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Abstract

Bonding in intermetallic compounds has eluded description by a simple overall
scheme. Although electron-counting rules have been developed for two limiting classes,
the non-polar Hume-Rothery and the polar Zintl compounds, no clear bonding schemes
exist between the two extremes. In this research, several new intermetallic antimonides
have been synthesized through reaction of the elements, théir crystal structures
determined by X-ray diffraction, and their electronic structures calculated using the
extended Hiickel method. They possess structures featuring extensive homoatomic
bonding networks that test the limits of current bonding theories.

La;3GagSbh,;, RE1;GasSb,; (RE = La—Nd, Sm), and REGaSb, (RE = La—Nd, Sm)
adopt new structure types containing unusual Ga—-Ga and Sb—Sb bonding patterns.
Columnar triangular assemblies of face-sharing RE trigonal prisms occur in La;3GagShy;
and RE\»GasSby;. These trigonal prisms are centred by Ga or Sb atoms, resulting in
isolated trigonal planar GaSb; units. Channels outlined by squére Sb ribbons linked by
either puckered Gas rings (in La;3GagSh,;) or Ga, pairs (in RE2GasSbys) enclose the RE
columns. In REGaSb,, square nets of Sb atoms and two-dimensional 2[GaSb] layers,
within which zigzag Ga chains occur, are separated by RE atoms.

Networks of Ge—Ge and Sb-Sb bonding are found in the structures of FeGe;_.Sb,
(0 £x <0.33). Honeycomb (6°) Ge nets and kagomé (3636) nets of Fe atoms are stacked
alternately, leaving open channels that are filled by isolated Ge atoms and Sb, dumbbells.
Large voids in these structures can be filled by transition metal (R) atoms to give the new

series of compounds R;_.(R,Fe)sGes(Ge,Sb), (R = Ti, Cr, Mn).
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Homoatomic main-group element bonding predominates in the new antimonides.
Pairs, rings, and chains containing strong covalent bonds coexist with ribbons and nets
containing weaker delocalized bonds. By considering the Sb—Sb bonds within the square
networks of La;3GagShs;, RE2GasSbrs, and REGaSb, as one-electron bonds, the Zintl
concept can be extended to these relatively polar compounds. However, the Zintl

concept fails for non-polar FeGe,_.Sb, and R;_(R,Fe)sGes(Ge,Sb),.
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Chapter 1

Introduction

Chemical Bonding in Intermetallic Compounds

Most of the elements are metals or metalloids, and when these are combined
intermetallic compounds result. Considering all of the possible compositions, only a
fraction of which have been investigated, this class of compounds encompasses a huge
number of members and displays a rich structural chemistry.! Intermetallic compounds
range from simple close-packed binaries to complex quasicrystalline materials.” The
physical properties exhibited by this class are equally varied. Some members have
important technological applications as permanent magnets (SmCos), thermoelectric
materials (Bi;Te;), superconductors (Nb;Sn) and semiconductors (GaAs).? Despite their
prevalence, intermetallic compounds have, for the most part, been neglected in
mainstream chemistry. Although physicists and metallurgists have described and
optimized the properties of technologically useful materials, basic questions concerning
the chemical bonding in these phases remain unanswered.*>

Background. Prior to the development of X-ray diffraction, the existence of
intermetallic compounds with definite compositions and distinct structures was debatable.
Historically, the reaction of metals was expected to produce alloys or “solid solutions”

with simple structures and wide homogeneity ranges. But in 1839, Karsten noticed that
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the action of acids on alloys of Cu and Zn differed at the equiatomic composition and,
based on this observation, suggested the formation of an intermetallic compound, CuZn,
the now-familiar B-brass. In the years that followed, several more examples were
characterized. Chemists found these new intermetallic materials strange and disturbing
because most failed to obey the ordinary valence rules that had been applied successfully
to ionic and covalent compounds. Chemically based electron counting rules for
intermetallic compounds were thought to be impossible. *

Since this time, thousands of intermetallic compounds with structures ranging
from close-packed to remarkably complex ones have been identified.! Several
classification systems have been devised to relate the structures by considering them as
packings of spheres, stackings of nets, or assemblies of coordination poyhedra.’™
However, these geometric relationships, in general, neglect the importance of chemical
bonding. The development of a theory relating structures and the character of interatomic
interactions has been hindered by the fact that a given structure type can satisfy different
types of bonding requirements. Compounds containing either primarily ionic or metallic
interactions frequently crystallize in similar structure types built up from close-packed
layers that accommodate the non-directional interactions. To further complicate the
situation, ionic, metallic, and covalent bonding often coexist in the same structure.
Owing to the complexity of the interactions involved, the chemical bonding in
intermetallic compounds has eluded description by a simple overall scheme. However,
well-developed electron-counting rules exist for two limiting classes of intermetallic

compounds, the Hume-Rothery compounds9 and the Zintl compounds. 10
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Electron Counting Schemes. In 1926, Hume-Rothery observed that the ratio of
valence electrons to atoms, or valence electron concentration (vec), is a crucial variable in
determining the structure type adopted by a large number of compounds.®® In alloy
systems involving Cu, Ag, and Au, and other metallic elements with similar
electronegativities, a sequence of structures is formed at specific vecs, regardless of the
particular elemental composition. For example, CusZng,'! CuoGas,'? and Cus Sny; ' all
have a vec of 1.6 and crystallize in the y-brass (or a closely related) structure (Figure 1-1).
Indeed, most binary compounds that adopt the y-brass structure have a vec near 1.6.
Many other phases with a similar dependence on the vec and different zones of
permissible electron count are known, including the simple face-centred cubic, body-
centred cubic, hexagonal close-packed, and the rather complex f-Mn structures.” These
structures feature high symmetry, densely packed atoms, and large coordination numbers,
characteristics typical of the elemenial metals. The Hume-Rothery valence electron
counting rule works well for intermetallic compounds in which the electronegativity
difference for the components is small and non-directional bonding interactions
predominate.

When the component atoms of an intermetallic compound have ver}; different
electronegativities, the Zintl concept is more appropriate as an electron counting rule.'
In the early 1930s, Zintl studied compounds of the alkali metals and the post-transition
metals that possessed. properties that were unlike those of the more typically metallic
Hume-Rothery compounds.®'® These polar intermetallic compounds were brittle and
weakly conducting; their crystal structures contained directional bonds with normal

single-bond lengths between the electronegative component atoms. Based on these
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observations, Zintl suggested the coexistence of ionic and covalent interactions in these
polar intermetallics, and proposed an electron counting scheme in which the
electropositive atoms donate their valence electrons to the more electronegative atoms.
The electronegative atoms then participate in homoatomic bonds, as necessary, to
complete their valence shells. If we consider NaTl as an example, the Na atoms donate
their valence electrons to TI, resulting in a [T1]'™ network, isoelectronic to elemental C,
that adopts the diamond structure (Figure 1-2).!* For this new class of compounds, the
structure adopted is determined by the vec of the anionic component.

Although the bonding and electronic structure of the Hume-Rothery and Zintl
compounds can be explained using simple electron counting schemes, the factors that
determine which of several feasible atomic arrangements is realized are still largely
unknown. In the case of the Hume-Rothery compounds, more than one structure type
may be formed at a specific vec, depending on the composition and the reaction
conditions.’ For instance, at a vec of 1.5, phases with the body-centred cubic, hexagonal
close-packed or B-Mn structure are found in different binary systems. In some systems,
all three structure types are observed within separate temperature ranges. The preference
of one structure type over another at a given vec may depend on subtle size and electronic
factors. This is also the case for the Zintl compounds, in which a remarkable variety of

d. > In the compounds CaSi; and

isoelectronic anionic substructures are observe
BaSi,, for example, the anionic networks consist of corrugated hexagonal [Si]'™ nets
analogous to those in metallic As,'S or of Sis*" tetrahedra that resemble the P, tetrahedra

of white P,'” respectively (Figure 1-3). The Zintl electron-transfer concept predicts only
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the overall charge of the anionic substructure, but the actual geometry of the substructure
is sensitive to the sizes and electronegativities of the component atoms.

Bonding Patterns in Antimonides. Of course, the Hume-Rothery and Zintl
concepts are only applicable to certain limiting classes of intermetallic compounds in
which the electronegativity differences between the metal or metalloid atoms are either
small or large. No clear bonding schemes exist between the two extremes. It is in this
uncharted territory that we expect to find new and unusual modes of bonding. Antimony,
located at the boundary between the metals and non-metals in the periodic table, provides
an entry point into this unexplored area. Antimony forms intermetallic antimonides with
most of the metallic elements' and displays a broad flexibility in its homoatomic bonding.
The most polar antimonides adhere to the Zintl concept and contain classical Sb
substructures built up from normal two-electron single bonds. In compounds with
reduced electronegativity differences, Sb networks with “non-classical” geometries
become prevalent and the applicability of the Zintl concept is challenged. The various
classical and more unusual non-classical Sb substructures found in intermetallic
compounds have recently been reviewed by Papoian and Hoffmann.'® The Sb networks
appearing in metal-rich antimonides, in particular, have been surveyed by Kleinke.'

The alkali (4) and alkaline-earth (4E) metal antim.onides A3Sb (4 = Li—Cs)*® and
Mg;Sh,,2! with stoichiometries and structures typical of ionic salts, provide the most
obvious manifestation of the Zintl concept. Assuming complete electron transfer from
the electropositive metals, the isolated Sb atoms have completed valence shells, and are

assigned an oxidation state of -3. At other compositions, classical covalently-bonded Sb

substructures (Sb—Sb ~ 2.8-2.9 A) predominate in the alkali and alkaline-earth metal
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antimonides. The simplest classical substructure containing an Sb—Sb bond is the Sb,
duml;bell found in numerous Zintl phases (Figure 1-4a). According to a Zintl analysis,
each Sb atom of the pair must have three lone pairs of electrons, in addition to the shared
bonding pair, to complete its valence octet, resulting in a —2 oxidation state. The anionic
substructure in K;Ba3Sb, is an array of Sb, dumbbells which can be represented as
[(Sb,*),]%, supporting the electron transfer hypothesis.”2 A more unusual classical
structural feature is the Sbs square shown in Figure 1-4b. In this unit, each Sb'~
participates in two single bonds and possesses two non-bonding electron pairs, and the
overall charge per Sbs square is —4. The structures of the alkaline earth antimonides
AESbyo (AE = Ca, Sr) contain one Sbs* square, as well as four Sb,*" dumbbells and
eight jsolated Sb>~ anions per two formula units.” Based on these assignments, we arrive
at the Zintl formulation (4E*")[(Sbs*)(Sb,* )a(Sb> sl

Chains of Sb atoms are also frequently encountered in the substructures of the
alkali and alkaline-earth metal antimonides. Isolated Sbg¢ zigzag segments (Figure 1-4c¢)
are found in the compounds 4E,Sb; (4E = Sr, Ba).* Assuming completed octets for
each of the chain atoms, the terminal and inner atoms are assigned as Sb*~ and Sb',
respectively. One Sbg®~ chain is found per two formula units, leading to the charge-
neutral representation (AE2+)4[Sb6]8‘. Infinite one-dimensional zigzag chains occur in
ASb (4 = Na—Cs)>® and AESb, (4E = Ca, Sr).? These chains are helical in the alkali
metal antimonides, and planar in the alkaline-earth metal antimonides, presumably due to
the effects of the different cation matrices (Figure 1-5). In both cases, the chain atoms

are assigned an oxidation state of —1, and the one-dimensional substructure can be

represented by ,:[Sb] = The geometries of classical Sb substructures can also be
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extended to two-dimensions. The structure of BaSb; contains puckered two-dimensional
nets composed of interconnected 14-atom rings (Figure 1-6).>” One third of the net atoms

are three-connected neutral Sb°. The remaining two-connected centres are assigned as

Sb'", giving the overall formulation [Sb, ]* for the substructure.

In antimonides involving the less electropositive rare-earth elements, more
unusual non-classical multicentre Sb—Sb bonding interactions (~ 3.0—-3.2 A) which can be
rationalized using an extended Zintl concept frequently appear.'® The simplest of these is
the linear Sbs unit that, along with isolated Sb atoms, is found in the anionic substructure
of Euj4sMnSby; (Figure 1-7a).>® Since structural and magnetic studies suggest that the Eu
and Mn centres are in the +2 and +3 oxidation states, respectively, the composite Sb
substructure must have a charge of —31 in order to maintain charge balance. There are
eight isolated Sb>~ anions per formula unit; therefore, the linear Sb; unit is assigned a
charge of —7, making it isoelectronic with I;'"?° The Sbs”~ unit has been modelled as a
hypervalent three-centre four-electron bonded structure.'®*° This model assumes that, in
the absence of significant s-p mixing, only the axial Sb p orbitals are involved in
bonding. These atomic orbitals are combined to form three molecular orbitals (MOs):
one bonding, one non-bonding, and one antibonding (Figure 1-8). At the electron count
proposed for the Sb;’~ unit, four electrons are involved in the axial p orbital system, and
these fill the bonding and non-bonding orbitals. According to this MO picture, each of
the Sb—Sb bonds in the Sb;’~ anion may be considered as a half-bond, consistent with the
longer 3.258(2) A distances observed. By describing such intermediate Sb-Sb
interactions as one-electron bonds, the Zintl electron transfer concept can be applied to

antimonides that incorporate non-classical subnetworks.'®
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Other examples of hypervalent electron-rich bonding and long Sb—Sb bonds are
found in one- and two-dimensional Sb substructures. Extended one-dimensional linear
chains occur in the compounds RE3MSbs (RE = La-Nd, Sm; M = Ti, Zr, Hf, Nb) (Figure
1-7b).>' The model proposed for Sb;”™ can be extrapolated to this system: each Sb atom
of the chain, participating in two one-electron bonds, requires three lone pairs to obtain a
completed valence shell, and is assigned a —2 oxidation state. Considering La;TiSbs as
an example, the La>" and Ti*" cations donate a total of 13 electrons to the Sb substructure,
which consists of three isolated Sb*>~ anions and two @'[Sb]z' chains per formula unit,
resulting in the formulation (La*")3(Ti*)[(Sb’)3(Sb*);]. If an infinite number of linear
chains are brought together, two-dimensional sheets result. Many of the binary rare-earth
diantimonides RESb, adopt either the SmSb; (RE = La-Nd, Sm)*? or ZrSi, (RE = Yb)*>

structure type, both of which incorporate a square Sb net (Figure 1-7c). Following the

reasoning applied to the one-dimensional Sb chains, each Sb atom of the two-
dimensional sheet, now participating in four one-electron bonds, is assigned as Sb'~. In

the diantimonide structures, the square nets coexist with either Sb,*~ pairs (SmSb,-type)
or orf[Sb] 1~ zigzag chains (Z1Si>-type), and charge balance is achieved if the rare-earth
cation is assumed to be in the +3 oxidation state for RE = La—Nd, Sm or in the +2

oxidation state for Yb.

The simple Zintl electron transfer concept often breaks down for antimonides of
the transition metals, which can exist in multiple oxidation states and may have
electronegativities approaching that of Sb. Despite the difficulties involved in the

application of the Zintl electron counting rule to many transition metal antimonides,
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structural features that resemble those encountered in the Zintl phases persist. Nearly all
of the first row transition metal diantimonides MSb, crystallize in structures, either
CuAl-type (M = Ti, V)** or FeS,-type (M = Cr, Fe-Ni),*’ containing Sb, pairs (Sb—Sb ~
2.8-2.9 A). According to our analysis above, the Sb, structural unit is assigned an
overall charge of —4, leading to a +4 oxidation state for the transition metal. But a closer
inspection of each of the structures reveals that there may be weaker bonding interactions
between the Sb, pairs. The Sb, pairs in the CuAl,-type structures are assembled at
distances of ~ 3.3-3.5 A into hexagonal nets (Figure 1-9a). In the FeS,-type structures,
the Sb, dumbbells are stacked in a ladder arrangement, with interpair Sb—Sb distances of
~3.2-3.8 A (Figure 1-9b). If we consider the longer interpair Sb—Sb interactions as one-
electron bonds, then we arrive at oxidation states of —1 and +2 for the Sb and transition
metal atoms, respectively, in each structure. However, if we abandon our artificial
restriction to integral values, the Sb and transition metal oxidation states may lie
somewhere between the two proposed extremes, making our Zintl analysis of the

transition metal diantimonides ambiguous.'®

A similar uncertainty arises when the Zintl concept is applied to the low-

temperature form of Zerz.36 At the classical limit, the anionic substructure in B-ZrSb,

may be described as a one-dimensional _[Sb]'~ zigzag chain (Sb-Sb 2.890(1) A)
bordered by isolated Sb>~ anions. Alternatively, since the 3.146(1) A Sb-Sb distance
between the chains and the atoms that border them is typical of an intermediate bonding
interaction, the Sb substructure may be modelled as a non-classical four-atom-wide
square ribbon (Figure 1-10). Completing the Sb octets, we assign the inner four-

connected ribbon atoms as Sb'~ and the terminal two-connected atoms as Sb>~. The
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limiting classical and non-classical interpretations of the Sb bonding network result in a
+4 or +3 oxidation state for Zr, respectively. Although Zr*" seems more reasonable, this
assignment would neglect Sb—Sb interactions that surely possess at least partial bonding
character. The unusual ribbon substructure of B-ZrSb, points to the existence of more
complex Sb networks.

New Intermetallic Antimonides. The goal of this research is to expand the
structural chemistry of antimony by synthesizing and structurally characterizing new
ternary and quaternary antimomnides. Since the most unusual and challenging Sb
substructures are found in rare-earth and transition metal antimonides, our focus is the
isolation of intermetallic compounds in these systems, with the expectation that new
patterns of homoatomic Sb—Sb bonding will be encountered. These compounds will test
the limits of the current bonding concepts and electron counting rules. In light of the
many examples of intermetallic antimonides that exhibit interesting and technologically
important properties, such as the binary III-V semiconductor InSb,’’ the ternary

® and the quaternary thermoelectric material

magnetoresistive material EuMMnSb“,3
LaFes;CoSb;»,* the physical properties of the new intermetallic antimonides will be
measured. By relating structure and bonding to physical properties, in some cases using

band structure calculations, we may gain a better understanding of how to design novel

materials with desired characteristics.
Experimental Methods

Synthesis. The synthesis of intermetallic compounds typically entails extreme

reaction conditions to overcome the huge kinetic barriers that impede the reaction
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02 The most common method for the synthesis of solid-state

between solids.
comp;ounds is by direct reaction. Extended annealing at high temperatures is used to
overcome the slow solid-state reaction rates. Stoichiometric mixtures of the elements,
usually in the form of powders, are combined in fused silica tubes. Because the desired
products are non-oxides, the tubes are sealed under dynamic vacuum, then heated in a
furnace for several days at temperatures between 700 and 1000 °C. Crystal growth may
be encouraged by slowly cooling the reaction mixture. In some cases, an excess of a low-
melting solid (a flux), such as elemental Sn (mp 232 °C), may be added to the reaction
mixture to enhance the diffusion of the reactants and to promote the nucleation of
crystallites. After the reaction is finished, the Sn is easily removed by treatment with
HCl._ However, this method is not always applicable, because the Sn sometimes
participates in the reaction, resulting in the formation of unwanted byproducts.

Since there is no simple way of monitoring the progress of these high-temperature
reactions, very little is known about the reaction mechanisms involved. We must resort
to trial and error for the determination of the correct loading compositions and reaction
conditions. In the search for new compounds, the phase diagram of a particular ternary
system at one temperature is explored by reacting various stoichiometries of the
elements. Alternatively, a specific compound, for example, an unknown member of a
structural family or a hypothetical structural variant, may be targeted. In this case, the
reaction composition and heating program are selected based on the preparation of the

known compound. An understanding of structural chemistry is a valuable tool in the

design of new materials.
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Characterization. Knowledge of the chemical composition and structure of a
compound is essential for its description. For intermetallic compounds of the heavier
elements, elemental compositions are routinely determined by X-ray fluorescence

043 An X-ray fluorescence spectrum is generated when the sample is

analysis.
bombarded with a high-energy electron beam in a scanning electron microscope. The
incident electrons ionize some of the core electrons of the elements in the sample, and
electrons from outer orbitals immediately drop down to fill the vacant levels. X-rays of
characteristic energies and wavelengths are emitted during this process, and the emission
spectrum obtained for the sample is analyzéd to identify and quantify the elements
present. In this research, an energy-dispersive spectrometer, which discriminates X-ray
energies, is used, and the technique is described as energy-dispersive X-ray (EDX)
analysis.

X-ray diffraction is the most powerful method for the structural characterization
of intermetallic compounds.‘“)"Q'44 With wavelengths (~ 1 A) comparable to the
interatomic spacings in crystals, X-rays incident on a sample are diffracted according to
Bragg’s Law

A = 2dhjySinB
where A is the wavelength of the incident X-ray, dhy is the perpendicular distance
between adjacent (hkl) planes, and 0 is the angle at which the X-ray beam is diffracted.
In the resulting diffraction pattern, the positions and intensities of the diffraction peaks
depend on the size, symmetry and contents of the crystal’s unit cell. Various

photographic and digital techniques have been devised to collect the diffraction patterns
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produced by powder or single-crystal samples. Structural information can be extracted
from the patterns collected using technique-specific analytical methods.

A powder sample contains randomly-oriented crystallites. For each set of (hkl)
planes, at least some crystallites will be oriented at the Bragg angle 6 with respect to the
incident X-ray beam. Since all possible crystallite orientations should be present, a cone
of scattering will be formed for each set of planes. In the Guinier photographic technique
used in this research,”” a film intercepts the diffracted beam. Thus, every plane of the
crystal is represented by a line on the film. The resulting powder pattern provides a
characteristic fingerprint for the compound. In exploratory chemistry, the powder pattern
of an unknown reaction product can be compared to a library of patterus for known
compounds to determine whether these phases are present. However, if the product is
identified, through a process of elimination, as a new phase, the determination of its
structure based on powder diffraction alone is difficult, given the generally poor
resolution of the diffraction lines. On the other hand, if the product adopts a known
structure type, accurate cell parameters for the compound can be determined by indexing
its powder pattern.

The structures of new intermetallic compounds are usually determined using
single crystal X-ray diffraction.** In general, a single crystal is rotated in the incident
X-ray beam, such that each set of (hkl) planes is brought into reflecting position. In
photographic methods, such as the Weissenberg technique, the diffraction peaks are
recorded on a film. Since it is difficult to quantify the intensities of the diffraction peaks
on film, photographic techniques are mainly used to screen crystals for quality, and to

determine preliminary cell parameters and symmetry information. Once a suitable single
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crystal is found, an intensity data set containing several thousand reflections is collected
on a diffractometer. In this method, a radiation detector measures the intensity of each
reflection, and, based on this data, the crystal’s symmetry and cell parameters can be
established. In order to determine the identity and positions of the atoms contained in the
unit cell, the intensity data must be converted into electron density data using
mathematical procedures.

Physical Properties. Crystal structure, electronic structure, and transport
properties are intimately related. Most intermetallic compounds, owing to the
intermediate electronegativity differences between the component metals, are either
semiconductors or metals. Classical Zintl compounds should, by definition, display
semiconducting behaviour.' However, prediction of the transport behaviour for less
polar intermetallics is not as straightforward. The measurement of electrical resistivity
provides a way of testing the validity of bonding schemes and can serve as a window into
the electronic structure of intermetallic compounds.

Resistivity. The electrical resistivity is an inherent property of a material that
describes its ability to carry an electrical current. Experimentally, the resistivity of a
sample can be determined using a four-probe technique (Figure 1-1 1).*2 For a needle-
shaped crystal, four metal leads are attached at intervals along the length of the sample.
A current (/) is driven through the two outer leads, and the voltage drop (V) across the

inner leads is measured. The resistivity (p) of the material can be calculated by the

relation
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where 4 is the cross-sectional area of the sample, and ¢ is the distance between the two
inner contacts.

The resistivity of a material can also be defined in terms of the number of charge
carriers () per unit volume, the charge (Ze) of the carriers, and the carrier mobility (p)
according to

_ 1
nZepy

The value of Ze is constant for electrical conductors. However, the mobility of the
carriers decreases, in general, with increasing temperature due to scattering by lattice
vibrations. The temperature dependence of the carrier concentration depends on the type
of material. Taking all of these factors into account, the resistivity of most materials
varies with temperature. The magnitude and temperature dependence of the resistivity
allow the classification of solids as insulators, semiconductors, or metals.*%4°

For insulators and semiconductors, the resistivity increases exponentially at low
temperatures (Figure 1-12a). The source of this behaviour can be traced to the band
structures of these materials. In the electronic structures of insulators and
semiconductors, a completely filled valence band and an empty conduction band are
separated by a band gap. If the energy of the band gap is ’larger than ~ 3 eV, the material
is classified as an insulator, and if smaller, as a semiconductor.*® For both classes of
compounds, conductivity results from the promotion of electrons to the empty conduction
band. The room temperature resistivities of insulators are very large, typically greater

than 10'2 Q cm.*® For semiconductors, the room temperature resistivities, in the 107 to
p

10° Q cm range,* indicate that a significant number of carriers occupy the conduction
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band. As the temperature decreases. fewer electrons possess enough energy to be excited
acros; the band gap and the resistivity increases.

The resistivity of metals, on the other hand, is dominated by carrier mobility,
rather than concentration, and decreases with decreasing temperature (Figure 1-12b). In
metals, the origin of conductivity is a partially filled band at the Fermi level. The number
of carriers is large and effectively constant, resuiting in a small room temperature
resistivity on the order of 10° to 10 Q cm.*’ The temperature dependence of the
resistivity is a result of changes in carrier mobility with temperature. Interactions with
lattice vibrations and crystal imperfections impede the flow of electrons. At high
temperatures, the scattering of charge carriers by lattice phonons is frequent, and the
resistivity of the material is large. As the temperature decreases, phonon collisions
become less frequent, and the resistivity is lowered. However, at very low temperatures,
a limiting residual resistivity (po) is reached that is dependent on the purity and perfection
of the sample. Collisions with impurity atoms and lattice defects prevent the resistivity
of a normal metal from completely vanishing.

Superconductivity. In some materials, including many metals, the electrical

resistivity does disappear completely below a critical temperature, 7. (Figure 1-12c).

46,47

This behaviour indicates a transition to the superconducting state. In a

superconductor, electron-phonon interactions cause the pairing of conduction electrons.
The resulting Cooper pairs, composed of electrons with opposite spins and momenta,
become the charge carriers in the material. These electron pairs are highly correlated and

move in a single coherent motion; when paired, both electrons must undergo exactly the
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same scattering events. Since the probablity of simultaneous identical scattering is
negligible, the Cooper pairs can move through the solid without any resistance.

In addition to zero resistivity, superconductors exhibit another distinctive and
fundamental property: perfect diamagnetism. In any material, the magnetic induction
(B) inside the sample, when placed in an external magnetic field (H), is given by

B=H+4rM
where M is the magnetic moment per unit volume (magnetization) of the sample.
Superconducting materials exclude or expel a magnetic field, provided the field is below
the critical field strength H.. Thus, theoretically, the magnetic induction should be zero
inside the sample (B = 0), and the magnetic susceptibility (y), defined as

=M
H’

should attain a limiting value of —1/4n. However, in real samples, the susceptibility
reached below T is always lower in magnitude than the theoretical value, and the ratio of
the two values gives the superconducting fraction of the sample.

In practice, two different types of experiments can be carried out to investigate the
temperature dependence of the magnetic susceptibility. If the-sample is cooled below T,
in zero field before measuring the susceptibility as a function of temperature in a smail
applied field, diamagnetic shielding, or flux exclusion, occurs. Alternatively, if the same
measurement is made after cooling the sample in an external field, the Meissner effect, or
flux expulsion, is observed. Because of flux pinning in the sample, the Meissner
superconducting fraction is always lower than the shielding fraction.

Band Structure. Owing to the structural complexity of intermetallic compounds,

semiempirical extended Hiickel calculations are used to investigate electronic
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structure.***° In these calculations, a number of simplifying approximations are applied.
Only valence electrons are considered, and the valence atomic orbitals are described by
Slater-type orbitals with exponents obtained from first principles calculations on atoms.
According to the tight-binding approximation, one-electron crystal orbitals (Bloch
functions) are constructed, by making use of translational symmetry, from linear
combinations of these atomic orbitals. The Hamiltonian matrix for the system is
simplified by using the valence state ionization potentials of the atoms involved to
determine the matrix elements.

Although limited by its dependence on the availability of accurate parameters, the
extended Hiickel method provides a simple and fast method for the calculation of the
band structures of solids. The results extracted from these calculations, such as orbital
interaction or density of states curves, can provide valuable insight into the nature of
bonding in a compound and the origin of electron transport properties. Electronic
structure calculations bridge the gap between crystal structure and physical properties,
facilitating the development of structure-property relationships in intermetallic

compounds.
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Figure 1-1. Structure of the Hume-Rothery compound CusZng, y-brass. The lightly
shaded circles are Cu atoms, and the solid circles are Zn atoms.
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Figure 1-2. Structure of the Zintl compound NaTl. The small lightly shaded circles are

Na atoms, and the large open circles are Tl atoms.
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Figure 1-3. Isoelectronic (a) [Si]'~ and (b) Sis* substructures in CaSi, and BaSiy,
respectively.
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(a) (b)

(c)

Figure 1-4. Examples of finite classical Sb networks: (a) Sby* dumbbell, (b) Sbs*
square, and (c) Sbs®~ zigzag segment.
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Figure 1-5. Examples of classical one-dimensional Sb networks: (a) helical and (b)
planar zigzag | [Sb] ' chains.
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Figure 1-6. Classical two-dimensional :[Sb, ] substructure in BaSb;.
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(a)

(b)

(c)

Figure 1-7. Examples of nonclassical Sb networks: (a) Sbs”~ unit, (b) one-dimensional
linear ;[Sb]z' chain, and (c) two-dimensional square > [Sb] '~ net.
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Figure 1-8. Molecular orbital (MO) scheme for the axial p orbital system of Sb;’~. The
four electrons involved in hypervalent Sb—Sb bonding occupy the bonding and

non-bonding orbitals.
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Figure 1-9. Examples of Sb networks for which the Zintl concept breaks down: (a)
hexagonal net and (b) ladder network containing Sb, pairs connected by longer
Sb-Sb interactions. The shorter (~ 2.8—2.9 A) Sb-Sb bonds are represented by
solid lines, and the longer (~ 3.2-3.8 A) interactions are represented by dashed
lines.
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Figure 1-10. The four-atom-wide Sb ribbon in low-temperature B-ZrSb,. The shorter
(~ 2.9 A) Sb-Sb bonds are represented by solid lines, and the longer (~ 3.1 A)
interactions are represented by dashed lines.
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Figure 1-11. Four-probe arrangement for resistivity measurements. A current (/) is
driven through the two outer leads, and the voltage drop (¥) across the inner leads
is measured. A4 is the cross-sectional area of the sample, and ¢ is the distance
between the two inner contacts.
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Figure 1-12. Temperature (T) dependence of the resistivity (p) of (a) an insulator or semiconductor, (b) a normal metal, and (c) a
superconductor.
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Chapter 2

Rare-Earth Gallium Antimonides La;3GasSh,, and RE;Ga,Sb,; (RE =

La-Nd, Sm): Linking Sb Ribbons by Gag Rings or Ga, Pairs f

Introduction

Solid-state compounds of the post-transition metals and metalloids display a
remarkable variety of structures that challenge our assumptions on what kinds of bonding
are possible. There now exist many ternary compounds AM.4,B. containing an
electropositive component M (alkali or alkaline-earth metal) and two main-group
elements 4 and B, classified as Zintl phases, in which an electron-precise formulation is
possible and bonding is readily understood in terms of the fulfillment of closed-shell
configurations through the formation, if necessary, of homoatomic bonds.' In general, it
is the more electronegative main-group element B that participates in such additional
homoatomic bonding. Thus, for instance, in the overwhelming majority of ternary alkali
or alkaline-earth metal gallium antimonides, M;Ga,Sb., the less electronegative Ga atoms
complete their octets almost invariably through heteroatomic Ga—Sb bonds, while the
more electronegative Sb atoms do so through the presence of lone pairs or through the

formation of homoatomic Sb—-Sb bonds.? As a result, the most common building blocks

' A version of this chapter has been published. Mills, A. M.; Mar, A. [norg. Chem. 2000, 39, 4599.
Copyright 2000 American Chemical Society.
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in these compounds are tetrahedral GaSb; and trigonal planar GaSbs; units. These
tetral;edra or trigonal planes may occur as isolated anions, or may be condensed via
corner-sharing or through Sb-Sb bonds into oligomers, polymeric chains, or more
extended networks. Standing in stark contrast, then, is the case of NayGa;Sbs, the only
compound‘in this system where Ga—Ga bonding is also present.”?

Substitution of the alkali or alkaline-earth metal by a rare-earth metal increases
the complexity of the electronic structure, since it is not as obvious that the notion of full
electron transfer by the rare-earth element is necessarily valid. Indeed, electronic
structure calculations frequently suggest significant covalent character in bonds between
rare-earth and main-group elements, although the approximation of a trivalent rare-earth
cation is still useful.®* New structural features occur, as seen in the rare-earth main-
group element antimonides REIngsSb, (RE = La—Nd) and RESng75Sb, (RE = La—Nd,
Sm), which feature strong homoatomic In-In or Sn—Sn bonds, respectively, in one-
dimensional chains, as well as extensive multicentre weak Sb-Sb bonds in two-
dimensional square nets.*’ Extension to the heretofore unexplored RE~Ga—Sb system
has led to the isolation of two compounds, La;3GagSb,; and Pr;2GasSb,;, which represent
the first examples of ternary rare-earth gallium antimonides. Their structures retain the
characteristic GaSb; trigonal planes found in the alkali or alkaline-earth gallium
antimonides, but, in a remarkable departure, they also contain puckered Gas rings (in
La;3GagSb,;) or Ga; pairs (in Pr;2GasSby;) linking extended one-dimensional Sb ribbons.
The results confirm earlier expectations for the existence of structures inversely related to
a large family of intermetallic structures built up from trigonal prisms, but in which

metalloid-metalloid bonding instead of metal-metal bonding is prevalent.®

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Experimental Section

Synthesis. Starting materials were powders of the rare-earth elements (99.9%.
Alfa-Aesar), Sb powder (99.995%, Aldrich), and Ga granules (99.99%, Alfa-Aesar or
Cerac). Reactions were carried out on a 0.4-g scale in evacuated fused-silica tubes (8-cm
length; 10-mm i.d.). Elemental compositions were determined by energy-dispersive
X-ray (EDX) analysis on a Hitachi S-2700 scanning electron microscope. X-ray powder
patterns were collected on an Enraf-Nonius FR552 Guinier camera (Cu Ko radiation; Si
standard) and analyzed with the Filmscan and Jgde 3.0 software packages.’

Single grey needle-shaped crystals of La;3GagSby; (Anal. (mol%): La 34(1), Ga
20(1), Sb 46(1)% (average of 2 analyses)) were isolated from a reaction of La, Ga, and
Sb in the ratio 1:2:2. The sample was heated at 900 °C for 3 days, cooled slowly to
500 °C over 4 days, and then cooled to 20 °C over 12 h. Numerous attempts at various
temperatures and stoichiometries to substitute other rare-earth metals for La in
La;3GagSby; were unsuccessful. All of the syntheses resulted, not in the expected
La;3GagSby,-type phase, but in a different phase which was subsequently identified as the
Pri2GasSbas-type, also crystallizing as grey needles. The single crystals of Prj;GasSbas
(Anal. (mol%): Pr 32(1), Ga 10(1), Sb 58(1)% (average of 4 analyses)) used in the
structure determination were originally obtained from a reaction of Pr, Ga, and Sb in the
ratio 13:8:21 at 1000 °C for 3 days, followed by cooling to 20 °C over 18 h. In contrast
to the La;3GagSb;i-type phase, which could only be prepared with La, rare-earth
substitution is possible in RE|2GasSbys (RE = La—Nd, Sm). Mixtures of the elements RE,
Ga, and Sb in the stoichiometric ratio 12:4:23, heated as before, resulted in reasonably

pure products. The powder patterns of RE|2GasSb,3 were indexed, and the orthorhombic
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cell parameters refined with the use of the program POLSQ?® are given in Table 2-1. The
observed and calculated interplanar distances, as well as intensities determined using the
program LAZY-PULVERIX,’ are listed in Tables A-1 to A-5.

Structure Determination. Pre-screening of crystals of La;3GagSby; and
Pri2GasSby; was important because of their similar colour and habit. Preliminary cell
parameters were obtained from Weissenberg photographs. Final cell parameters for
La;3GagShy; and Pr;2Ga;Sb,; were determined from least-squares analysis of the setting
angles of 1146 or 3256 reflections, respectively, centred on a Bruker P4/RA/SMART-
1000 CCD system. Intensity data were collected at 22 °C using a combination of ¢
rotations (0.3°) and © scans (0.3°) in the range 2° < 20(Mo Ka) < 61° for La;3GagSbhy;
and 2° < 28(Mo Ka) < 66° for Pri2GasSby;. Crystal data and further details of the data
collections are given in Table 2-2. All calculations were carried out using the SHELXTL
(Version 5.1) package.'® Conventional atomic scattering factors and anomalous
dispersion corrections were used.!! Intensity data were reduced and averaged, and face-
indexed numerical absorption corrections were applied in XPREP. Initial atomic
positions were located by direct methods using XS, and refinements were performed by
least-squares methods using XL. '

Weissenberg photographs of La;3GagSby; revealed hexagonal Laue symmetry
6/mmm and no systematic extinctions. Upper-level photographs exhibited six-fold
rotational symmetry, @mg out trigonal space groups. On the basis of intensity statistics
and the successful structure solution, the centrosymmetric space group P6/mmm was

chosen. Initial positions for all atoms of La;3GagSb;, except Ga(2), were found by direct

methods. A first refinement revealed considerable electron density at the site §, 3, 0,
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located at the centre of a Lag trigonal prism and coordinated by three coplanar Sb atoms.
This site was assigned to Ga, given the trigonal planar coordination geometry of the site
and reasonable Ga—Sb and Ga-La bond lengths. In early refinements, the thermal
ellipsoids for Ga(1) and Ga(2) were quite elongated aiong the ¢ direction, suggesting that
these sites should each be split into two positions. Shifting Ga(l) and Ga(2) off the
x, y, Y2 and x, y, 0 mirror planes, respectively, led to close Ga(1)-Ga(1) and Ga(2)-Ga(2)
contacts (0.50 and 0.58 A), which demand that the Ga(1) and Ga(2) positions each have a
maximum occupancy of 50%. Reasonable, if still somewhat elongated, thermal
ellipsoids resulted for both atoms. The possibility that the disorder in the Ga positions is
a consequence of improper choice of space group was considered; however, the close Ga
positions are also present when the structure was refined in lower symmetry space groups
suchas P3.

A series of refinements allowing the occupancies of successive atoms to vary
freely revealed partial occupancies of 86(1)%, 47.1(5)%, and 47.8(9)% for La(3), Ga(l)
and Ga(2), respectively, and essentially full occupancy for all other atoms. The resulting
formula is “Lai285(1)Ga7.s6(6)Sb21” (with Z = 1), which is close to the ideal formulation
“La;3GagSb;;” and consistent with EDX analyses. The final refinement for La;3GagSb,;
led to reasonable values for the anisotropic displacement parameters and a featureless
difference electron density map (Apmax = 3.80, ApPmin =-2.59 ¢ A7).

Weissenberg photographs of Pr2GasSby; displayed Laue symmetry mmm and
systematic extinctions (hkl: h + k + [ = 2n + 1) consistent with the orthorhombic space
groups Immm, Imm2, 1222 and 12,2,2,. Intensity statistics and satisfactory averaging (Rin

= 0.044) favoured the centrosymmetric space group /mmm. Initial positions of all atoms
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were found by direct methods followed by subsequent difference Fourier syntheses.
Once all atomic positions, except for Ga(2), were found, a refinement assuming the ideal
formula “Pr;2GasSby;” proceeded satisfactorily. However, the difference Fourier map
revealed a small amount of residual electron density (Apmax = 8.24, APmin = —2.56 ¢ 37)
at a site coordinated by a tetrahedron of Sb atoms (Sb(1) at 2.23(3) A (x2), Sb(7) at
2.70(4) A (x2)), analogous to the site partiaily occupied by Mn atoms in the related
structure of LagMnSb,s.'*> This site was assigned to Ga(2), on the basis of the reasonable
Ga(2)-Sb(7) and Ga(2)-Pr(l) bond lengths. However, the short Ga(2)—-Sb(1) distance
precludes the Ga(2) and Sb(l) sites from being simultaneously occupied. The
occupancies of Ga(2) and Sb(1) were thus refined with the constraint that their sum be
100% and with the restraint that the displacement parameters be approximately equal
(with a standard deviation of 0.003 A), given significant correlation in the refinement of
parameters of closely spaced sites. Refinements in which the occupancies of successive
atoms were allowed to vary resulted in essentially 100% occupancy for all atoms, except
for Ga(1), Ga(2) and Sb(l), whose occupancies converged to 96.4(7)%, 2.7(2)%, and
97.3(2)%, respectively.

Alternatively, the Ga(2) site may conceivably be assigned to O, since the distance
to the two closest Sb(1) atoms is reasonable for an Sb—O bond. Reasonable displacement
parameters for O are obtained only if this site is partially occupied (~ 50%), giving a
hypothetical “Pr;2Ga;¢Sby30” structure which would have the O atom bridging two Sb
atoms of a kinked square sheet. EDX analyses of several RE|;GasSb,ys crystals were
inconclusive, giving variable O content (from 0 to ~ 10 %) likely arising from surface

oxidation of the crystals. However, chemical arguments do not support this model;
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although several antimonide oxides have been reported, the O atoms in these structures
are cc’)ordinated to the electropositive metals, never to the more electronegative antimony
atoms. "

If the original model is accepted, the final formula is “Pr;>Ga; 93(1)Sb22.90a1)” (With
Z = 2), close to the ideal formula “Pr;;Ga4Sb,3” and in excellent agreement with the
elemental analysis. The final refinement led to a featureless electron density map (ApPmax
= 4.79, Apmin = —2.59 ¢ A™) and reasonable displacement parameters for all atoms,
except Ga(l). The thermal ellipsoid of this site is somewhat elongated along a,
suggesting that the Ga(l) atom may be tending to displace randomly slightly above or
slightly below the mirror plane at 0, x, y, a situation similar, but less pronounced, to that
discqssed for La;3GagSbhy; above. Solution of the structure in the lower symmetry space
group 2mm led to a similar elongated thermal ellipsoid for Ga(l), rather than a single
well-behaved site.

The atomic positions of La13Gang21 and Pr;>2GasSby; were standardized with the
program STRUCTURE TIDY." Final values of the positional and displacement
parameters are given in Table 2-3, and the interatomic distances are listed in Table 2-4.

Anisotropic displacement parameters are listed in Table A-6.

Results and Discussion

Structures. Examples of temary rare-earth main-group element antimonides
were previously limited to REInggSb, and RESng75Sbp.*® The RE-Ga-Sb system is
particularly rich, yielding La;3GagSb,, and Pr;2GasSb,s, which are new structure types, in

addition to a REGaSb; phase, to be reported separately, which is analogous to the In and
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Sn compounds.'” The La;3GagSbs; phase is distinctly more difficult to prepare than the
Pr;2GasSbys phase, requiring an excess of Ga to succeed. There may be structural
reasons, evident later, for why this phase could only be prepared for RE = La. In
contrast, the competing RE[;Ga;Sb;; phase forms readily with diverse starting
compositions and temperatures. A plot of the unit cell volume for RE|;GaySby; (RE =
La-Nd, Sm) (Figure 2-1) shows a monotonic decrease consistent with the lanthanide
contraction and a +3 oxidation state for RE in all cases.

As shown in Figures 2-2 and 2-3, respectively, the structures of La;3GagShs;
(down the c axis) and Pr;,Ga;Sbs; (down the c; axis) bear striking similarities and can be
fruitfully discussed together. Both structures contain extended networks of Sb and Ga
atoms forming large channels that are occupied by columns of face-sharing trigonal
prisms of RE atoms. We discuss first the overall connectivity in these structures, and
then consider in turn the coordination around the Sb, Ga, and RE atoms.

In La;3GagShy; (Figure 2-2), the channels are outlined by 21-membered rings
which are formed by five-atom-wide ribbons of Sb atoms (Sb(2)-Sb(3)-Sb(4)-Sb(3)—
Sb(2)) that are bordered by Ga(l) atoms and linked by Ga(l)-Ga(l) bonds. The
Ga(1)-Ga(l) bonds resuit in puckered Gag¢ rings which sandwich La(3) atoms at the
origin of the unit cell. Four trigonal prisms whose vertices are La(l) and La(2) atoms
share rectangular faces to form a larger triangular assembly residing within the channels.
The three outer trigonal prisms are filled by Sb(1) atoms, while the central prism is filled

by a Ga(2) atom, generating trigonal planar GaSb; units. These trigonal prismatic

columnar assemblies < [LagGaSb;] extend along the ¢ direction such that they are in
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registry with each other in adjacent channels, the La atoms being positioned directly
across from each other on opposite sides of common square faces within the Sb ribbons.

The change from the hexagonal symmetry of La;3GagSb,, (Figure 2-2) to the
pseudohexagonal orthorhombic symmetry of Pr;2GasSb,; (Figure 2-3) results from a loss
of equivalence in the three Ga/Sb segments that together outline the anionic channels, as
shown in Figure 2-4. The channels within Pr;2Ga,;Sb,; are also enclosed by 21 atoms, but
now they are built up from isolated five-atom-wide Sb ribbons (Sb(7)-Sb(6)-Sb(8)—
Sb(6)-Sb(7)) and six-atom-wide Sb ribbons (Sb(1)-Sb(4)-Sb(3)-Sb(3)-Sb(4)-Sb(1))
that are connected by Ga(3) atoms. The five-atom-wide Sb ribbons are parallel to (001)
and the six-atom-wide Sb ribbons are approximately parallel to (011) or (011). The
topological transformation involves taking the Ga atoms that border one of the five-atom-
wide Sb ribbons in La;3GagSh,; (Figure 2-4a) and twisting them outwards to form the
isolated five-atom-wide Sb ribbons in Pr;2GasSbo; (Figure 2-4b). Note that Ga atoms are
also replaced by Sb atoms to form the six-atom-wide Sb ribbons in Pr;Ga;Sb,;. Another
way to consider the channel-defining substructure in Pr;2GasSb»; is through the stacking
of strongly kinked two-dimensional Sb square sheets perpendicular to the b direction;
where the folds occur to produce the kinks, Sb atoms are replaced by Ga atoms. The
kinked sheets are then linked by Ga(3)-Ga(3) bonding, completing large channels. In
Pr12GasSbys, Ga; pairs occur, in contrast to the Gag rings in La;3GagSb;,. Isolated five-
atom-wide ribbons divide the large channels into smaller 21-atom channels.

The channels of Pr;;Ga4Sbys énclose columns of four trigonal prisms that have Pr
atoms (Pr(1), Pr(2), Pr(3), Pr(4)) at their vertices and that are grouped together in the

same manner as in La;3GagSbh,;. Likewise, the Prg trigonal prisms are filled by Ga(l),
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Sb(5), and two Sb(2) atoms that together constitute trigonal planar GaSbs; units.

However, in Pr;2Ga;Sbys, the | [Pr¢GaSb;] columnar assemblies in adjacent channels
separated by the six-atom-wide Sb ribbons are shifted by half the unit cell length along a
with respect to each other. Correspondingly, the Pr atoms on opposite sides of the kinked
sheets are positioned in an alternating “checkerboard™ fashion, an arrangement in which

no two Pr atoms share the same square face. With respect to the isolated five-atom-wide

Sb ribbon, adjacent ! [Pr¢GaSb;] columnar assemblies remain in registry, and the Pr
atoms are situated directly across from each other on opposite sides of square faces.

The one-dimensional five- or six-atom-wide Sb ribbons that enclose the channels
in La;3GagSby; and Pri;GasSh,; may be viewed as segments cut from the infinite two-
dimensional square nets of Sb atoms commonly found in many binary and ternary
antimonides. Five-atom-wide Sb ribbons occur in both La;3GagSb,; and Pr;2GasSbss, but
the Sb—Sb bonds follow a long-short-short-long pattern in La;3GagSb,;, while they are
essentially identical in Pr;2GasSb,; (Figure 2-5a). Six-atom-wide Sb ribbons occur in
Pr;2GasSbys, where the Sb—Sb bonds follow an alternating long-short-long-short-long
pattern (Figure 2-5b). These Sb—Sb distances, which range from 3.0085(7) to 3.134(1) A,
are longer than the intralayer Sb—Sb bond length (2.908 A) and shorter than the weakly
bonding interlayer distance (3.355 A) in elementai Sb.!® Rather, they are comparable to
the Sb-Sb distances occurring in the Sb square sheets in LaSb, (3.087-3.157 A),!
LalnggSh, (3.119(3)-3.142(3) A),* or LaZngs2Sbs (3.097(2) A),'* which have been
interpreted as one-electron half-bonds.*® Ga atoms are then located at the fringes of
these five- or six-atom-wide Sb ribbons so that they may be considered to be the terminal

atoms of 7- or 8-atom-wide ribbons, respectively. In the case of Pr;GasSbas, the Ga(2)
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site 1s occupied to such a small extent (2.7(2)%) that the description of isolated five-
atom-wide Sb ribbons made earlier is probably more useful, although for the purpose of
comparison, the partially occupied Ga(2) sites are portrayed in Figure 2-5a.

In La;3GagSby;, Ga(l) resides at a site that is 0.50 A distant from a symmetry-
equivalent position across a mirror plane, so that only one of these can be occupied
locally. One short (2.766(7) A) and one long (3.131(7) A) Ga(1)-Sb(2) bond form
(Figure 2-5a). Each Ga(l) atom is additionally coordinated to two other Ga(l) atoms of
neighbouring ribbons to complete a distorted Ga(Ga,Sb,) tetrahedron (Figure 2-6a). The
shorter Ga(1)-Sb(2) distance is slightly greater than the Ga-Sb single bond distances
observed in the isolated GaSb,>~ tetrahedra found in the Zintl phase Na3Sr;GaSb,
(2.709(2)-2.752(5) A)2° or in the corner-sharing GaSb, tetrahedra found in GaSb (2.64
A)."> However, the longer Ga(1)-Sb(2) distance must indicate a considerably weaker
bonding interaction. Together, these two contacts may be viewed as a 3-centre-2-electron
bond with unequal distribution of electron density between the three atoms. The
Ga(1)-Ga(1) bonding that connects adjacent Sb ribbons results in a Gag ring (Figure 2-8).
It is assumed that the Gag ring adopts a chair conformation (Ga—Ga-Ga 115.9(3)°) since
this choice of local site occupation leads to intraring Ga(1)-Ga(1) distances of 2.422(5)
A, precluding the unreasonably shorter 2.371(4) A distz;.nces that would occur in any
other ring conformation. Even the 2.422(5) A Ga(1)-Ga(1) distance is somewhat shorter
than the Ga—Ga distances found in the intermetallic compounds GaTe (2.431(2)-2.437(3)
A),?® LaGa, (2.494 A),>! and Nay,Gaso (2.435(7)—2.989(7) A).22 However, single Ga—Ga
distances as short as 2.333(1) A (in [(‘Bu)NCHCHN(‘Bu)]GaGa[(‘Bu)NCHCHN('Bu)})®

have been observed in organometallic complexes. The occurrence of this unusually short
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Ga—Ga bond may explain why the La;3GagSh,;, phase has only been found with the

largest RE so far. Substitution of a smaller RE for La would contract the structure and

shrink the ![RE¢GaSbs] columnar assemblies to such an extent that the Ga-Ga bonds
linking the Sb ribbons would become unreasonably short. In the Pr;;GasSbys siructure,
the Ga—Sb bonds at two corners of the channels have been broken, and.only one Ga—-Ga
bond remains (Figure 2-4); the relaxed steric requirements permit a larger range of RE
trigonal prism sizes within the channels.

In Pr2GasSbys, Ga(3) is bonded to four Sb(1) atoms at a distance of 2.9020(7) A,
which is longer than typical Ga—Sb single bonds in Zintl compounds,” but is consistent
with a Ga—Sb half-bond, analogous to one-electron Sb—Sb bonds within square sheets.
The Qaz pairs which link together kinked sheets are formed when Ga(3) bonds with a
neighbouring Ga(3) atom at a distance of 2.586(4) A, longer than that found in
La;3GagSby;, but comparable to typical values in other solid-state compounds (e.g.,
2.541(3) A in Na;Ga;Sb;).** These coordinating atoms around Ga(3) thus complete a
Ga(GaSb,) square pyramid, with Ga at the apical and Sb at the basal positions (Figure
2-6b). For comparison, a GaGas square pyramidal coordination is encountered in binary
BaAls-type gallide phases such as BaGas.?* It has been proposed that, in BaGas, a full
single bond forms to the apical Ga atom, but multicentre bonding takes place to the four
basal Ga atoms in a GaGas square pyramid, a bonding situation similar to the suggestion
above for the Ga(GaSby) square pyramid in Pr;;GasSb;3.2>%

Common to both La;3GagSbh,; and Pr;;GasSbys are the GaSb; units which result
from filling the RE¢ trigonal prisms (Figures 2-2 and 2-3). Similarly filled four-prism

assemblies are found in the Zintl compound Cs¢GaSbs,2 while larger filled nine-prism
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assemblies are found in KoGa;Sbe33.>° The Ga—Sb bond distances of the Ga(2)Sb(1);
unit of La;3GagSby; (2.6200(16) A) and the Ga(1)Sb(2);Sb(5) unit of Pr;3Ga;Sba;
(2.6011(11)-2.620(2) A) are comparable to those of the trigonal planar GaSbs® units
found in CssGaSb; (2.608(5)-2.676(5) A)*® and of the cyclic Ga;Sbs >~ anions found in
K20GagSbia 66 (2.552(4)-2.632(4) A).z" Three-coordinate Ga may seem unusuai in other
contexts, but does cccur in many of the alkali or alkaline-earth metal gallium
antimonides. Partial double-bond character has been invoked to explain the somewhat
shorter Ga—Sb bonds in the trigonal planar GaSbs units of these compounds;zc however, it
must be realized that the surrounding RE atoms will also no doubt exert strong matrix
effects. Unlike the anions in these Zintl compounds which are rigorously planar, the Ga
atoms of the GaSb; units in La;3GagSbh,, aﬁd Pr2GasShy; are shifted slightly above or
below the plane of the Sb atoms. Two close Ga(2) positions, each approximately 0.3 A
off the plane of the Sb atoms, are resolved in La;3GagSbs;, while in Pri;GasSb,s, this
tendency toward pyramidalization is expressed as an elongated Ga(l) thermal ellipsoid.
Such behaviour may imply that additional electron density is localized at the Ga centres
in question.

The RE atoms at the vertices of the trigonal prisms share similar coordination
numbers (CN 9 or 10) and environments in both La;3GagSb,; and Pri2GasSbys. As is
typical in ternary rare-earth antimonides containing Sb square sheets, the RE atoms reside
at the centres of capped square antiprisms.*>'>'"'® With a-h designating the eight
corners of a square antiprism, two additional coordinating sites i and j are found, either
both capping the same square face (Figure 2-7a), or one capping a square face and

another capping a triangular face of the square antiprism (Figure 2-7b). The RE
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environments then differ in the placement and identity o—f coordinating atoms. In the first
type of arrangement, which applies to La(l) in La;3GagSby; and to Pr(2) and Pr(3) in
Pr;2GasSbas, two Ga atoms cap one square face of a square antiprism of Sb atoms. The
Ga sites around La(l) are split in a manner reminiscent of the situation in LaSng 75Sbo,
where the capping Sn atom can reside in several closely-spaced partially occupied sites.’
In the second type of arrangement, atoms from a Ga, pair occupy sites h and i, forcing an
Sb atom to occupy the capping site j in the square antiprisms around La(2) in
La;3GagSby; and Pr(4) in Pr;;Ga4Sbys. In the case of Pr(1), h and i are too close for them
to be occupied simultaneously by Sb and Ga, respectively; if site i is ignored, then the
commonly observed nine-coordinate monocapped square antiprism of Sb atoms results.
The RE-Sb and RE-Ga distances (Table 2-4) in both structures are reasonable when
compared with those found in the binary compounds LaSb, (3.183-3.432 A),"” PrSb,
(3.151-3.377 A),”® LaGa, (3.335 A),%' and PrGa, (3.278 A).%°

The coordination environment of La(3), which is sandwiched between Gag rings
at the origin of the unit cell in La;3GagShy;, is quite different from the square
antiprismatic geometries of the other RE atoms in the structure. Each La(3) atom is
coordinated by twelve Ga(1) atoms of two puckered Gag rings, six at the short distance of
3.051(6) A, and six at the longer distance of 3.386(7) A (Figure 2-8). Assuming that the
Gag rings adopt a chair conformation, two possibilities exist for the local coordination
geometry of La(3). The puckered rings may be parallel, with all inter-ring Ga(1)-Ga(1)
distances being 4.338(9) A; this arrangement is similar to that found in the CeCd,
structure type adopted by GdsCuGas.’® Alternatively, the rings may be inverted with

respect to one another, in such a manner that three short (3.843(8) A) and three long
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inter-ring Ga(1)-Ga(1) distances result. Although this relative ring orientation resembles
that i)etween the puckered 6° layers of the Caln, structure type, the shortest inter-ring
Ga(1)-Ga(1) distance is much longer than the bonding interlayer Ga—Ga distance of
2.961 A found in Caln-type YbGa,.>' It is unclear whether the disorder results from a
random occupation of the Ga(l) sites without any preferred relative ring orientation, or
whether local ordering exists along each 6-fold axis (with the Gag rings all either parallel
or inverted) and the disorder results from the random distribution of these axes.

Bonding. The variety of main-group element substructures present in these rare-
earth gallium antimonides, absent in the alkali or alkaline-earth gallium antimonides, is
remarkable. It is of interest to see how far the Zintl concept can be used to account for
these complex substructures, especially given the presence of non-classical bonding
paue;-ns such as the Sb ribbons. Inherent in the Zintl concept is the assumption that full
electron transfer takes place from the electropositive to the electronegative elements, but
it would be thought that this is rendered less applicable because of the reduced
electronegativity differences between rare-earth and main-group elements (compared to
electronegativity differences between alkali or alkaline-earth elements and main-group
elements).

Assuming, then, that the rare-earth atoms adopt a +3 oxidation state, the donated
electrons contribute to the formation of bonds in the remaining framework, giving the
formulations (La**);3[GagSb1]*> and (Pr*)12[GasSbys]’®. The ambiguity lies in the
valence state of the Ga atoms, so we will satisfy closed-shell requirements for the more
electronegative Sb atoms first. Any electrons that remain once the Sb octets have been

satisfied may then be used by the Ga atoms, either as lone pairs, or for homoatomic
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Ga—Ga bonding. Three types of Sb atoms are present in both structures: isolated Sb>~
atoms centring the RE; trigonal prisms, interior Sb'~ atoms participating in four Sb-Sb
half-bonds within the ribbons, and terminal Sb*>~ atoms participating in only two Sb—Sb
half-bonds at the ribbon edges. The idea of weak one-electron Sb—Sb bonds has now
gained acceptance and is supported on firm theoretical grounding.*>* As shown earlier
in Figure 2-5, there is some distortion of the Sb atoms away from ideal square planar
geometries. A similar, but more asymmetrical, pattern is observed in the narrower three-
atom-wide Sb ribbons found in LagMnSb; s, and has been traced to a second-order Peierls
distortion.>'? It is likely that a similar elec’;ronic driving force is responsible for the
distortions of the five- and six-atom-wide Sb ribbons in La;3GagSbh,; and Pr;;GasSbys,
although understanding the more complicated patterns found here will require a more
detailed analysis.

In our electron counting exercise, we now arrive at the formulations
[(La*")13(Ga%)s(Sb*)6(Sb>)s(Sb o] and [(Pr)12(Ga'** )a(Sb>)e(Sb*)s(Sb' )u1]. In the
case of La;3GagSbs;, the Ga atoms of La;3GagSb;) must have an oxidation state of 0, on
average, in order to maintain charge balance. This implies that 24 electrons (3
electrons/Ga atom x 8 Ga atoms) are distributed over the six Ga(1) and two Ga(2) atoms
per formula unit. Twelve of these electrons are used to form the six single bonds of the
Ga(l)s rings. For the problem of localizing the twelve remaining electrons (or 1.5
electrons/Ga atom), perhaps some provocative suggestions can be made. The Ga-Ga
distance within the Ga(l)s rings is short (2.422(5) A) and is comparable to the value of
2.420(1) A found in [(‘Bu3Si);GaGa(Si‘Bus)] or 2.441(1) A found in the cyclic molecule

[{(Mes;CsH3)Ga} 3]2“, where formal Ga—~Ga bond orders of 1.5 and 1.33, respectively, are
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proposed and partial 7 overlap is presumably involved.**—* Equally, ® overlap may be
involved in the Ga—Sb bonds of the trigonal planar GaSb; units.>* As well, the tetrahedral
or trigonal planar coordination geometries of Ga(l) and Ga(2), respectively, are both
distorted in a manner that could indicate the stereochemical activity of a lone pair of
electrons. Lastly, further reduction of the Sb ribbons is possible without severe structural
consequences, since the square nets from which they are excised can act as electron
“sinks, ™3¢ effectively allowing Sb—Sb bond orders that need not be exactly 0.5.

In the case of Pr;2GasSb,s, the Ga atoms must have an average oxidation state of
+1.25. Seven electrons (1.75 electrons/Ga atom x 4 Ga atoms) are distributed over the
two Ga(l) and two Ga(3) atoms per formula unit. Two of these electrons form the
Ga(3)-Ga(3) single bond that links the kinked Sb sheets. Five electrons (1.25
electrons/Ga atom) remain. As in the case of La;3GasSby;, the distribution of these
remaining electrons, whether localized on Ga(l) and Ga(3), or participating in further
orbital overlap, cannot be determined conclusively at this stage. It is hoped that
electronic band structure calculations will clarify this picture. However, extrapolating
from the electronic structure of the related LasMnSb,s, where kinked Sb square sheets are
also found, leads to a simple explanation for why the corresponding sheets in P-1'12Ga48b23
are kinked only where Ga has been substituted for Sb.> Atoms residing at the kinked
sites have some degree of s-p hybridization. Since lighter elements undergo such

hybridization more readily than heavier elements (the usually cited reason of closer

3537

energetic separation of s and p orbitals is disputable), it is not surprising that the Ga

atoms are the ones occupying the kinked sites instead of Sb atoms in the square sheets.
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Structural Relationships. Superficially, the structures of La;3GagSb»; and
Pr;2GasSby; resemble the hexagonal structures of a large family of metal-rich
compounds, generally phosphides and silicides, composed of differently sized triangular
groupings of trigonal prisms.***® The HogNiyP,3 structure (P63/m)*' and its antitype
BagsHf2As177 (P63/m)° are most similar to La;3GagSbhy; and Pry;GasSbys:  all four
structures contain four-prism-large triangular assemblies of trigonal prisms separated by
ribbons cut from square nets. Generally, metal-metal bonding networks predominate in
compounds such as HosNizoPu,,“ but in La;3GagSb;; and Pr;;GasSb,; we see the
emergence of inversely-related structures, first recognized in BaggHf}2As;77, in which
metalloid—metalloid (As—As or Sb—Sb) bonding is a prominent feature.$

There exists a simpler structure, Cs¢SnAs;Ops, in which assemblies of four
trigonal prisms appear (Figure 2-9a).42 In Bag gHfi2As,77 (Figure 2-9b) and La;3GagSb,;
(Figure 2-9¢), however, extended hexagonal channel networks of As—As or Sb—Sb bonds,
respectively, separate the trigonal prism assemblies. In BagsHfi2As 77, six-atom-wide
ribbons of As atoms form 18-atom channels that enclose assemblies of Hfg trigonal
prisms, the outermost ones being filled by As atoms and the central one vacant. The
effect of the 63 screw axes present in BaggHf|2As;77 is to translate neighbouring
columnar assemblies of Hfs trigonal prisms by ¢/2 along the column axis with respect to
one another. Likewise, the As ribbons are also mutually displaced. In La;3GagSb;;,
seven-atom-wide ribbons composed of Sb and Ga separate triangular groupings of larger
Lag prisms. In contrast to Bag sHf12As;7.7, the structure of La;3GagSb,; does not contain a
63 axis and, consequently, there is no mutual displacement of the Ga/Sb ribbons. This

arrangement of the ribbons results in a near-planar Gag ring around each corner of the
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unit cell. It also forces the La atoms on eithgr side of the ribbons to share the same
square face of atoms, preventing any translation of the assemblies of trigonal prisms
relative to one another.

The structure of Pr;2Ga4Sb,; is more closely related to the LagMnSb;s structure
type adopted by REsMSb,s (RE = La, Ce; M = Mn, Cu, Zn).l2 The single-prism columns
of Lag trigonal prisms that are filled by isolated Sb atoms in LagMnSb,s (Figure 2-10a)
are replaced by larger four-prism triangular groupings in Pr;GaysSb,s (Figure 2-10b). A
corresponding enlargement of the pseudohexagonal channels surrounding the column of
trigonal prisms in LagMnSb,s also takes place. The two-dimensional Sb sheets of
LasMnSb;;s are folded at every fifth diagonal to allow intersheet Sb—Sb bonding, while in
Pri;Ga4Sbys, kinks in the sheets occur along every seventh diagonal, where Ga atoms
replace Sb atoms. The three-atom-wide Sb ribbons in LagMnSb;s (drawn isolated in
Figure 2-10a) are replaced by five-atom-wide Sb ribbons in Pr;;GasSb,;. In LagMnSb;s,
there are Mn atoms at 50% occupancy in sites at the edge of the isolated Sb strip, but in
Pr;2Ga,sSbys, these sites remain essentially vacant (2.7(2)% Ga). In the same manner that
the hexagonal metal-rich structures such as HogNiyoP3 can be regarded as belonging to a
homologous series with increasingly larger triangular assemblies of trigonal prisms,*! it is
evident that LagMnSb;s and Pr;;Gas;Sb,; form the ﬁrst- two members of a series of
pseudohexagonal orthorhombic metalloid-rich structures, with the general formula
(RE)n+ 1y 2y @nn-1)+2(SB)nme7y+s.  Neglecting the partially occupied Mn site and
recognizing that an Sb, pair in LagMnSb,s takes the place of the Ga; pair in Pr;2GasSbzs,
we can rewrite the formula of the » = 1 member as RE¢4,Sb;3, where A =Sb. The n =2

member is RE244Sby;, exemplified by Prj2GasSba;. [t would seem worthwhile, then, to
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attempt the syntheses of “REsGa,Sb,;” (n = 1) or “RE>0GagSbss” (n = 3), although the
small increments in the stoichiometric ratios and similar predicted X-ray diffraction
patterns will make this a challenging task. Equally worthwhile would be to attempt

substitutions of Ga with another main-group element, such as Al, Si, or Ge.
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Table 2-1. Cell parameters for ternary RE(>Ga;Sb>3 compounds.

Wy
Wy

Compound a (A) b (A) c(A) V(A%
La;;GasSbxs 4.344(2) 19.750(7) 26.860(11) 2305(1)
Ce12Ga;Sbys 4.308(2) 19.509(9) 26.667(12) 2241(1)
Pr;2GasSbas 4.283(3) 19.394(10) 26.553(16) 2206(1)
Nd;,GasSbys 4.268(1) 19.308(6) 26.425(8) 2177.6(8)
Sm;,GasSbys 4.213(3) 19.120(10) 26.099(15) 2103(1)
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Table 2-2. Crystallographic data for La;3GagSb;; and Pr;;GasSb,s.

Formula

Formula mass (amu)
Space group

a(A)

b(A)

¢ (A)

V(A%

VA

T (°C)
Diffractometer

Peaic (g cm™)

Crystal dimensions (mm)

Radiation

u(Mo Ko) (cm™)
Transmission factors ©
Scan type

20 limits
Data collected

No. of data collected

No. of unique data,
including F,2 <0

No. of unique data,
with F,2 > 20(F,?%)

No. of variables ¢

R(F) for Fo* > 20(F.%) ©
Ru(F)

Goodness of fit ¢

APmaxs Apmin (¢ A7°)

Layz g5¢1)Gaz s6(6)Sbai
4868.83

Dby —P6/mmm (No. 191)
17.657(2)

17.657(2)

4.3378(7) @

1171.2(3)

1

22

Bruker P4/RA/SMART-1000
CCD

6.903
Needle, 0.10 x 0.01 x 0.01

Graphite-monochromated
Mo Ko, . =0.71073 A

275.41
0.6457—0.8095

Mixture of ¢ rotations (0.3°)
and o scans (0.3°)

2° < 20(Mo Ka) < 61°

—23<h<22,-22<k<23,
~-5</<2

7046
671 (Rine = 0.110)

404

39

0.034
0.085
0.92
3.8,-2.6

Pr2Gas3 9g(1)Sba2.901)
4756.48

D% —Immm (No. 71)
42612(3) %
19.4070(13) °
26.3972(18) °
2183.0(3)

2

22

Bruker P4/RA/SMART-1000
CCD

7.236
Needle, 0.410 x 0.004 x 0.002

Graphite-monochromated
Mo Ko, L. =0.71073 A

293.79
0.8733-0.9220

Mixture of ¢ rotations (0.3°)
and o scans (0.3°)

2° < 20(Mo Ka) < 66°

—2<h<6,-28<k<29,
—-39<7/<39 ’

9014
2178 (Rine = 0.044)

1554

75 (6 restraints)
0.030

0.072

0.98

48,-2.6
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Table 2-2. Crystallographic data for La;3GagSbhs; and Pr;;GasSb,; (continued).

? Obtained from a refinement constrained so thata = b, o = =90°, and y = 120°.

b Obtained from a refinement constrained so that o = B=y=90°.

° A numerical face-indexed absorption correction was applied, with the use of programs
in the SHELXTL package (Sheldrick, G. M. SHELXTL Version 5.1; Bruker Analytical
X-ray Systems: Madison, WI, 1997).

“ Including an extinction coefficient.

‘RPY=X

|Fol-IF|

JZIF,|-

S RiFD) = [ZwFr2 -2 swEr]?; w' = [62(F2)+(@P)? +bP] where P =
[max(Fo2 ,0)+2F? ]/3 . For La;3GagSby;, a = 0.0389, 5 = 0.0000; for Pr;;GasSbys, a =
0.0302, b = 0.0000.

& GooF = [Z [w(Fo2 - F?)? ]/(n - p)]'/ ? where n is the number of reflections and p is the
total number of parameters refined.
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Table 2-3. Positional and equivalent isotropic displacement parameters for La,;3GagSb,;

and Pr;>2Ga;Sbas.
Atom Wyckoff Occupancy x y z Ueq (A% °
position
La;3GagSby;
La(l) 6m 1 0.58274(4)  0.16547(8)  1/2 0.0073(3)
La(2) 6m 1 0.16800(4) 0.33600(7) 172 0.0079(3)
La(3) la 0.859(13) O 0 0 0.0229(14)
Ga(l) 127 0471(5) 0.13432) O 0.443(2)  0.030(3)
Ga(2) 4h 0.478(9) 1/3 2/3 0.0663(11) 0.011(2)
Sb(1) 6 1 0.24818(5)  0.49636(10) O 0.0086(3)
Sh(2) 6 1 0.24697(7) O 0 0.0102(3)
Sb(3) 6k 1 0.37508(8) O 1/2 0.0167(4)
Sh(4) ¥ 1 12 0 0 0.0088(4)
Pri2Ga4Sbas
Pr(l) 8l 1 0 027695(3) 0.40559(2)  0.00798(12)
Pr(2) 8/ 1 0 0.38900(3) 0.26312(2) 0.00777(11)
Pr(3) 4 1 12 0 0.09340(3)  0.00822(15)
Pr(4) 4 1 12 0 0.38118(3)  0.00953(15)
Ga(l) 4  0964(7) 0 0 0.18986(7)  0.0225(6)
Ga(2) 4k  0.0272) O 0.181(3) 172 0.0126(17)
Ga(3) 4g 1 0 0.433379) O 0.0134(3)
Sb(1) 8/ 0.973(2) 0 0.11138(4) 0.43300(3) 0.01520(19)
Sb(2) 8/ 1 0 0.11584(3) 0.14030(2) 0.00912(13)
Sb(3) 8 1 0 0.22151(3) 0.28669(2)  0.00875(13)
Sb(4) 8/ 1 0 0.33456(3) 0.14421(2) 0.00908(14)
Sb(5) 4i | 0 0 0.28911(3) 0.00957(18)
Sb(6) 4h 1 0 0.38335(5) 1/2 0.01313(19)
Sh(7)  4g 1 0 0.23336(5) O 0.01133(19)
Sb(8) 2a 1 0 0 0 0.0088(2)

@ Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Table 2-4. Selected interatomic distances (A) in La;3GagSbs; and Pr;2GasSbh,s.

La(1)-Ga(2)
La(1)-Sb(4)
La(1)}-Sb(3)
La(1)-Sb(1)

La(2)-Sb(1)

La(2)-Ga(1)
La(2)-Sb(2)
La(2)-Sb(3)

Pr(1)-Ga(2)
Pr(1)-Sb(2)
Pr(1)-Sb(6)
Pr(1)-Sb(7)
Pr(1)-Sb(1)
Pr(1)-Sb(4)
Pr(1)-Sb(3)
Pr(2)-Ga(1)
Pr(2)-Sb(3)
Pr(2)-Sb(3)
Pr(2)-Sb(4)
Pr(2)-Sb(2)
Pr(2)-Sb(5)
Pr(3)-Ga(1)
Pr(3)-Sb(8)
Pr(3)-Sb(2)
Pr(3)-Sb(6)

La;3GagSby;
3.182(3) (x2) La(3)-Ga(1)
3.3326(9) (x2) La(3)-Ga(l)
3.3567(14) (x2) Ga(1)-Ga(l)
3.3749(8) (x4) Ga(1)-Sb(2)
3.2737(15) (x2) Ga(1)-Sb(2)
3.314(3) (x2) Ga(2)-Sb(1)
3.3632(6) (x4) Sb(2)-Sb(3)
3.3648(11) (x2) Sb(3)-Sb(4)
Pr;2GasSbys

3.11(3) Pr(4)-Ga(3)
3.2150(6) (x2) Pr(4)-Sb(5)
3.2365(8) Pr(4)-Sb(4)
3.2849(4) (x2) Pr(4)-Sb(1)
3.2936(9) Ga(1)-Sb(2)
3.3091(6) (x2) Ga(1)-Sb(5)
3.3180(8) Ga(2)-Sb(7)
3.2743(8) (x2) Ga(3)-Ga(3)
3.2966(7) (x2) Ga(3)-Sb(1)
3.3095(8) Sb(1)-Sb(4)
3.3119(8) Sb(3)-Sb(4)
3.3239(7) (x2) Sb(3)-Sb(3)
3.3287(6) (x2) Sb(6)-Sb(8)
3.3201(15) (x2) Sb(6)-Sb(7)
3.2585(6) (x2)

3.3356(6) (x4)

3.3472(9) (x2)

3.051(6) (x6)
3.386(7) (x6)
2.422(5) (x2)
2.766(7)
3.131(7)
2.6200(16) (x3)
3.1338(14) (x2)
3.0934(11) (x2)

3.3925(10) (x2)
3.2322(9) (x2)
3.2800(7) (x2)
3.3290(7) (x4)
2.6011(11) (x2)
2.620(2)
2.70(4) (x2)
2.586(4)
2.9020(7) (x4)
3.1296(7) (x2)
3.0085(7) (x2)
3.0844(9) (x2)
3.1088(7) (x2)
3.1095(10) (x2)
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Figure 2-1. Plot of unit cell volume for RE|>Ga4Sby; compounds. The lines are drawn
only for guidance.
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Figure 2-2. View of La;3GagSba; down the ¢ axis showing the unit cell outline and the
labelling scheme. The large lightly shaded circles are La atoms, the small solid
circles are Ga atoms, and the medium open circles are Sb atoms. The dashed
lines merely outline the assemblies of Las trigonal prisms.
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Ga(3)

Sb(8) Sb(6) Sb(7)

Pr(1) Pr(3)

Figure 2-3. View of Pr;2GasSby; down the g axis showing the unit cell outline and the
labelling scheme. The large lightly shaded circles are Pr atoms, the small solid
circles are Ga atoms, and the medium open circles are Sb atoms. The dashed
lines merely outline the assemblies of Prg trigonal prisms.
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(b)

Figure 2-4. Cgmparison of the 21-atom channels in (a) La;3GagSb,;, composed of five-
a.tom-w1de Sb ribbons and (b) Pr;2Ga4Sb,3, composed of two six-atom-wide Sb
ribbons and one five-atom-wide Sb ribbon. These Sb ribbons are linked by Ga
atoms.
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(a) La13GasSba1 S0(2) Sb(4) Sb(2)

T " ——————————— ——— ———— — —— " - - ———————

Pr1 zGa4Sb23
s 10801
a G0 0o
T 2.70(4')\ ,i.‘m(o

SB(7) sb(8) Sb(7)

( b) Pri12Ga,Sbz;

Figure 2-5. Comparison of (a) the five-atom-wide Sb ribbons in La;3GagSb,; and
Pr;2GasSbe;, and (b) the six-atom-wide Sb ribbon in Pr;;GasSbas, viewed
perpendicular to their axes of infinite extension. The ribbons are bounded on two
sides by Ga atoms, but in the case of the five-atom-wide Sb ribbon in Pr;2GasSbys,
the Ga(2) site is only occupied at 2.7(2)%. Bond lengths in A are indicated.
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(a)

(b)

@Pcai)

2.586(4)

Figure 2-6. (a) Distorted tetrahedral coordination around Ga(l) in La;3GagSbh;;. (b)
Square pyramidal coordination around Ga(3) in Pr;2GasSbys. Bond lengths in A
are indicated.
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site coordination environment site coordination environment
central La(1) Pr(2) Pr(3) central La(2) Pr(1) Pr(4)
a-h Sb Sb Sb a—g,j Sb Sb Sb
i Ga (split) Ga Ga h Ga(split) Sb(97.3%) Ga

i Ga(split) Ga(2.7%) Ga

Figure 2-7. Coordination environments around La atoms in La;3GagSby; or Pr atoms in Pr;;GasSby;. Sites a—h define a square

antiprism, which is capped by additional atoms at sites i and j above (a) one square face or (b) one square and one square and
one triangular face.

99
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2.422(5)

Figure 2.-8. Qoordination environment around La(3), sandwiched by two puckered Gag
rings, in La;3GagShy;. The Ga(l) sites are approximately 50% occupied. Bond
lengths in A are indicated.
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(a) CSeSﬂAS3Oo‘5

Figure 2-9. Comparison of the hexagonal structures of (a) Cs¢SnAs;Ogs, (b)
B{:o_nglean, and (c) La;3GagSb;; shown in projection down the c axis. Circles
with thicker rims are atoms residing in planes displaced by ¢/2.
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(a) LagMnSb; 5

Figure 2-10. Comparison of the orthorhombic structures of (a) LagMnSb;s and (b)
Pr;2Ga4Sby; shown in projection down the shortest axis. Circles with thicker rims
are atoms residing in planes displaced by 'z the short axis parameter.
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Chapter 3

Electronic Structures and Properties of RE;Ga,Sb,; (RE = La-Nd, Sm)

and Superconducting La;;GagSb,,

Introduction

Intermetallic compounds M.4, or M;A4,B. (M = alkali or alkaline-earth metal; 4, B
= main-group elements) containing a combination of highly electropositive and
electronegative components tend to form structures with localized covalent bonding
between the electronegative atoms, and closed-shell electronic configurations for all
atoms.! As the electronegativity difference between components decreases, more unusual
non-classical metalloid substructures featuring multicentre bonding become prevalent.
For instance, many alkali metal gallide structures display networks of interconnected Ga
clusters.> The delocalized bonding and non-classical geometries of these electron-
deficient clusters can be explained through the application of Wade’s rules’ Weak
multicentre homoatomic bonding is also observed in the more electron-rich rare-earth
antimonides. In these compounds, we find linear chains,* square ribbons,’ and square
nets® containing, to a first approximation, one-electron Sb-Sb bonds. Electron-counting

schemes for these metalloid bonding networks have been detailed in a recent review.’

t A version of this chapter has been accepted for publication. Mills, A. M.; Deakin, L.; Mar, A. Chem.
Mater.
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As part of our continuing investigation of the ternary rare-earth main-group
antirriom'de systems, we have recently described the synthesis and characterization of
RE;GasSbys (RE = La-Nd, Sm) and La;3GagSb,, the first examples of rare-earth gallium
antimonides.® The related structures both contain extended Sb—Sb bonding networks and
finite Ga—Ga bonded units: non-classical square ribbons of Sb atoms are linked by either
Ga, pairs (in RE[;GasSb,; (Figure 3-1)) or by unusual puckered Gas rings (in
La;3GagShy; (Figure 3-2)). Classical trigonal planar GaSb; units, typically found in
M.Ga,Sb_Zintl compounds, are enclosed within the networks.

The co-existence of (i) classical moieties that are strongly covalently bonded and
finite (Ga; pairs, Gag rings, GaSb; trigonal planes) with (ii) non-classical networks that
are weakly bonded and extended (Sb ribbons), representing the bulk of the structure,
implies an interesting electronic situation. Competition develops between localization of
electrons in the isolated units and delocalization in the extended networks. Similar
structural and electronic characteristics have been identified as prerequisites for the
occurrence of superconductivity in several classes of compounds.’ This paradigm has
provided insight into why, for instance, certain rare-earth carbides and carbide halides,
with structures consisting of discrete C; pairs within an extended metal-metal network of
rare-earth atoms, are supe‘:conc‘lucting.98

We report here the results of band structure calculations for RE;2GasSby; and
La;3GagSbh,; that were performed in order to clarify the nature of the bonding in these
compounds and to examine the applicability of the Zintl concept to these complicated

structures. The calculations suggest metallic behaviour for both structures, and resistivity
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measurements of the entire series of compounds confirm this prediction. In addition,

La;3GagSby;, undergoes a superconducting transition at 2.4 K.

Experimental Section

Band Structures. Tight-binding extended Hiickel band structure calculations
were performed on La;;GasSby; and La;3GagSb,; using the EHMACC and YAeHMOP
suites of programs.'®'?  (Although the crystal structure determination was on
Pr12GasSb,s, the La member of the RE|-GasSbys series was chosen for the band structure
calculations to allow a better comparison with Lal 3GagShy;. The atomic coordinates used
for La;2GasSbs; were calculated on the basis of positional parameters from the crystal
structure of Pr2GasSby; and refined cell parameters from the powder pattern of
LalzG&szg.g) The atomic parameters used are listed in Table 3-1.1316

Transport and Magnetic Measurements. RE|>Ga;Sby; (RE = La—Nd, Sm) and
La;3GagSb,; were prepared as described previously. All transport measurements were
made on crystals whose compositions were verified by energy-dispersive X-ray (EDX)
analyses on a Hitachi S-2700 scanning electron microscope. Electrical resistivities of
single crystals, typically 0.5-1.0 mm long and 0.05-0.2 mm wide, were measured with
the current parallel to the needle axis (crystallographic a axis for RE2Ga4Sby; or ¢ axis
for La;3GagSb,;) by standard four-probe techniques on a Quantum Design PPMS system
equipped with an AC-transport controller (Model 7100). A current of 0.1 mA and a
frequency of 16 Hz were used. The superconducting transition temperature 7. of
La;3GagSb,; was determined as the point at which the resistivity is 90% that of the

normal state.
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For La;3GagSby;, magnetic measurements were made on samples totalling
~ 10-20 mg of individually selected crystals, ground into powders. Magnetic data for
La;3GagSb;; powders were obtained with a Quantum Design 9T-PPMS DC-
magnetometer/AC-susceptometer. AC magnetic susceptibility measurements between
2.0 and 3.2 K were made with a driving amplitude of 1 Oe and a frequency of 1000 Hz.
Susceptibility values were corrected for contributions from the gelcap holder
diamagnetism and the underlying sample diamagnetism (La, —20 x 107°; Ga —22 x 1075,

Sb, -15 x 107 emu/mol).

Results and Discussion

Retrotheoretical Analysis. Detailed descriptions of the structures of
orthorhombic La;;GasSb,; (shown in Figure 3-1 down the a axis) and hexagonal
La;3GagSby; (shown in Figure 3-2 down the ¢ axis) have been presented previously.® The
related structures are relatively complex, containing a variety of metalloid substructures.
Both structures consist of four-prism columnar assemblies of Ga- or Sb-filled Lag trigonal
prisms residing in channels defined by extended networks of Ga and Sb atoms. By
following a “retrotheoretical” analysis, as promoted by Papoian and Hofﬁnan.n, we will
decompose the three-dimensional structures into more manageable lower-dimensional
substructures (Figure 3-3).!7

We assume, éccording to the Zintl concept, that the La atoms participate in
predominantly ionic bonds by donating their valence electrons to the metalloid
substructures.'®* Thus, if we begin by removing La*" cations, we are left with the

underlying metalloid frameworks, [GasSby]*® (in La;2GasSbys) and [GagSby]** (in
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La;3GagSbhy;). These can each be decomposed further into two non-interacting
substructures: the Ga-linked Sb ribbons that outline the channels, and the isolated GaSb;
trigonal planes that are contained within them (ie. [(Ga2Sb;7)(GaSbs),’* and
[(Ga6$b15)(GaSb3)z]39_). In La;»GaySby3, the [Ga;Sby;] substructure consists of an
isolated [Sbs] ribbon embedded within a [Ga,Sb);] framework, which in turn can be
deconstructed (by breaking Ga—Ga bonds) into strongly kinked [GaSbs] sheets derived
from an idealized square net (Figure 3-3a). In La;3GagSb;;, the [GagSb,s] substructure
can be deconstructed in two convenient ways: (i) by breaking Ga—Ga bonds to give
isolated [Ga,Sbs] ribbons, or (ii) by breaking Ga—Sb bonds to give Gag rings and [Sbs]
ribbons (Figure 3-3b).

Determining the distribution of the 36 electrons over the [GasSb,3] substructure or
the 39 electrons over the [GagSb,,] substructure is more problematic, and indeed served
as an impetus for the band structure calculations.® The Sb oxidation states can be
assigned by adhering to the generally accepted, and recently summarized, conventions for
classical and non-classical Sb networks.” However, the assignment of Ga oxidation states
is more ambiguous, given the propensity of Ga to form electron-deficient compounds.
Our approach is to assign, on the basis of well-established electron counting rules, initial
charges to the metalloid substructures as we discuss each in turn. We then re-assemble
them into the complete structures and re-adjust our assignments if necessary, following
whatever insight we gain from the band structures.

[GaSb3] Substructures. The simplest structural units found in both La;;Ga;Sbs
and La;3GagSb,, are the GaSb; trigonal planes. Similar GaSb; trigonal planar units are

commonly found in classical Zintl compounds, such as the alkali and alkaline-earth metal
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gallium antimonides.! In these compounds, the large electronegativity difference
between components supports the use of a Zintl analysis. Thus, for example, in
CssGaSbs, the isolated GaSbs anions are assigned an overall charge of —6.'° Within each
GaSb;° anion, the assignment of oxidation states is straightforward. We first complete
the octets of the more electronegative Sb atoms, and arrive at an oxidation state of —3 for
each Sb atom. The central Ga atom, participating in three Ga—Sb bonds, is assigned an
oxidation state of +3, and remains formally electron deficient.

In all of the alkali and alkaline-earth gallium antimonides, the GaSb;* anions are
rigorously planar,' and the Ga-Sb bond lengths (e.g., 2.608(5)-2.676(5) A in
Cs¢GaSbs)!? are somewhat shortened with respect to normal Ga—Sb single bonds (e.g.,
2.709(2)-2.752(5) A in the isolated GaSb,’~ tetrahedra in Na;Sr;GaSb,).2° Partial double
bond character has previously been suggested to explain these experimental
observations.?! Molecular orbital calculations performed for a planar GaSbs* anion
confirm that m bonding does make a significant contribution (Mulliken overlap
population (MOP) of 0.08 for Ga 4p,-Sb 5p,) to the strength of the Ga—Sb bonds (MOP
0f 0.75). By analogy with these classical Zintl anions, the planar geometry and shortened
bond lengths (2.647(2)-2.666(2) A) of the GaSb; units found in La;»GasSb,s lead us to
assign an overall charge of —6 to this substructure.®

Whereas the GaSb; units are planar in La;2GasSb,s, they are pyramidally distorted
from the ideal planar geometry in La;3GagSb,;. The central Ga atoms are shifted slightly
(~ 0.3 A) above or below the plane of the Sb atoms (the Ga atoms are disordered over
two close sites, each approximately 50% occupied), and the Sb—Ga—Sb angles are

118.81(4)°.® This pyramidalization is reminiscent of the well-known trigonal planar to
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pyramidal distortion of GaXj; species that accompanies the formation of Lewis acid-base
adduc;ts.zz Our calculations reveal that the buildup of additional electron density at the
central Ga atom is responsible for the distortion of the GaSb; units in La;3GagShy;. As
shown in Figure 3-4, the main effect of the slight pyramidalization is the stabilization of
the antibonding m orbital (2a,"" in planar and 2a, in pyramidally distorted GaSb;), the
result of improved overlap between the s-p hybridized Ga and Sb orbitals. At the
electron count proposed above for the GaSb;% anion of La;;GasSby;, the lowest
unoccupied molecular orbital (LUMO) is the antibonding = orbital. Upon addition of any
electrons to the system, the distorted geometry becomes energetically favoured. Since
the GaSb; units of La;3GagSb,, are only slightly distorted from the ideal planar geometry
and contain Ga—Sb bond lengths (2.620(2) A) that are significantly shorter than typical
single bonds,® we will assume, for simplicity in electron counﬁng, that the reduction of
the Ga centre occurs through the addition of one electron, i.e., GaSb37”.

Although we have initially considered the GaSbs trigonal planar units as isolated
anions, they are actually stacked along the short axis (~ 4 A) of the structures of both
La;»GasSbys and La;3GagShy. We performed band structure calculations on the one-
dimensional array of GaSbs units in La;3GagSbh,; in order to examine the possibility that
weak Ga-Ga bonding interactions are the driving force for the observed pyramidal
distortion. The Ga-Sb antibonding w orbitals (mainly Ga p, in character) of adjacent
GaSb; trigonal planes have the correct symmetry to interact in a o-type fashion along the
stacking axis. If we assemble a one-dimensional stack of planar GaSb;% anions (1), the
Ga-Sb antibonding # LUMO broadens into a band with Ga—Ga ¢ antibonding character -

at the centre of the Brillouin zone (I') and Ga—Ga o bonding character at the edge (Z)
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(Figure 3-5a). Adding one electron per GaSb; unit to the system leads to a half-filled

band, making the one-dimensional stack prone to a Peierls distortion."'!

1 2 3

Two local stacking arrangements exist for the disordered GaSb; units in
La;3GagSby;: adjacent pyramidal GaSb; units may be either parallel, with an interunit
Ga—Ga distance of 4.338(1) A that is determined by the ¢ parameter, or inverted with
respect to one another, such that a shortened Ga-Ga distance of 3.763(1) A results.® We
examined both of the limiting one-dimensional arrangements (i.e., all adjacent GaSbs;
units parallel -- a sliding distortion (2); or all adjacent GaSb; units inverted -- a pairing
(Peierls) distortion (3)). The sliding distortion results in only a slight overall lowering of
the energy of the Ga—-Sb antibonding band. To prepare for the pairing distortion, the ¢
parameter is doubled (and the c¢* parameter is halved), so that the bands are “folded
back,” and the Bloch function midway between I" and Z in Figure 3-5a would correspond
to a degenerate pair at Z near —5 eV in Figure 3-5b. The effect of the pairing distortion
(3) is dramatic: it removes the degeneracy, opening up an energy gap between two
manifolds in which Ga—Ga bonding states are stabilized and Ga—Ga antibonding states
are destabilized, as confirmed by inspection of the Ga—Ga crystal orbital overlap

population (COOP) curve (Figure 3-5b). Based on our assignment of a -7 charge per
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GaSb; unit, the pairing distortion is clearly preferred energetically. At this electron
count, the interunit Ga—Ga bonding is maximized (MOP of 0.41), but the Ga~Sb bond
strength is reduced (MOP of 0.66) since more Ga—Sb antibonding levels are populated
(Figure 3-5b). The atomic charge determined for the central Ga atom decreases from
+0.79 for [GaSbs3]® to —0.04 upon addition of one electron per GaSb; unit to the system,
while the average charge calculated for the Sb atoms remains relatively constant (~ —2.3).

Although these results support the possibility that individual one-dimensional
[GaSbs] stacks in La;3GagSb,; undergo a pairing distortion, there was no evidence for
superstructure from the crystal structure determination.® This is not surprising,
considering that the stacks are far apart from each other (Figure 3-2). A random
distribution of these stacks, while each individually ordered, would still give rise to an
overall disorder in the structure.

Sb Ribbons. The most striking recurring theme in the structures of many Sb-rich
ternary rare-earth antimonides is the occurrence of Sb networks that contain relatively
long Sb—Sb bonds in the 3.0-3.2 A range, longer than a single bond (~ 2.8 A) but shorter
than the van der Waals contact (~ 4.3 A).“'6 While square sheets of Sb atoms in this
bonding range are encountered in numerous binary and ternary antimonides,® the
structures of La;2GasSby; and La ;3GagSb;; point to a fecundity in bonding patterns that
was previously unimaginable, but implied in the structures of a- and B-Zerz,B and,
more recently, LaéMl:leISSb -- ribbons of varying widths can be excised from a square
net.

As shown in Figure 3-6, La|2Ga;Sby; and La;3GagSb;; contain complex [Ga,Sb;4]

and [GasSb;s] substructures, respectively, that feature non-classical electron-rich
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networks of Ga and Sb atoms. In both substructures, five- or six-atom-wide square Sb
ribbons form the walls of large channels. These can be derived from a prototypical
square sheet, for which a well-developed bonding theory exists.” According to a
hypervalent bonding model, the weak Sb—Sb bonds within the square sheets are described
as one-electron bonds, to a first approximation. Implicit in this model are the
assumptions that little s-p mixing occurs, and that n bonding between Sb atoms is weak.
Each Sb atom uses two p orbitals, each accommodating one electron, to form the in-plane
bonds and the remaining p and s orbitals accommodate lone pairs to complete the Sb
octets. Correspondingly, each Sb atom of a square sheet, and, by extension, an “inner”
Sb atom within a ribbon, is assigned an oxidation state of ~1. This model will serve as a
basis for our description of the bonding in the actual [Ga;Sbi;] and [GagSbis]
substructures.

[Ga;Sby7] Substructure in La;2Ga Sb>3. In La;;GasSbys, the channel walls are
defined by one five-atom-wide Sb ribbon, and two eight-atom-wide sides composed of
six-atom-wide Sb ribbons bordered by Ga atoms (Figure 3-6a). The eight-atom-wide
sides are connected by Ga—Ga bonding, but the five-atom-wide Sb ribbon is isolated (the
closest contact between this side and the others is ~ 4 A). The anionic [Ga;Sb,7] network
can, therefore, be dissected into two non-interacting substructures, the one-dimensional
[Sbs] ribbon and the three-dimensional [Ga,Sb;z] network. These substructures in
La;»Ga,sSby; are even more complicated than those found in the closely related
LagMnSb,s structure: an [Sbs] ribbon and an [Sbjo] network (referred to as an [Sbyg]
network in the original paper).®® A detailed band structure calculation was performed for

LagMnSb,s, and we follow a similar approach here.'”
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The [Sbs] ribbon, containing 3.167(2) A Sb-Sb bond distances.® may be
considered as a segment excised from the two-dimensional Sb square sheet described
above, and the oxidation states of the component Sb atoms assigned accordingly (4). The
inner Sb atoms are assigned an oxidation state of —1, while the terminal Sb atoms,
participating in only two one-electron bonds, require three lone pairs of electrons to
complete their octets and are assigned an oxidation state of —2. Thus, we arrive at an
overall charge of —7 for the [Sbs] ribbon. The band structure and Sb—Sb COOP curve
calculated for the [Sbs]”™ ribbon are shown in Figure 3-7. The calculations confirm our
oxidation state assignments: the average charges determined for the inner and terminal
Sb atoms are —1.00 and —2.00, respectively. At the proposed electron count, some Sb—Sb
antibonding states have been filled (Figure 3-7b), and the overlap population determined
for the Sb—Sb bonds is 0.20, within the range observed for the longer Sb—Sb contacts in

Sb square sheets,6al and consistent with bond length correlations. 17

The [Ga;Sb;2] substructure may be described as a stacking (along the b axis) of
strongly kinked [GaSbg] sheets, each derived from an idealized two-dimensional Sb
square sheet (Figures 3-1, 3-3a, and 3-6a). The first step in this transformation is the
substitution of Ga for Sb along every seventh diagonal of the sheet. As above, we can

assign oxidation states to the atoms of this hypothetical structure: the substituted Ga
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atoms, with two lone pairs, are assigned as Ga', the neighbouring Sb atoms as Sb>~, and
the r;:maining Sb atoms as Sb'". The sheet is then folded along the Ga-substituted
diagonal to produce a kinked sheet. In the related LagMnSb;s structure, it was found that
the kinking of an [Sbyo] sheet, accompanied by s-p hybridization, produces relatively
localized lone pairs at the corner Sb atoms.'” Since lighter elements undergo s-p
hybridization more readily than their heavier counterparts,** it is quite satisfying to find
that kinking in the [GaSbg] sheet occurs along the Ga-substituted diagonals. As shown in
Figure 3-8a, the localization of the lone pairs on the Ga atoms is reflected by the
narrowness of the bands that involve contributions from the Ga p, orbitals, which are
perpendicular to the [GaSbe] sheet (note the Ga p, projection accounting for the large
spike near —7 €V in the DOS). When the kinked nets are stacked perpendicular to the b
direction, the lone pairs on the Ga atoms of adjacent sheets are directed toward each
other. Oxidation of the Ga atoms allows intersheet Ga—Ga bonding to occur (5);

neighbouring [GaSbs] sheets are thus connected to complete the three-dimensional
=2

5
[Ga,;Sb;2] network. In the DOS curve for the actual {Ga;Sby;] substructure, the Ga py

orbitals, now involved in Ga—Ga bonding, are dispersed over a wider energy range
(Figure 3-8b). Since the observed 2.632(2) Ga—Ga distance is consistent with a single
bond,® we assign an oxidation state of 0 to the Ga atoms, and an overall charge of —16 to
the [Ga,Sb)2] substructure. The actual atomic charges determined for the Ga atoms

(+0.05), adjacent Sb atoms (—1.66) and inner Sb atoms (—1.18) at this electron count are
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in good agreement with our proposals. Inspection of the Ga—Ga COOP curve reveals that
essentially all of the Ga-Ga bonding states are filled (Figure 3-9a). The overlap
population of 0.77 determined for the Ga—Ga interactions is typical of a single bond. The
COOP curves for the Ga—Sb and Sb—Sb interactions within the kinked square sheet are
similar, but shifted in energy because of the differing electronegativities of the atoms
involved (Figures 3-9b and c). Fewer Ga—Sb than Sb—Sb non-bonding and antibonding
states are filled, and the overlap populations calculated for the 2.956(2) A Ga—Sb (0.41)
and 3.064(2)-3.187(2) A Sb-Sb (0.14) igteractions reflect this.® Both overlap
populations are reduced with respect to those of full single bonds, supporting our
description of these interactions as half-bonds.*!

[GasSbis] Substructure in La;3GasSby;. In the [GagSb;s] substructure of
La,;3GagSb,,, three equivalent segments outline the large channels. Five-atom-wide Sb
square ribbons are bordered by Ga atoms, forming seven-atom-wide channel walls
(Figure 3-6b). In this case, strong Ga—Ga interactions link all of the walls, and unusual
puckered Gas rings are generated at the interface of six wall-sharing channels. The
resulting three-dimensional [GasSb;s] network in La;3GagSbs; can be analyzed by two
approaches. We could proceed as before, considering Ga as a substituent in an otherwise
all-Sb network. Here, we would propose that [GasSb;s] network is assembled by
connecting three idealized isolated one-dimensional [Ga,Sbs] ribbons per unit cell, with
Ga atoms at the terminal positions of each ribbon (Figure 3-3b). If we assume complete
octets for all of the ribbon atoms, we arrive at the following oxidation state assignments:

-3 for the terminal Ga atoms, —2 for the adjacent Sb atoms, and —1 for the inner Sb atoms

(6). According to our model, the terminal Ga atoms, each participating in two one-
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electron Ga—Sb bonds, have three lone pairs of electrons. When we bring the idealized
ribbons together, each Ga atom must be oxidized by two electrons to form two Ga~-Ga
single bonds involving o overlap of s-p hybrid orbitals, analogous to the process
described earlier in Scheme S. One lone pair of electrons remains at each Ga'~ atom of
the resultant planar six-membered rings. Even this admittedly crude electron counting
scheme leads to the implication that for ® bonding to play a role in the Ga—~Ga bonding

within the rings, further oxidation of the Ga centres must take place.

Since the electronic structure of planar six-membered rings is well known, we can
shift our focus, in a second approach to understanding the [GagSb;s] substructure, to the
Gas rings and consider what happens when they interact with [Sbs] ribbons. The
molecular orbitals involving & overlap in an isolated planar Gag ring are complétely filled
if we begin with the electron counting scheme above and assume that the lone pair of
each Ga'™ atom resides in a p, orbital (Figure 3-10a). When the Gag rings are stacked in a
one-dimensional array, these n-type molecular orbitals transform to a manifold of bands
with little dispersion (because there is little interaction between the rings) and which are
also completely filled. Now the [Sbs]”™ ribbons, whose band structure was examined

earlier, are allowed to interact with the stack of Gag rings. There are still some Sb—-Sb
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antibonding levels that are unoccupied and are lower in energy than the top of the Ga
block, mostly Ga-Ga = antibonding in character (Figure 3-10b). We thus expect a
transfer of electrons to occur in which Ga atoms are further oxidized and Sb atoms are
further reduced, allowing Ga—Ga bonding to strengthen at the expense of a slight

weakening of the Sb—Sb bonds within the [Sbs] ribbons.

7 8 9

In the actual crystal structure, the ring Ga atoms are disordered over two sites.
The Gag rings are assumed to be puckered into a chair conformation (Ga-Ga-Ga
115.9(3)°) to allow reasonable intraring Ga—Ga distances of 2.422(5) A.® To probe the
origin of this puckering, we first examined a one-dimensional stack of planar Gas rings
(7) that are surrounded by the immediately neighbouring Sb atoms, whose valence shells
were artificially completed, to give [GagSbs]** (only one of the spokes of surrounding Sb
atoms is shown in Scheme 7 for clarity). Although no evidence of long range ordering of
the puckered rings was detected in the crystal structure solution, two local orderings are
possible: adjacent rings may be parallel (8), with all inter-ring Ga—Ga distances being

4.338(9) A, or inverted (9), with three short 3.843(8) A inter-ring Ga-Ga contacts.® At
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the proposed electron count, our one-dimensional calculations reveal that either of the
two limiting puckered stacking arrangements is more stable (-856.7 and —852.6 eV/f.u.
for the parallel and inverted arrangements, respectively) than the undistorted planar
arrangement (—841.9 eV/fu.). The main consequence of the ring puckering is that
Ga—Ga and Ga—Sb o-type orbitals involving s-p hybrids on each Ga atom are mixed in
with Ga—Ga n-type orbitals. This mixing tends to strengthen half of the Ga—Sb bonds
(2.766(7) A) surrounding a Gag ring.8 For example, in the planar arrangement, the crystal
orbital (at I') shown in 10 is Ga—Ga bonding but Ga-Sb antibonding; in the puckered
arrangement, 11, it becomes less Ga—Sb antibonding at the expense of slightly weakened
Ga—Ga bonding. There is little difference in energies between the parallel and inverted
puckered arrangements, largely because the inter-ring Ga—Ga interaction is essentially
non-bonding (MOP ~ 0). We consider only the (slightly) more stable parallel

arrangement in our subsequent calculations.

10 11

We are now in a position to examine the entire [GagSb;s] substructure. From the
first retrotheoretical approach ([GasSb;s] « 3 [Ga,Sbs]), we proposed oxidation states of
—1 for Ga, —2 for adjacent Sb and —1 for inner Sb atoms, and we expected that Ga'~ atoms
might have to be oxidized further, even after forming Ga—Ga bonds. From the second
retrotheoretical approach ([GagSbys] « [Gag] + 3 [Sbs]), we saw that adjustments of

Ga-Sb bonding interactions are necessary and that Sb—Sb bonds might have to weaken as
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well. The DOS curve for [GasSbs]*” and the COOP curves for the Ga—Ga, Ga-Sb, and
Sb—S—b interactions are shown in Figure 3-11. The [Sbs] ribbon interacts significantly
with the Ga & block, which can be roughly gauged by the broad energy range in which
the Ga p, contribution makes to the DOS (Figure 3-11a), as well as the extensive mixing
of Ga—Ga, Ga—Sb, and Sb—Sb character in the states as seen in the COOP curves (Figures
3-11b—d). As anticipated from Figure 3-10b, this increased dispersion results in a
transfer of electrons from Ga to the Sb ribbon atoms, which is reflected in the atomic
charges determined for the [GagSb,s)*"~ substructure (-0.56 for the Ga atoms, —1.62 for
the adjacent Sb atoms, and —1.54 for the inner Sb atoms). The large overlap population
of 0.89 calculated for the Ga—Ga bonds within the six-membered ring is consistent with
strengthened Ga—Ga bonding expected as a result of the depopulation of n° bands. The
reduction of the ribbon Sb atoms causes a substantial proportion of Sb—Sb antibonding
levels to be filled so that the overlap population becomes essentially zero (0.002) for the
Sb-Sb interactions; the weakening of Sb—Sb bonding has proceeded a little too far, but as
we shall see later, this can be remedied when the rest of the La;3GagSb,; structure is also
considered. The long and short Ga—Sb interactions between the Gag rings and Sb ribbons
have overlap populations of 0.33 and 0.60, respectively, which substantiate their
description as a 3-centre-2-electron bond with asymmetric distribution of electron density
between the atoms.®

Assembling the Complete La;;Ga,Sb2; and La;3GagSh;, Structures. At this
stage, we are ready to re-assemble the composite [GasSby]’® and [GagSbai]**
substructures of La;»GasSby; and La;3GagSby;, respectively, from their component

bonding networks. The overall charge (—36 or —39) is obtained assuming that the Zintl
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concept applies; ie., the La atoms transfer their valence electrons entirely. We can
compare this electron count to that obtained by summing up the contributions of the
individual components that were analyzed separately.

For La;5GasSbys, the process is relatively straightforward. We assigned charges
of -6, —7 and —16 to the non-interacting [GaSb;], [Sbs], and [Ga;Sb;2] networks,
respectively. At these electron counts, the Fermi levels for the substructures lie at —10.5,
—7.6, and —5.4 eV, respectively. The total charge for the [Ga;Sb,;] substructure obtained
by combining these networks is —35: [Ga,Sb;2]'¢ [Sbs]” [GaSbs]* [GaSbs]®. This count
is one electron less than that required by the Zintl concept, suggesting that one of the
networks must be further reduced. The DOS curve for the composite [GasSby3]*¢
substructure is shown in Figure 3-12a. Since the Fermi level for [Ga4$b23]3& is
calculated to be at —5.8 eV, the [GaSbs] trigonal planes and [Sbs] ribbons are likely
candidates for reduction. The one extra electron per formula unit may be used for Ga-Ga
bonding between GaSb; trigonal planes along a one-dimensional stack, just as they are in
La;3GagSh,,. Although the crystal structure determination of 'Pl‘lzGa‘tsz;; shows that the
GaSbs units are strictly planar, the elongation of the thermal ellipsoid along the ¢ axis
observed for the central Ga atom suggests that incipient interunit Ga~Ga bonds may be
forming.® Alternatively, and perhaps more realistically, the [Sbs] ribbons may be
reduced; the ability to act as an electron sink is often attributed to Sb square nets %172

The re-assembly exercise for the composite [GasSb21]39_ substructure of
La;3GagSbh,; is complicated by the disorder in the crystal structure.® At the —7 charge
proposed for the one-dimensional [GaSbs;] array, the most energetically favourable

stacking arrangement (with a Fermi level of —6.2 eV) is that in which all adjacent GaSbs
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units are inverted with respect to one another. Our electronic structure calculations for
the [GasSb;s] network indicate that the stacking arrangement of the Gag rings makes little
difference to the total energy. For simplicity, we assume that all neighbouring Gag rings
are parallel. At the —27 charge assigned to the [GasSb;s] network, the Fermi level for this
arrangement lies at —3.4 eV. In our hypothetical ordered model for the composite
[GagSb,,] substructure ( P3,Z=2,a= 17.657(2), c = 8.676(2) A), we double the ¢ axis
relative to the original crystal structure, and reduce the symmetry from hexagonal to
trigonal. The total charge for the [GagSb,;] substructure obtained by combining these
two networks is —41: [GasSb;s]*” [GaSb;] [GaSbs]~. This count is two electrons more
than predicted by the Zintl analysis. The DOS curve for the ordered [GagSbyJ**
substructure is shown in Figure 3-13a, and the Fermi level is calculated to be at 4.0 eV.
Since the Fermi level for the [GaSbs] array lies well below —4.0 eV, it is the [GasSb;s]
network that must be oxidized. The two electrons are removed from bands with Ga-Ga n
bonding character and Sb—Sb antibonding character (Figures 3-11b and d). Accordingly,
the oxidation of the [GasSbs] network results in slightly weakened Ga—Ga bonding
(MOP of 0.87) and strengthened Sb—Sb bonding (MOP of 0.05).

Inclusion of the La atoms in the band structure calculations does not .drastically
alter the overall picture. The DOS curves for the complete La;2Ga4Sb,; and La;3GagSb;;
structures, with the La contributions also indicated, are shown in Figures 3-12b and 3-
13b, respectively. Aithough we have initially considered the La atoms as isolated La**
cations, a substantial number of La states are populated. The La d-block states overlap
with Ga and Sb states, resulting in electron transfer from the metalloid atoms to La and

an attendant lowering of the Fermi levels to —8.5 eV for La;2GasSby; or to —7.8 eV for
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La;3GagSby;. The overlap populations calculated for the La—Ga and La-Sb interactions
(0.07 and 0.23 for La;2GasSbys; 0.11 and 0.22 for La;3GagSb,;, respectively) indicate
significant covalency. Since the states that lie just below the Fermi levels in [GasSby; P&
and [GasSb,;1**~ are mainly Sb-Sb antibonding and Ga—Ga bonding in character, the
reduction of the Fermi energies in the La;;GasSbys and La;3GagSbh,; band structures
strengthens the Sb-Sb bonds of the channel-defining networks (MOP of 0.26 for
La;2GasSbayz; MOP of 0.25 for La;3GagSh;;) and weakens the Ga—Ga bonds of the Gay
pairs (MOP of 0.67) or Gag rings (MOP of 0.69), respectively. In each of the band
structures, the Fermi level falls in a region of moderate DOS, crossing dispersive bands
with contributions from La, Ga, and Sb. Metallic behaviour is thus predicted for
La;;Ga4Sby; (and by analogy RE2GasSbs) and Laj3GagShy,.

Transport and Magnetic Measurements. Resistivity measurements confirm
that all RE;,Ga4Sby; members, in the 2-300 K temperature range (Figure 3-14), and
La;3GasSby,, in the 2.4-300 K range (Figure 3-15), are metallic. The resistivity data for
RE\;Ga,sSby; are summarized in Table 3-2. Most members of the series (RE = La-Nd)
have resistivities on the order of 10~ Q cm, but Sm;;GasSb,3, with a resistivity on the
order of 107 Q cm, is a much poorer conductor. All members generally exhibit a
monotonic decrease in resistivity with temperature. The sharp decrease in slope below
~ 5 K observed for Cei2GasSby; may be a consequence of a loss in spin-disorder
scattering at low temperatures. Similar behaviour has been described for the
antiferromagnetic Ce member of the REsGes_,Sby;+, series of cornpounds.26 We plan to

make magnetic susceptibility measurements for RF|2GasSbzz to investigate their
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magnetic properties at low temperatures. For RE = Ce, these studies will help determine
if the drop in resistivity arises from the presence of long-range magnetic ordering.

The high-temperature transport behaviour of La;3GagSbhs; (p3so x = 1.26 x 107 Q
cm, P30 k/P24 k = 1.94) resembles that observed for La;2GasSbsi;, but at low
temperatures, the resistivity drops abruptly to zero (Figure 3-15). This is assigned to a
transition to a superconducting state with 7. = 2.4 K. Magnetic susceptibility
measurements support this interpretation of the resistivity data: as shown in Figure 3-16,
the onset of the characteristic diamagnetic response occurs below 2.5 K. However, the
limiting diamagnetic susceptibility could not be reached because of instrumental
constraints. The zero-field-cooled (ZFC) diamagnetic shielding and field-cooled
Meissner effect curves measured with an applied field of 10 Oe are essentially
superimposable in the temperature range examined. The temperature dependence of the
AC magnetic susceptibility ()'ac) for three different applied field strengths under ZFC
conditions is plotted in Figure 3-16. The superconducting transition broadens and shifts
to slightly lower temperature with increasing field strength.

Conclusion. On the basis of our extended Hiickel calculations (which are limited
by their dependence on the availability of accurate atomicf parameters), we are unable to
provide a concrete explanation for the observation of superconductivity in La;3GagSh,,.
However, we can speculate, in a very qualitative manner, on its origin. The La;3GasSb;y,
structure consists of classical covalently-bonded GaSb; units enclosed in a non-classical
network, composed of [Sbs] ribbons connected by Gag rings, containing delocalized
bonding. In the band structures of La;3GagSh,|, narrow quasi-molecular bands, derived-

from the stacked GaSbs units, and dispersive bands originating from the channel-defining
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network, are present near the Fermi level. In this respect, the electronic situation is
similar to that in the superconducting carbide halides, such as Y,;Br.C,, in which an
extensive rare-earth metal-metal bonding network, the source of band broadening,
encloses finite C; units that give rise to narrow bands.”® The co-existence of localized
states and steep bands at the Fermi level has been proposed as a fingerprint in the search
for superconductivity.” Unfortunately, this hypothesis does not explain why La;2GasSbas,
with crystal and electronic structures that are closely related to those of La;3GagSb,;, does
not undergo a superconducting transition (down to 2 K). Nevertheless, the appearance of
superconductivity in La;3GagSb;;, a compound at the “Zintl border” featuring classical
and non-classical bonding networks, provides impetus for the continued exploration of

systems with reduced electronegativity differences between the component atoms.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3-1. Extended Hiickel parameters.

Atom Orbital H;i (eV) il c1 Ci ca
Ga 4s —14.58 1.77
4p -6.75 1.55
Sb Ss —18.8 2.323
5p ~11.7 1.999
La 6s -6.5613 2.14
6p —4.3769 2.08
5d -7.5155 3.78 0.77651 1.381 0.45861
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Table 3-2. Summary of resistivity data for RE;2Ga;Sb,;.

Compound P300 k (ML2 cm) P300 K/P2K
La;2GasSbas 0.157 1.34
Ce12GasSbys 0.225 1.46
Pri>GasSb;s 0.177 1.47
Nd;2GasSbas 0.143 2.83
Sm,;>Ga4Sbys 16.0 1.10
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Ga

Figure 3-1. Structure of orthorhombic La;2GasSby; viewed down the a axis showing the
unit cell outline. The large lightly shaded circles are La atoms, the small solid
circles are Ga atoms, and the medium open circles are Sb atoms. The dashed
lines merely outline the assemblies of Lag trigonal prisms.
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Figure 3-2. Structure of hexagonal La;3GagSbh,; viewed down the ¢ axis showing the
unit cell outline. The large lightly shaded circles are La atoms, the small solid
circles are Ga atoms, and the medium open circles are Sb atoms. The dashed
lines merely outline the assemblies of Lag trigonal prisms.
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Figure 3-3. Retrotheoretical analysis of (a) La;2GasSby; and (b) La;3GagSbs;, in which
the complex three-dimensional structures are decomposed into lower-dimensional

substructures.
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(a) (b)

Sb-Ga~"SP p—GaiSb
¥sp y \Sb

Figure 3-4. Molecular orbital (MO) schemes for the & systems of (a) planar GaSb; and
(b) pyramidally distorted GaSb;. @ The main consequence of a slight
pyramidalization of the GaSb; unit is a stabilization of the antibonding ©~ MO.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

(a)

LT

2 NP SEIIE 0 L o o o o o n B L a A0S 4

(b)

S h

E) . ]

o

c 4

- ] ) %

§ ]

16 - * 1L - ?+
T Z Ga-Ga COOP Ga-Sb COOP

Figure 3-5. (a) Band structure for a one-dimensional stack of planar GaSb;®™ units (1),
with the composition of crystal orbitals shown at different wave vectors in the
lowest unoccupied band. (b) Band structure for a one-dimensional stack of paired
pyramidal GaSb;’~ units (3), and the crystal orbital overlap population (COOP)
curves for the interunit Ga—Ga and intraunit Ga—Sb interactions. The dashed
horizontal lines in (a) and (b) represent the Fermi levels for the [GaSb;]* and
[GaSb3]7' substructures at the proposed electron counts.
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Figure 3-6. View of the channel-defining (a) [Ga,Sb;7] network in La;>GasSby; and (b)
[GasSb,s] network in La;3GagSbh,;. In (a), six-atom-wide Sb ribbons are linked by
Gay pairs, resulting in a three-dimensional [Ga;Sb,;] network, while one five-
atom-wide ribbon [Sbs] remains isolated. In (b), five-atom-wide Sb ribbons are
linked by Gag rings to complete the three-dimensional substructure.
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Figure 3-7. (a) Band structure and (b) Sb—Sb crystal orbital overlap population (COOP)
curve for the one-dimensional [Sbs]’~ substructure of La;;GasSbas. The dashed
horizontal lines in (a) and (b) represent the Fermi level at the proposed electron

count.
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Figure 3-8. Density of states (DOS) for (a) the two-dimensional kinked [Ga,;Sb,;] sheet
and (b) the actual three-dimensional [Ga;Sbi2]'®" substructure of La;2GasSbss
after Ga—Ga bonds are formed. The Ga projection is shown by the short dashed
line, and the filled area of this curve represents the Ga py projection; what remains
of the DOS is the Sb projection. Initially, the p, orbitals participate in narrow
(localized) bands. After Ga—Ga bond formation, the Ga py orbitals participate in
more dispersive bonding and antibonding bands. The dashed horizontal line in
(b) represents the Fermi level for [Ga;Sb;]'® at the proposed electron count.
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Figure 3-9. Crystal orbital overlap population (COOP) curves for the (a) Ga—Ga, (b)
Ga-Sb, and (c) Sb—Sb interactions in the three-dimensional [Ga;Sbi2] 16-
substructure of La;2GasSbys. The dashed horizontal lines in (a)—(c) represent the
Fermi level at the proposed electron count.
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Figure 3-10. (a) When stacked into a one-dimensional array, the ® MOs of a planar Gag
ring broaden into a block of states with Ga—Ga bonding character at low energy
and Ga—Ga antibonding character at high energy. (b) Electrons from the top of
the Ga—Ga =t block are transferred to empty Sb—Sb antibonding levels available in
the Sb block of an [Sbs] ribbon.
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Figure 3-11. (a) Density of states (DOS) for the three-dimensional [GagSbs]*” substructure of La;3GagSby;. The Ga projection is
shown by the short dashed line, and the filled area of this curve represents the Ga p, projection; what remains of the DOS is the
Sb projection. Crystal orbital overlap population (COOP) curves for the (b) Ga~Ga, (c) Ga—Sb, and (d) Sb-Sb interactions are
also shown. The dashed horizontal lines in (a)—(d) represent the Fermi level at the proposed electron count.
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Figure 3-12. Density of states (DOS) for (a) the composite [Ga4$b23]36' substructure and
(b) the complete La;;GasSbas structure. The Ga projection is shown by the
shorter-dashed line, and the La projection in (b) is shown by the longer-dashed
line; what remains of the DOS is the Sb projection. The dashed horizontal lines in
(a) and (b) indicate the Fermi levels.
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Figure 3-13. Density of states (DOS) for (a) the composite |GagSb,,J*° substructure and
(b) the complete La;3GagSb,; structure. The Ga projection is shown by the
shorter-dashed line, and the La projection in (b) is shown by the longer-dashed
line; what remains of the DOS is the Sb projection. The dashed horizontal lines in
(a) and (b) indicate the Fermi levels.
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Figure 3-15. Temperature dependence of the resistivity of La;3GagSb;;. The inset gives
an enlarged view showing the superconducting transition more clearly.
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Figure 3-16. Temperature dependence of the zero-field-cooled AC magnetic
susceptibility (x'ac) at three applied field strengths (O 10; A 50; O 100 Oe), and
of the field-cooled %'ac at 10 Oe (+) for La;3GagSbh,;. The lines are drawn only
for guidance.
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Chapter 4

Layered Rare-Earth Gallium Antimonides REGaSb, (RE = La-Nd,

Sm) '

Introduction

A large number of alkali and alkaline-earth metal gallium antimonides with a
remarkable variety of structures have been characterized.' The bonding in these
compounds can be successfully rationalized using the Zintl concept.> Accordingly, the
more electropositive alkali or alkaline-earth metal donates its valence electrons to the
more electronegative main-group elements, which then form bonds, homoatomic ones if
necessary, to satisfy the octet rule. The resulting anionic substructures are manifested as
discrete GaSb;s trigonal planar or GaSb, tetrahedral units, or extended networks built up
from these units. All exhibit strong covalent bonds between atoms with completed
valence shells, as is characteristic of normal valence compounds.

Reduced electronegativity differences between the electropositive and
electronegative components render the applicability of the Zintl concept on more
questionable grounds. As one moves leftward in the periodic table , towards the group 13

and 14 elements, in choosing the electronegative (p-block) component, clusters and

' A version of this chapter has been published. Mills, A. M; Mar, A. J. Am. Chem. Soc. 2001, /23, 1151.
Copyright 2001 American Chemical Society.
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networks abound in the resulting structures.> But one can also move to the right in the
periodic table in choosing the electropositive element, although such cases have not been
examined as extensively. For many ternary rare-earth main-group element antimonides,
the occurrence of non-classical bonding patterns requires that multicentre or partial
bonding be invoked.® In our attempts to extend the diverse structural chemistry of the
alkali or alkaline-earth metal gallium antimonides to rare-earth analogues, we have
recently isolated the first examples of rare-earth gallium antimonides, La;3GagSby; and
RE;GasSby; (RE = La-Nd, Sm).* Both of these structures contain the characteristic
trigonal planar GaSb; units of the alkali and alkaline-earth metal gallium antimonides, as
well as more unusual Ga—Ga and Sb-Sb homoatomic bonding networks. One-
dimensional square ribbons with intermediate Sb—Sb bonding are linked by either Ga,
pairs (in RE;GasSb,s3) or six-membered Ga rings (in La;3GagSbh,;). Here, we report the
synthesis of a series of rare-earth gallium antimonides, REGaSb, (RE = La—Nd, Sm), that
crystallize in one of two structure types, SmGaSb, (for RE = La, Sm) or NdGaSb, (for
RE = Ce-Nd). In the REGaSb; structures, we find two-dimensional “Zintl layers”
containing strong homoatomic Ga—~Ga bonding in zigzag chains, in addition to strong
Ga—Sb bonding. These alternate with Sb square sheets containing multicentre Sb—Sb
bonding that are typical of binary and ternary rare-earth antimonides. The REGaSb,
compounds are the newest members of a growing family of rare-earth main-group

antimonides, REM,_.Sb, (M = In, Sn), featuring strong M—M and M-Sb bonding in

2[M3b] 1ayers and intermediate Sb-Sb bonding in square nets.>
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Experimental Section

Synthesis. Starting materials were powders of the rare-earth elements (99.9%,
Alfa-Aesar), Sb powder (99.995%, Aldrich), and Ga granules (99.9999%, Alfa-Aesar).
Reactions were carried out on a 0.4-g scale in evacuated fused-silica tubes (8-cm length;
10-mm i.d.). Elemental compositions were determined by energy-dispersive X-ray
(EDX) analysis on a Hitachi S-2700 scanning electron microscope. X-ray powder
patterns were collected on an Enraf-Nonius FR552 Guinier camera (Cu Ka; radiation; Si
standard) and analyzed with the Filmscan and Jade 3.0 software packages.’

Attempts to grow single crystals of La;3GagSb,; using a tin flux led to isolation of
a new series of compounds of composition LaGa,;_.Sn,Sb;. The Sn-rich end member of
this series, LaSng 75Sb,, has been described previously.® Although this reaction method
yields large single crystals, some Sn is always incorporated into the product, and we were
unable to synthesize the Ga-rich end member LaGaSb, by this route. Subsequent
stoichiometric reactions at the composition REGaSb, (RE = La—Nd, Sm) led to the
formation of products that were significantly contaminated with the Pr;2GasSbos-type
phases, except in the case of Sm. Single black plate-like crystals of SmGaSb, (Anal.
(mol%): Sm 28.4(5), Ga 21.1(2), Sb 50.4(5)% (average of 4 analyses)) were obtained
from a reaction of Sm, Ga, and Sb in the ratio 1:1:2 heated at 900 °C for 3 days, cooled to
500 °C over 4 days, then to 20 °C over 18 h. Use of an excess of Ga minimizes the
formation of Pr;2GasSbys-type impurities. Mixtures of the elements RE (RE = La-Nd),
Ga, and Sb in the ratio 1:2:2, heated as before, resulted in powder products of REGaSb,
that invariably contained unreacted Ga. The powder pattems of these products indicated

that LaGaSb, also crystallizes in the orthorhombic SmGaSb,-type phase. A more
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symmetric tetragonal phase is adopted by RE = Ce-Nd. Grey rectangular plates of
NdGaSb; (Anal. (mol%): Nd 24.8(3), Ga 27(1), Sb 48(1)% (average of 2 analyses)) were
isolated from a reaction of Nd, Ga, and Sb in the ratio 1:2:2 heated at 800 °C for 3 days
and then cooled to 20 °C over 18 h. The powder patterns of the REGaSb, phases,
prepared at 900 °C as described above, were indexed, and the cell parameters refined
with the use of the program POLSQ® are given in Table 4-1. The observed and
calculated interplanar distances, as well as intensities determined using the program
LAZY-PULVERIX,’ are listed in Tables A-7 to A-11.

Structure Determination. Preliminary cell parameters for SmGaSb, and
NdGaSb, were determined from Weissenberg photographs. Final cell parameters were
determined from least-squares analysis of the setting angles of 24 reflections centred on
an Enraf-Nonius CAD4 diffractometer in the range 20° < 26(Mo Ka) < 50° for SmGaSb;
and 20° < 26(Mo Ka) < 42° for NdGaSb,. Intensity data were collected at 22 °C with the
6-20 scan technique in the range 4° < 26(Mo Ka) < 70°. Crystal data and further details
of the data collections are given in Table 4-2. All calculations were carried out using the
SHELXTL (Version 5.1) package.° Conventional atomic scattering factors and
anomalous dispersion corrections were used.'’ Intensity data were reduced and averaged,
and face-indexed numerical absorption corrections were applied in XPREP. Initial
atomic positions were located by direct methods using XS, and refinements were
performed by least-squares methods using XL.

Weissenberg photographs of SmGaSb, displayed Laue symmetry mmm and
systematic extinctions (hki: h+ k=2n+ 1; 00/, = 2n + 1) consistent uniquely with the

non-centrosymmetric orthorhombic space group C222,. In particular, inspection of the
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hOl reflections with / = 2n + 1 in the reciprocal space plots clearly confirmed the absence
of a c-glide plane in SmGaSb; (out of 38 such data, 17 had 7 > 35(/)), ruling out the
centrosymmetric space group Cmcm. The initial positions of the RE and Sb atoms in
SmGaSb; (C222,) were taken from those in the closely related structure of LaSng 75Sb;
(Cmcm).® A first refinement revealed considerable electron density at a site located
between [SmSb;] layers. This site was assigned to Ga based on reasonable Ga—Sb(1) and
Ga—Ga distances. The Ga atoms form chains running along the ¢ axis that impart
chirality to the SmGaSb; structure. In accordance with the caiculated Flack parameter of
0.54(6),'" the structure was refined as a racemic twin. Since substoichiometric
occupation of the Sn site was observed in LaSng 75Sb,, refinements were performed in
which the occupancies of successive atoms were allowed to vary. These resulted in
essentially 100% occupancy for all atoms, including Ga, giving the formula SmGaSb,,
consistent with the EDX analyses.

Reciprocal space plots of NdGaSb, revealed tetragonal Laue symmetry 4/mmm
and systematic extinctions (hkl: h+k+[=2n+1; hkO: h=2n+ 1; hhl: 2h+1=4n+1,
2 or 3) consistent uniquely with the space group /4;/amd. Initial positions for the Nd and
Sb atoms were found by direct methods. An initial refinement revealed .additional
electron density between [INdSb,] layers that was assigned as Ga by analogy with
SmGaSb;. In this case, however, the mirror plane at 0, y, z generates two sets of Ga
zigzag chains, resultir.1g in close Ga—Ga contacts (1.43 and 2.17 A). The Ga site must,
therefore, have a maximum occupancy of 50% (only one set of Ga chains may be
present). The possibility that the disorder in the Ga position is a consequence of

improper choice of space group was considered; however, the disordered Ga chains
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reappeared when the structure was solved in the non-centrosymmetric orthorhombic
space group [2;2;2;. As above, refinements allowing the occupancies of successive
atoms to vary freely resulted in essentially half occupancy for the Ga site and full
occupancy for all other atoms. The final formula, NdGaSb, (with Z = 8), is consistent
with EDX analyses.

In both cases, the final refinement led to a featureless electron density map (Apmax
= 3.32, Apmin = —3.52 ¢ A for SmGaSb,; Apmax = 3.22, Apmin = —1.95 ¢ A~ for
NdGaSb;) and to reasonable displacement parameters for all atoms, except Ga. The
components of the Ga thermal ellipsoids in the plane of the Ga chains are somewhat large
in both structures. This behaviour may represent the tendency of the atoms inserted
between the [RESb,] layers to disorder over several sites, as has been observed in
LaSng75Sb,.° The atomic positions of SmGaSb, and NdGaSb, were standardized with
the program STRUCTURE TIDY."” Final values of the positional and displacement
parameters are given in Table 4-3, and interatomic distances are listed in Table 4-4.
Anisotropic displacement parameters are listed in Table A-12.

Band Structure. A tight-binding extended Hiickel band structure calculation was
performed on the anionic [Gasz]3‘ substructure of SmGaSbh, using the EHMACC suite
of programs.'*'> The atomic parameters used are listed in Table 4-5.'67!% Properties
were extracted from the band structure using 108 & points in the irreducible portion of the

Brillouin zone.
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