures
that show interesting divergences from the correspond-
ing alkali and alkaline-earth systems. Especially for the
antimonides, more unusual modes of bonding beyond
simple 2c—2e~ heteroatomic interactions appear as the
electronegativity differences between metal and metal-
loid components are reduced. In particular, Sb is
notably varied and rich in its homoatomic bonding,
forming nonclassical networks such as square nets and
ribbons. Although these antimonides show typical
characteristics of intermetallic structures, such as the
prevalence of metalloid-filled trigonal prisms and high
CNss, the electronegativity differences are not so small
that the Zintl concept becomes inapplicable. It still
serves as a good starting point to help rationalize the
bonding in these very complex structures through a
fragment or retrotheoretical analysis, if somewhat
longer Sb—Sb bonds (3.0-3.3 A) are counted as
approximately one-electron bonds. In cases where the
electron counting on the anionic substructure is incon-
sistent with the assumption of complete transfer of
electrons from the RE atoms, the resolution can be
traced to the occupation of states near the Fermi level
arising from the Sb network. Because of the nonbonding
or weakly antibonding nature of these Sb—Sb states,
these Sb square nets or ribbons are able to tolerate some
degree of oxidation or reduction without undergoing
severe distortion.

Perhaps the most exciting direction to which this
work is heading involves the characterization of the
physical properties. The alkali and alkaline-earth main-
group pnictides are predicted to be diamagnetic and

semiconducting for the most part, although there can be
exceptions. The rare-earth main-group pnictides, how-
ever, are likely to display magnetic ordering, owing to
the presence of unpaired f electrons from the RE
component, and metallic conductivity, especially in the
antimonides, arising from broader bands engendered by
the Sb networks. To be sure, there remain significant
synthetic challenges, but gratifying rewards are in store
for the intrepid solid-state chemist.
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