
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films 
the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any type of 

computer printer.

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality illustrations 
and photographs, print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and continuing 

from left to right in equal sections with small overlaps.

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6” x 9" black and white 
photographic prints are available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly to order.

ProQuest Information and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 

800-521-0600

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



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



University of Alberta

New Ternary Pnictides at the Zintl Border 

by

Robert Lam ^

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment 

of the requirements for the degree of Doctor of Philosophy

Department of Chemistry

Edmonton, Alberta 

Fall 2000

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



1*1 National Library 
of Canada

Acquisitions and 
Bibliographic Sen/ices
395 Wellington Street 
Ottawa ON K1A0N4 
Canada

Biblioth&que nationals 
du Canada

Acquisitions et 
services bibliographiques
395, rue Wellington 
Ottawa ON K1A0N4 
Canada

Yourfb Votm rtUfwncm 

Our A t Notnr&irtn ct

The author has granted a non
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microform, 
paper or electronic formats.

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author’s 
permission.

L’auteur a accorde une licence non 
exclusive pennettant a la 
Bibliotheque nationale du Canada de 
reproduire, preter, distribuer ou 
vendre des copies de cette these sous 
la forme de microfiche/film, de 
reproduction sur papier ou sur format 
electronique.

L’auteur conserve la propriete du 
droit d’auteur qui protege cette these. 
Ni la these ni des extraits substantiels 
de celle-ci ne doivent etre imprimes 
ou autrement reproduits sans son 
autorisation.

0-612-59618-4

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



University of Alberta

Library Release Form

Name of Author: Robert Lam

Title of Thesis: New Ternary Pnictides at the Zintl Border 

Degree: Doctor of Philosophy 

Year this Degree Granted: 2000

Permission is hereby granted to the University of Alberta Library to reproduce single 
copies of this thesis and to lend or sell such copies for private, scholarly or scientific 
research purposes only.

The author reserves all other publication and other rights in association with the 
copyright in the thesis, and except as herein before provided, neither the thesis nor any 
substantial portion thereof may be printed or otherwise reproduced in any material form 
whatever without the author’s prior written permission.

12206-92 Street 
Edmonton, Alberta 
T5G 1B3

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



University of Alberta

Faculty of Graduate Studies and Research

The undersigned certify that they have read, and recommend to the Faculty of Graduate 
Studies and Research for acceptance, a thesis entitled New Ternary Pnictides at the Zintl 
Border submitted by Robert Lam in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy.

Prof. A. Mar 

ProY. J. Takats 

Pror. R. G. Cavell

Prof. N. Branda

Prof. F. Marsiglio

Prof. T. Huimbanks

Clu^.23 . 2000

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



ABSTRACT

Increased interest in non-oxides, particularly those containing heavier main-group 

elements, derives from the lack of understanding of and the need to systematize their 

structures and properties. A series of new compounds containing a combination of 

electropositive and electronegative elements has been synthesized through reaction of the 

elements, and their structures have been determined by single-crystal X-ray diffraction 

methods. These polar intermetallic compounds provide a unique opportunity for studying 

bonding between main-group atoms as well as testing the validity of the Zintl concept.

The compounds EuSnjSb4  and Ba2Sn3Sb6 crystallize with new structure types 

characterized by three-dimensional channels constructed from shared tetrahedra, trigonal 

pyramids, and zigzag chains. Cation size has been found to be a structure-influencing 

factor in this series. The arsenide Ba3Sn4As6  represents an intermediate structure type 

between the hypothetical limiting structures “Ba4Sn2As6 ,” containing one-dimensional 

comer-sharing chains of Sn-centered tetrahedra and liBa2 Sn<sAs6 ,” featuring two- 

dimensional corrugated layers with pentagonal channels. The structures of these weakly 

metallic compounds can be rationalized using the Zintl concept.

The nonstoichiometric arsenide BaogHfoAstfj adopts a structure that is a variant 

of the Cri2 P7 structure type containing six-atom wide ribbons of As atoms inserted 

between assemblies of As-centered trigonal prismatic columns of Hf atoms. Electronic 

band structure calculations confirm the metallic behavior observed in the resistivity 

measurements. The structures of the weakly metallic antimonides RE(,Ges-xSbu~x (RE -  

La-Nd, Sm, Gd—Dy) feature columns of Sb-centered face-sharing REe, trigonal prisms, 

separated by interconnecting walls of Ge and Sb atoms. A wide array of Ge-Ge, Ge-Sb,
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and Sb-Sb interactions is found within these walls, ranging from strong covalent bonds, 

to intermediate one-electron partial bonds, to weak van der Waals forces. ZrSiojSbu and 

ZrGeSb represent new members, having one of the lowest total valence electron counts, 

of the large class of compounds that adopt the ZrSiS-type structure containing stacked 

square nets. Owing to the larger size of tin, the compound ZrSno^Sbu adopts a slightly 

different structure that is a disordered variant of the known binary compound P-ZrStb. 

The Zintl concept is not applicable for the compounds in this second group.
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dm interplanar distance, or spacing, of neighboring net planes (hkl)

Fc calculated structure factor

F0 observed structure factor

hkl indices of the Bragg reflection (Laue indices) from the set of parallel
equidistant net planes (hkl)

(hkl) indices of a crystal face, or of a single net plane (Miller indices)

[hkl] indices of a lattice direction

X. wavelength

p. linear absorption coefficient

P experimental instability factor in weighting scheme (used in the
calculation of a(l) to downweight intense reflections)

R residual index

flw weighted residual index

Kim residual index for averaged symmetry equivalent reflections

p density

a  standard deviation

Ueq equivalent isotropic atomic displacement parameter

Uij elements of anisotropic atomic displacement parameter tensor

V cell volume of the direct lattice

w weighting factor applied to structure factor

Z number of formula units per unit cell
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CHAPTER 1 

Introduction

i

SOLED STATE CHEMISTRY

History has shown that human development is driven by significant advancements 

in technology, as illustrated by the different Ages of human progress: Stone, Bronze, 

Iron, Industrial, and Atomic. Several trends are apparent as we enter the new millennium 

and the Information Age. First, the evolution of the Internet is becoming less of a novelty 

and more an integral part of our lives. The infrastructure for this new technology was 

made possible by advances in materials research, as shown by the doubling of processor 

speeds every 18 months (“Moore’s Law”) and continuously increasing capacities of 

memory devices. As progress is made in the area of materials science, we will also 

witness breakthroughs in such diverse endeavours as space exploration and medicine as 

technology will become available to overcome great challenges in these areas. The 

current emphasis on functional materials and materials chemistry in the chemical 

sciences, as shown by the recent flourish of activity in the fields of nanotechnology, 

superconductivity, thermoelectric materials, supramolecular and self-assembling systems, 

colossal magnetoresistance, and high-strength materials, is consistent with our need to 

adapt to a highly complex and technologically advanced society.
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Solid state chemistry, a “rediscovered chemical frontier,”1 plays a pivotal role in 

this search for new and useful materials. This subdivision of the solid state sciences, 

which also include solid state physics, materials science, ceramics and ceramic 

engineering, mineralogy, and metallurgy,2 represents one of the least understood 

branches of the chemical sciences despite being perhaps one of the oldest, originating in 

prehistoric times with the firing of clay or smelting of ores during the Bronze Age.1 

Solid state chemistry involves the preparation, structure, properties, and applications of 

solid materials. By striving to understand the structures of solid state compounds, one 

hopes to gain insight on the origin of their unique properties. The development of 

structure-property relationships is a challenging task, but its success may lead to the 

possibility of predicting and designing new materials with specific structures and 

properties. It is the promise of the latter that is responsible for the recent growth of this 

emerging discipline.

The types of materials investigated by solid state chemists are diverse, ranging 

from molecular solids, in which discrete aggregates of atoms are packed together to form 

solid compounds, to extended solids, in which atoms are bonded to near neighbours to 

form infinite arrays that expand in one, two, or three dimensions. For the purposes of the 

present study, only the latter will be considered even though both classes of solids are 

scientifically and technologically interesting. Given the large number of elements in the 

Periodic Table, any combination of two (binary), three (ternary), four (quaternary), or 

more elements, under favorable conditions, can potentially form solid state compounds 

with extended structures. Even unlikely groupings of elements, such as those involving 

two very electropositive metals, have resulted in new compounds with well-defined
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structures. The intermetallic Laves phases KNa2 , CaLii, CaMg2 , and BaMg2 , possessing 

the MgZn2 structure type, provide good examples.3 It is the unpredictable and seemingly 

irrational manner in which solid state reactions occur that distinguishes this field from 

other fields of chemistry, such as organic or polymer, where there is a greater 

understanding of synthetic techniques and reaction mechanisms.

Considering the overwhelming number of permutations, it is not surprising that 

research efforts in synthetic solid state chemistry have been primarily focused on binary 

systems. In contrast, only about 5% of all possible ternary phase diagrams4 and even 

fewer quaternary systems have been extensively studied. Furthermore, the majority of 

these investigations have focused on oxides and halides owing to the natural tendency of 

most elements to form stable compounds with oxygen or the halogens. Fueling the 

continuing activity in oxide and halide crystal chemistry are important discoveries such 

as high r c superconductivity in the cuprate YBa2Cu3 0 7 - * , 5 catalytic and ion-exchange 

properties in the aluminosilicate zeolites (which can also act as molecular sieves),5 

ferroelectricity in the barium titanate BaTiC>3,5 or superionic conductivity in the iodide 

RbAg4s*2 In recent decades, more attention has been given to the synthesis and 

characterization of ternary and quaternary non-oxides, particularly those of the heavier 

elements. This has resulted in the discovery of new materials with novel structures and 

properties such as colossal magnetoresistance in ̂ nMnPnu (A = Eu, Sr, Pn = Sb, Bi),6-8 

superconductivity in ZrRuP,9,10 thermoelectricity in REFe4_xCoJSbi2  (RE = La, Ce),n and 

heavy fermions in CeNiSb2 -12

There exists a large family of polar intermetallic compounds with general 

compositions MxAy or MxAyB~ (M  = alkali or alkaline-earth metal; A, B = /7-block
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elements) whose structures and chemical bonding can be rationalized using a set of 

electron counting rules known as the Zintl concept.13 Recently considered to be among 

“the most important and useful paradigms in solid state chemistry,”14 this deceptively 

simple and convenient approach for interpreting the structures of extended solids has 

allowed a vast array of diverse structure types to be understood with the level of ease 

normally experienced by molecular chemists with similar empirical schemes such as the 

octet rule or the 18-electron rule. As a result, significant progress has been made in the 

structural and theoretical chemistry of solid state compounds, whose bonds usually 

consist of a complex interplay of ionic, covalent, and metallic aspects. Thus, the search 

for new ternary Zintl phases presents fertile ground for studying the crystal chemistry of 

the lesser known heavier main-group elements as well as developing better theories for 

interpreting or predicting new structure types with unusual modes (“non-classical” or 

hypervalent)14 of bonding.

The major goal of the present study is to synthesize and characterize new ternary 

Zintl compounds in the systems MxAyB: and MxM'yB:, where M  and M ’ represent 

electropositive elements (alkaline-earth, rare-earth, or group 4 transition metal) and A and 

B are electronegative main-group atoms (A = Si, Ge, Sn; B = As, Sb), with the additional 

aim of measuring their physical properties (resistivity). It is hoped that the mixture of 

three elements, in addition to varying their relative size and electronegativity, will result 

in complex structures that will serve to test the limits of the Zintl concept. Using 

electronic band structure calculations and crystal structure data as the tools, structure- 

property relationships will be developed through an understanding of the bonding and 

electronic structures of these compounds. The heavier pnicogens As and Sb were chosen
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because they represent the less-explored part of the Periodic Table and, as such, there is a 

greater need to systematize their chemistry.

THE ZINTL CONCEPT: STRUCTURE AND BONDING13,14

The foundation for the Zintl concept was established in the 1930s when Eduard 

Zintl, a German chemist who was studying intermetallic phases, observed that the 

structure of the binary compound NaTl, described as two interpenetrating diamond 

lattices of Na and T1 atoms, could be interpreted in terms of an anionic TT network and 

Na+ cations (Figure l - l ) .13 Using this simple scheme, he proposed that the Na atoms 

donate their lone valence electron to the more electronegative TI atoms which each form 

covalent bonds to four neighbours in a tetrahedral fashion. According to formal charge

convention, the overall formula can be represented as (Na*) ,̂ [TF], emphasizing the two 

important components in Zintl compounds: the anionic network, in this case, the three- 

dimensional diamond lattice of Tl atoms, and the charge-neutralizing metal cations. The 

realization that compounds containing a combination of electropositive (alkali or 

alkaline-earth metals) and electronegative elements (groups 13-17) tend to form 

structures that can be readily understood in terms of a closed-shell configuration (8-AT or 

octet rule) for each atom led to the motivation to synthesize and subsequently develop a 

vast library of novel compounds with diverse structural features.13-21

Zintl compounds may be distinguished from traditional intermetallic compounds 

as well as ionic compounds on the basis of the electronegativity difference between the 

constituent elements. Intermetallic compounds are characterized by a relatively small
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electronegativity difference among the metallic elements that make up the composition of 

these materials. Their structures are more influenced by metallic bonding and close 

packing factors than localized covalent bonding. As a result, the Zintl concept is 

typically not applicable for these compounds for which other more effective electron 

counting schemes exist (/.e., valence electron concentration (vec) rules for Hume-Rothery 

phases). At the other extreme, ionic solids such as Na+Cl“ or Ca2+(F" ) 2  adopt structures 

that are characterized by regular packing arrays (lattices) of cations and anions owing to 

the large electronegativity difference between the components. Although the Zintl 

concept can be successfully implemented to assign charges to the atoms in ionic 

compounds, there is a lack of anion-anion bonding in their structures, which is a 

characteristic of Zintl compounds. Thus, these classic insulators are usually placed in a 

separate category to distinguish them from Zintl compounds. Accordingly, Zintl phases 

are found in the intermediate range along this continuum and are sometimes referred to as 

polar intermetallic compounds.15 Interestingly, their electronic properties also reflect 

their position between these two limiting classes by residing at the metal-insulator border.

An implied characteristic of Zintl phases, arising from the assumption of complete 

electron transfer from one component to the other, is that they must possess a definite 

composition with a locally ordered structure. Unlike intermetallic compounds, which 

may display nonstoichiometric or disordered behavior as a result of defects or solid 

solution formation, the requirement of a charge-neutral formulation must hold for the 

successful application of this approach. Furthermore, the relatively large difference in 

electronegativity between the electropositive and the electronegative atoms gives rise to 

the expectation that these compounds should behave as semiconductors, an intuition
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based on the implication of an energy gap between occupied (bonding and nonbonding) 

and unoccupied (antibonding) states. Indeed, one of the original criteria for the definition 

of a Zintl phase was that it must be a semiconductor.13 This expectation may have 

discouraged the actual measurement of the electronic properties of these intriguing 

compounds.22

Recent discoveries of numerous Zintl compounds that display metallic behavior, 

such as the ternary transition metal compounds /luMnBiu (A = Ca, Sr, Ba)6"8 or the 

binary phase Lajlns,23 have prompted an extension of the classical Zintl concept to 

include these species. The modified Zintl-Klemm concept,13 which sets an upper limit of 

2.0 eV for the band gap, can now be invoked to account for Zind phases with 

semiconducting, semimetallic, as well as poorly metallic properties, but at the same time, 

effectively exclude classic valence insulators. Thus, borderline examples with partially 

delocalized bonding such as deltahedral clusters or certain intermetallic phases may even 

be considered as potential Zintl phases. For the vast majority of traditional Zintl 

compounds, the assumption of a small band gap is likely accurate, in spite of the fact that 

their properties have been meagerly investigated. As will be illustrated later, however, 

metallic behavior can often emerge as a result of increased band overlap or partial 

electron transfer from the cations to the Zintl anions.22 The labels Zintl concept and 

Zintl-Klemm concept are used interchangeably in the literature to refer to the new 

definition which includes metallic as well as semiconducting phases.

Much of the interest in the crystal chemistry of Zintl compounds comes about as a 

result of their structural diversity. In particular, pnicogen (P, As, Sb, and Bi) systems 

have attracted increasing attention because of their unusual structures and diverse
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physical properties. Although many binary and ternary phases have been discovered with 

polyphosphide Zintl anions serving as the structural framework, the chemistry of the 

heavier elements remain increasingly less explored as we descend the group 15 elements. 

Owing to the ability of the heavier main-group elements to engage in diverse modes of 

bonding afforded by reduced s-p mixing of their orbitals,14 their crystal chemistry is 

expected to be structurally rich, as confirmed by the growing number of studies on 

antimonides. Following the Zintl concept, the heavier elements utilize electrons donated 

from their electropositive partners to satisfy the octet rule by forming lone pairs or bonds 

with neighbouring atoms from groups 13 to 17. As a result, the synthesis of new Zintl 

compounds of the heavier pnicogens offers a unique opportunity for studying 

homoatomic and heteroatomic bonding between main-group atoms, an interest that is 

frequently pursued in parallel by molecular main-group chemists.

Papoian and Hoffmann14 have constructed a useful theory to account for the 

prevalence of hypervalent or “nonclassical” bonding in the heavier main-group elements. 

As shown in Table l - l , Sb condenses with remarkable versatility into anionic networks 

in the structures of Zintl compounds, forming “classical” as well as “nonclassical” 

(hypervalent) types of geometries.14 Although the emphasis here is on homoatomic (Sb- 

Sb) bonding, it should be expected that similar geometries may be constructed using 

heteroatomic {A-B) bonds. The simplest classical geometries that are adopted by Sb are 

the isolated atom and the Sb2  dumbbell (Figure l-2a).14 These substructures may be 

analyzed using the Zintl concept as follows: in order to fulfill the requirement of a 

complete octet, an isolated Sb atom necessarily possesses four lone pairs and each atom 

in an St>2 dumbbell must have three lone pairs and a bonding pair of electrons. Therefore,
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we arrive at the formal charge assignments of Sb*- and [Sb-Sb]4- for the two units. As an 

example, the structure of the Zintl compound BasSb^4 (Table 1-1) contains an anionic 

sublattice with two isolated Sb atoms and a Sb2  pair per formula unit. Therefore, we can 

represent its formula as (Ba2+)5[(Sb*^2(Sb24-)], which clearly shows the structural 

relationship of the atoms. Another classical geometry observed for Sb is the isolated Sh» 

square (Figure l-2b).14 Assigning a closed-shell configuration for each atom in the 

square leads to a formal charge of - I  for each atom, resulting in a net formulation of 

[Shi]4- for this unit. The Zintl compound CanSbio25 (Table l - l )  provides an illustration 

of a structure that incorporates isolated Sh» squares, as well as Sb2  dumbbells and isolated 

Sb atoms. Its chemical formulation, adhering to the Zintl model, is 

(Ca2+)2 2 [(Sb44-)(Sb24-)4(Sb3-)g]. In all of these examples, Sb-Sb bond distances within 

the anionic frameworks fall within the range considered to be full single bonds (2.80 -  

2.90 A).

Continuing with other examples of classical geometries of Sb, there exists in the 

structure of the Zintl phases ^ 2Sb3 (A = Sr, Ba, Eu)26-28 (Table 1-1) isolated Sb6 zigzag 

segments.14 The terminal atoms of such units will have an assigned formal charge of -2 

while the internal atoms making up the rest of the truncated chain will have a value o f - I . 

Thus, the charge-neutral formulation for these compounds is represented by 

(Ba2+)2 [Sb2-Sb-Sb"], where half of the Sb6 zigzag segment is related to the other half by 

symmetry. If we extend the current segment to infinity along the two ends, we obtain the 

classical feature of one-dimensional zigzag chains (Figure l-2d) that are often observed 

in numerous antimonide structures, such as in /4Sb2 (A = Ca, Eu)29,30 (Table I- l) .14 In 

this case, each atom in the chain is two-bonded and therefore can be assigned a formal
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charge o f—1. There are also examples of one-dimensional helical chains (Figure l-2c ) , 14 

such as those found in the compound KSb31 (Table 1-1), which differ in conformation 

from the planar zigzag chains mentioned previously. Since the Sb atoms in KSb are also 

two-bonded, they possess a formal charge of - I . The chemical formulations for these

Zintl compounds can be denoted as (A2+) ̂  [Sb~ ] 2  and (K*) * [Sb“], respectively.

The richness of the structural features of Sb extends to classical two-dimensional 

nets such as the 2,3-connected Sb nets seen in the Zintl phase BaSb332 (Figure l-3a), 

which may be compared to the 3-connected Sb nets encountered in elemental Sb (Figure 

1—3b) . 14 Since two- and three-bonded Sb atoms are given formal charge assignments of -  

1 and neutral, respectively, we confirm that the compound (Ba2+)[(Sb°)(Sbl_)2] indeed 

follows the Zintl concept.

In addition to forming classical bonding features, Sb also has the propensity to 

participate in “hypervalent” or “nonclassical” structural arrangements such as linear 

chains or planar square nets (Figure 1-4) . 14 The simplest example of these is offered by 

the Zintl compound Cat4AlSbu33 (Table l - l ), which features, in addition to eight other 

isolated Sb atoms, a linear Sb3 segment (Figure l-4a). If the Ca2+ and Al3+ cations 

contribute a total of +31 positive charges to the structure, then the Sb3 segment must have 

a -7  charge since the eight isolated Sb atoms must carry a formal charge of -3 each. 

Therefore, the Sl>3 7- substructure is isoelectronic with I3- and XeF2 , t4  which also feature 

the four-electron, three-center bonding motif. The observation of long Sb-Sb bonds 

(3.20 A) within the linear Sb3 segment is consistent with the MO picture determined for 

these hypervalent species, which involves an electron pair residing in a nonbonding 

orbital. 14 The Sb3 segment may be considered to be derived from one-dimensional linear
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chains (Figure l-4b) which, in turn, may be thought to be excised from larger two- 

dimensional Sb square nets (Figure l-4c). The former can be found in the Zintl 

compound LiiSb34 (Table 1-1) which contains Sb2  dumbbells as well as infinitely long 

linear chains of Sb atoms, with Sb-Sb distances of 2.97 A and 3.26 A, respectively. The 

longer distance observed between adjacent chain atoms is consistent with a formal charge 

assignment of 2 - for these atoms. Additionally, two-dimensional square nets represent a 

ubiquitous feature in antimonide structures,33 as shown by the discovery of a growing 

number of structure types that feature this bonding motif, and exemplified by the Zintl 

compounds RESb>36~39 (RE = La, Ce, Sm) (Table t- l) .14 Similar to the one-dimensional 

linear chains, the Sb-Sb interactions within the square nets are of the elongated variety (> 

3.1 A), consistent with the assignment of formal charge o f - I  for these Sb atoms. These 

weaker Sb-Sb bonds have been modeled as one-electron bonds in some of these 

compounds.40-*2 The Zintl chemical notations for LiiSb and RESbz (RE = La, Ce, Sm) 

can be summarized as (LOifSb2-] and (££3+)[(Sb2-)(Sbl~)], respectively, the latter 

reflecting the presence of Sb pairs in addition to the square nets.

METHODS OF PROCEDURE

SYNTHESIS112*43

Unlike molecular chemistry and its “rational” approach to synthesis, solid state 

reactions often proceed with such unpredictability and uncertainty that some practitioners 

have called this aspect of the field an “art”,1 or perhaps disdainfully as “black magic” by 

the less appreciative chemical hoi polloil One can attribute the difference to the
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bewildering array of bonding interactions present in solids which consist of a complex 

mixture of covalent, ionic, metallic, as well as weaker van der Waals and partial bonds. 

Currently, the nature of chemical bonding in solids is not easily reduced to simple 

concepts. This is in stark contrast to molecules whose structures are mainly dominated 

by localized covalent bonding, albeit with varying degrees of polarity. Furthermore, 

molecular reactions are governed by specific rules based upon empirical or theoretical 

grounds, and they often occur with sufficient consistency to allow workers to predict and 

exploit their behaviour. Ultimate testimony comes from the fact that extremely complex 

natural products have been synthesized in the laboratory using established organic 

chemical principles. Unfortunately, these same rules are not accessible to the solid state 

chemist who must develop truly novel ways to overcome the challenges specific to the 

solid state.

The difficulties inherent in solid state syntheses originate from huge kinetic 

barriers produced by reactants usually having high melting points and therefore 

remaining as solids at the time of reaction. The product initially forms at the interfaces 

(“grain boundaries”) between reactant particles, where atoms free themselves from the 

parent structure to recondense to form the initial seed (nucleation) of the new product. 

Further growth of the crystal depends on the availability of the reacting elements at the 

product surfaces. One can imagine, then, the greater challenge of synthesizing 

quaternary phases compared to binary ones, given the lower probabilities of finding all 

four components simultaneously present! Consequently, reaction rates are highly 

dependent on the slow rates of diffusion of the participating atoms through the solid 

matrices towards the reactant-product interfaces.

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



13

Several techniques are available for enhancing the rate of diffusion of the 

reactants. A common strategy in solid state syntheses is to use extremely harsh 

conditions, such as high temperatures or pressures, to induce nucleation and improve 

diffusion of the reacting atoms. Typically, stoichiometric amounts of the elements, in the 

form of very fine powder for increased surface area, are directly mixed together 

thoroughly and then placed in a reaction vessel to be annealed in a high-temperature 

furnace at 800-1200 °C for several days. Greater purity can be afforded by further 

intermediate grinding and reannealing. The vessels used here are fused-silica ampoules, 

in which the chosen elements are sealed under vacuum, or metal (Nb or Ta) tubes since 

the desired products are non-oxides. The metal tubes offer the advantage of protecting 

the reaction mixture from attacking the quartz tubes. For reactions requiring even higher 

temperatures than the range mentioned, an arc-fumace may be employed which offers 

instant temperature conditions in excess of 2000 °C. The latter technique can also be 

used as a “quick and dirty” method for synthesizing certain solid state compounds but has 

the disadvantage of not always affording well-crystailized pure products as a result of the 

rapid cooling condition. Finally, techniques utilizing milder synthetic conditions (< 500 

°C) have been developed by the French (“chimie douce” or soft chemistry) for preparing 

oxides and chalcogenides, some of which are not attainable under higher temperature 

conditions.

Numerous techniques are available for growing suitable crystals for single-crystal 

X-ray studies. The most direct method involves using a slow cooling procedure after 

reaching the maximum reaction temperature in a heating program. Additionally, several 

types of fluxes may be employed, such as elemental Sn used in the present research, to

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



14

induce crystallization. Fluxes are low-melting materials that provide a liquid medium for 

promoting nucleation of the reactants. They must be relatively inert to the reacting 

components and easy to remove after the reaction is finished. Sn fluxes can be readily 

dissolved and removed by treatment with HCl. Alternatively, one may use chemical 

vapour transport as a method for growing single crystals.44 This technique also provides 

a good way to synthesize new materials or for purifying compounds. Briefly, the method 

involves adding a gaseous transport agent, such as I2 , to a reactant or product mixture 

which is normally not volatile under the reaction conditions. The reaction of the gaseous 

substance with the mixture to form a volatile intermediate promotes migration over a 

thermochemical potential gradient and subsequent redeposition of the mixture at a 

different part of the closed reaction vessel.

As shown, the unique nature of solid state reactions lies in the inability of the 

investigator to control or predict their compositional or structural outcome. Much of the 

blame can be placed on our lack of understanding of the reaction mechanisms. Recent 

attempts to study this challenging aspect of solid state chemistry have resulted in 

significant progress.45'46 However, we are far from being able to design new structures 

and then attempt to synthesize them in the laboratory (notwithstanding hyped claims to 

the contrary!) Considering the significant element of serendipity in solid state syntheses, 

it is not surprising that combinatorial methods47 have now been developed for 

synthesizing new solid state materials. Curiously, the parallel screening of more than 

25000 members prepared by automated thin-film synthesis resulted in the discovery of 

the unusual luminescent inorganic material Sr2Ce0 4 4 7  Given the lack of rational
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synthetic techniques, perhaps this represents the most efficient technique for discovering 

new solid state compounds given a certain composition.

CHARACTERIZATION

Spectroscopic methods such as NMR and IR represent important structural tools 

in organic and inorganic chemistry but these play a lesser role in solid state chemistry. 

Although some of the characterization techniques employed here overlap strongly with 

other disciplines of chemistry, such as single-crystal X-ray diffraction, the 

complementary use of all the following methods is unique to the study of solids.

X-ray diffraction remains the single most important tool for the structural study of 

solid state materials owing to the periodic arrangement of atoms in most of these 

compounds. For efficient screening of reaction products in exploratory solid state 

chemistry, X-ray powder diffraction is the method most commonly used. Since every 

crystalline material exhibits a characteristic powder X-ray diffraction pattern, one can 

compare an unknown powder pattern of a reaction product mixture against pure 

“fingerprints” of suspected product phases to assess the relative purity of that reaction, in 

addition to confirming the presence of possible new compounds. Accurate unit cell 

parameters can be obtained by indexing the powder patterns, an important exercise for 

assessing the substitutional range of certain compounds or solid solutions.

If suitable single crystals of a compound are available, their approximate 

elemental compositions can be determined by the technique of X-ray microanalysis on a 

scanning electron microscope (SEM). This powerful technique for elemental analysis of 

microvolumes is based on the fact that when a sample is placed in the SEM and
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bombarded with high energy electrons, characteristic X-ray emission spectra of the 

elements present in the sample are generated. Thus, it is possible to identify the elements 

present in the sample by analyzing the emitted X-rays using either an energy dispersive 

spectrometer, which operates by discriminating X-ray energies (EDX), or a crystal 

spectrometer, which uses a diffracting crystal to scan the desired wavelength (wavelength 

dispersive, WD). Quantitative elemental analysis may then be obtained by using a 

suitable calibration procedure.2

Next, it is desirable to perform preliminary photographic work to determine 

possible space groups, obtain approximate cell parameters, as well as assessing the 

crystals’ quality before data collection on a diffractometer. Single-crystal X-ray 

diffraction represents the most important structural determination technique. With the 

advent of area detectors in CCD diffractometers, data can be obtained quickly and 

accurately, even on crystals once considered to be of marginal quality.

PHYSICAL PROPERTIES2

It is important to study how the physical properties of solids are related to the 

atomic arrangements in their crystal structures. Formulating structure-property 

relationships for a material is a challenging task, often requiring a thorough knowledge of 

its electronic band structure as well as its atomic structure, but can lead to the ultimate 

goal of being able to optimize that property for useful applications through designing new 

compounds with specific structures. Although there are many properties of solids that are 

available for measuring, ranging from magnetic and optical to mechanical, this discussion 

will only focus on one relevant aspect of a material’s electronic properties -  its

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



17

resistivity. As shown earlier, the electronic properties of Zintl compounds reside at the 

interesting border between insulating ionic compounds and metallic intermetallic 

compounds. Therefore, it is worthwhile to investigate the electronic properties of this 

large class of compounds to determine the source of its conductivity, or lack thereof.

Solid state materials are frequently classified according to how their electrical 

resistivity (p) behaviour changes as a function of temperature (T). Briefly, the electronic 

conductivity (a), or the ability of a material to convey an electrical current, is given by 

the expression

1 7 cr= — =nZe\L
P

where n is the number of charge carriers, Z e their charge, and p. their mobility. For 

electronic conductors, the value Ze  is thus constant and independent of temperature and 

p decreases slightly with increasing temperature as a result of increased interference by 

lattice vibrations (i.e., phonons). Therefore, materials may be distinguished by the 

magnitude of n and their temperature dependence.

For metals, which are good conductors (a ~ 104 -  106 O '1 cm"1),2 the number of 

carriers is large and remains nearly constant with temperature. Thus, the conductivity of 

metals is determined by p which decreases gradually with increasing temperature as there 

are more scattering of the mobile electrons by the phonons. The relatively high 

conductivity of metals is attributed to partially filled bands, giving rise to a density of 

states at the Fermi level. In essence, the ability of the metal to move the carriers along its 

length is enhanced.

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



18

For insulators (a < 10-15 Q”1 cm-1)2 and semiconductors (a ~ 10-5 -  103 Q~l 

cm-1),2 the concentration of carriers (n) usually increases exponentially with temperature. 

This can be easily understood by realizing that these materials possess a completely filled 

valence band and an empty conduction band, resulting in a measurable band gap between 

the two. It is possible to promote electrons from the filled valence band to the conduction 

band, thereby increasing the number of carriers and thus conductivity, by increasing the 

temperature. The lopsided competition between the exponentially increasing number of 

carriers and the increased deleterious effects of lattice vibrations results in the 

observation of increasing conductivity with increasing temperature for semiconductors. 

The difference in magnitude of the band gap between insulators and semiconductors 

effectively distinguishes these two classes of materials. It is possible to observe 

semiconducting behaviour in insulators, whose band gaps are greater than 3 eV, if high 

enough temperatures are reached.

Experimentally, the resistivity of a rod-like material (t.e., needle-like crystals) 

may be measured using a four-probe approach.43,48 In this type of setup, four probes are 

attached along the length of the needle. By driving a current through the two outer leads, 

the voltage drop between the two middle leads can be simultaneously determined using a 

high-impedance voltmeter. Thus, one is able to obtain the absolute resistance, through 

Ohm’s law, as a function of temperature. The resistivity of the material is then given by 

the relationship

p =  —
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where p is the resistivity, R is the measured resistance, and A and I represent the cross- 

sectional area of the needle crystal and the distance between the two middle contacts, 

respectively.

Finally, to understand the nature of bonding and the origins of the physical 

properties of the materials presented in this thesis, electronic band structure calculations 

have been performed. These semi-empirical calculations49 represent the electronic 

wavefimctions of solids as linear combinations of valence atomic orbitals using the 

extended Huckel method. Although these theoretical calculations do not predict the 

optimum structure of a crystal since the basis sets representing the atomic orbitals are 

taken from published electronic structure calculations of atoms, they provide an 

invaluable tool for solid state chemists wishing to develop structure-property 

relationships in solids. Analysis of the band structure of a material, as well as numerous 

other useful results that may be extracted from these calculations such as orbital 

interactions or density of states, can provide great insight into its physical properties.
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Table 1-1. Common Geometries of Sb Anionic Networks in Selected Zintl

Compounds14

Structural Features

Compound Structure Type Classical Nonclassical

Ba$Sb4 SmsGe4 atoms, dumbbells

CanSbio HonGeio atoms, dumbbells, squares

^ S b j (A = Sr, Ba, Eu) Sr3Sb3 Sb6 zigzag segments

KSb LiAs ID helical chains

/tSb2  (A = Ca, Eu) CaSb2 ID zigzag chains

BaSb3 BaP3 2D 2,3-connected nets

Cai4AlSbu Cat4AlSbi i atoms linear Sb3 units

LiiSb LiiSb Sb2 dumbbells ID linear chains

RESb2  {RE = La, Ce, Sm) SmSb2 Sb2  dumbbells 2D square sheets
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Figure 1-1. Diamond-like lattice of tetrahedrally connected T1 atoms in the 

structure of NaTl that inspired Eduard Zintl to formulate a set of valence 

rules to account for the bonding in many polar intermetallic compounds. 

These rules later became known as the Zintl concept. The large open circles 

are TT anions and the small dark circles are Na* cations.
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Figure 1-2. Examples of zero- and one-dimensional “classical” geometries adopted by Sb: (a) Sb2 dumbbell; (b) Sb4 square; 

(c) helical chain; and (d) planar zigzag chain.
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(a)

(b)

Figure 1-3. Examples of two-dimensional “classical” Sb networks in (a) BaSb3 

and (b) elemental Sb.
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o o o

(b)

0— 0--------0  O Q"  0

(c)

Figure 1-4. “Nonclassical” structural features in anionic Sb networks: (a) 

linear Sb3 segment; (b) one-dimensional linear chain; and (c) two- 

dimensional square sheet.
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CHAPTER 2

Synthesis and Structure of Ba2Sn3Sb6, a Zintl Phase 

Containing Channels and Chainst

INTRODUCTION

The Zintl concept continues to serve as a powerful unifying principle to explain 

the bonding in many solids classified as polar intermetallic compounds.1-3 The 

compositions of these Zintl phases can be complex and their structures display a beautiful 

diversity of clusters, chains, nets, rings, and other polyanionic frameworks. They can be 

rationalized in terms of an ionic model whereby the strongly electropositive elements lose 

their valence electrons to the electronegative semimetals, which respond if necessary 

through the formation of bonds (to complete their octets) in the anionic substructure.

Numerous examples of ternary antimony-containing Zintl phases in the systems 

AIMISb, where A is an alkali metal or an alkaline earth and M  is a triel (group 13) or tetrel 

(group 14), have been uncovered in recent years.4-18 As part of an ongoing investigation 

of new low-dimensional antimonides in our laboratory, we have extended our search to 

such systems. While many alkali metal or alkaline earth triel antimonides are now

f A version of this chapter has been published. Lam, R.; Mar, A- Inorg. Chem. 1996,35,6959. Copyright 
1996 American Chemical Society.
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known,4,5 we were surprised to discover that there were relatively meagre reports of alkali 

metal tetrel antimonides (4gSnSbt (A = Na, K),6,7 4sSnSb3 (A = Na, K),7,8 KSnSb,9-11 

NaSn2Sb2 ,12 and Rb4 SnSb6  l3), and only disordered or poorly structurally characterized 

examples of alkaline earth tetrel antimonides (Mg/Si/Sb,14,15 Mg/Sn/Sb,16,17 and 

Mg/Pb/Sb18 phase studies). We report here the synthesis and structure of Ba2 Sn3Sb6, the 

first example, to our knowledge, of an alkaline earth tetrel antimonide with an ordered 

structure. It is a Zintl phase that adopts a novel structure type presenting a delightful 

assortment of chains and channels in an arrangement that has not been encountered 

previously in related AlMIX (A = alkali metal or alkaline earth; M  = triel or tetrel; X  = P, 

As, Sb, Bi) systems. We will also demonstrate that application of the Zintl concept leads 

to the implication that Ba2Sn3Sb6  is a mixed-valence compound containing tin(II) and 

tin(IV).

EXPERIMENTAL SECTION

SYNTHESIS

Ba2Sn3 Sb6 was first isolated as a minor phase from the reaction of a 0.25-g 

mixture of BaO, La, and Sb in a 1:1:1 ratio to which a large excess of Sn was added 

(BaO, 93 mg, 0.60 mmol, Fisher; La, 84 mg, 0.60 mmol, 99.9%, Cerac; Sb, 74 mg, 0.60 

mmol, 99.999%, Cerac; Sn, 358 mg, 3.02 mmol, 99.8%, Cerac). The reactants were 

loaded into a quartz tube (8-cm length, 10-mm i.d.) that was then evacuated and sealed. 

The mixture was heated at 600 °C for 1 day, 900 °C for 2 days, cooled to 500 °C over 1 

day, and then cooled to room temperature over 5 hours. After the excess Sn was
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dissolved with concentrated HC1, thin silver needle-shaped crystals were found in the 

product. Windowless EDX (energy-dispersive X-ray analysis) on a JEOL JSM- 

6301FXV field-emission scanning electron microscope showed that Ba, Sn, and Sb were 

present in these crystals, but that La and, more importantly, O were not present. Anal, 

(mol %) Calcd for Ba2Sn3 Sb6 : Ba, 18; Sn, 27; Sb, 55. Found (average of 4 analyses): 

Ba, 15(2); Sn, 28(2); Sb, 57(3). The crystals obtained from this reaction, which is 

reproducible, were used for the single-crystal structure determination. The compound 

Ba2Sn3Sb6  can also be prepared through a more rational route, by reaction of the elements 

in their stoichiometric proportions with the same heating profile as above. This 

procedure results in nearly phase-pure Ba2Sn3Sb6 , as revealed by the X-ray powder 

pattern obtained on an Enraf-Nonius FR552 Guinier camera (CuATcti radiation; Si 

standard). The cell parameters of this sample were refined from the powder diffraction 

data with the use of the program POLSQ.19 Table A -l lists observed and calculated 

interplanar distances as well as the intensities calculated with the use of the program 

LAZY-PUL VERIX20 from the single-crystal structure.

STRUCTURE DETERMINATION

Preliminary cell parameters were determined from Weissenberg photographs, 

which revealed Laue symmetry mmm and systematic extinctions (0kl: k + I = 2n + 1;

MO: h = 2n + I) consistent with the orthorhombic space groups D\6h -  Pnrna and 

C’, -  Pn2x a . Final cell parameters were determined from a Ieast-squares analysis of the 

setting angles of 24 reflections in the range 20° < 20(MoXa) < 32° centred on an Enraf- 

Nonius CAD4 diffractometer. Intensity data were collected at -50 °C with the 0-29 scan
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technique in the range 3° < 20(MoATa) < 50°. Crystal data and further details of the data 

collection are given in Table 2—1.

Calculations were carried out with the use of the SHELXTL (Version 5.0) 

package.21,22 Conventional atomic scattering factors and anomalous dispersion 

corrections were used.23 Intensity data were processed, and face-indexed Gaussian-type 

absorption corrections were applied with the use of the program XPREP. Based on the 

intensity statistics, the satisfactory averaging, and the successful structure solution, the 

centrosymmetric space group Pnma was chosen. Initial atomic positions of all atoms 

were found by direct methods with the program XS. Given the similarity of their X-ray 

scattering factors, discrimination between Sn and Sb atoms is not possible. However, we 

believe that our proposed model is acceptable based on several observations. First, the 

Sn and Sb atoms are distributed among the nine crystallographically inequivalent sites 

(Table 2-2), each at a Wyckoff position 4c, such that the proportion of Sb to Sn sites 

agrees with that of the elemental analysis (2:1). Any other distribution results in a 

calculated elemental composition that is beyond that which can be accounted for by the 

actual chemical analysis. Second, and perhaps more convincingly, one can appeal to the 

chemical reasonableness of the structure, in terms of the similarity of coordination 

geometries and metrical details to those of related structures as well as its consistency 

with the proposed oxidation state formulation. These chemical arguments will be 

discussed in detail later.

Refinements were performed by Ieast-squares methods with the program XL. 

Refinements in which the occupancies of successive atoms were allowed to vary (while 

the isotropic displacement parameters were fixed) resulted in values of 100.5(6)% for
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Ba(l), 100.3(6)% for Ba(2), 100.6(7)% for Sn(l), 99.9(7)% for Sn(2), 99.4(7)% for 

Sn(3), 99.6(7)% for Sb(l), 100.2(7)% for Sb(2), 99.4(7)% for Sb(3), 100.6(7)% for 

Sb(4), 99.5(7)% for Sb(5), and 99.6(7)% for Sb(6). The values of the displacement 

parameters are unexceptional, and the difference electron density map is featureless 

(Apmax = 3.24; Apmin = -2.39 e" A-3), ruling out the possibility that interstitial oxygen 

atoms might be present. We thus accept the ordered, stoichiometric model Ba2SnjSb6 . 

The atomic positions were standardized with the use of the program STRUCTURE 

TIDY.24 The final cycle of least-squares refinement on F02 of 68 variables (including 

anisotropic displacement parameters and an isotropic extinction parameter) and 1443 

averaged reflections (including those having F 2 < 0) converged to residuals of RW(F02) of

0.105 and R(F) (for F02 > 2a (F 2)) of 0.056. Final values of the positional and 

displacement parameters are given in Table 2-2. Anisotropic displacement parameters 

are given in Table A-2.

RESULTS AND DISCUSSION

DESCRIPTION OF THE STRUCTURE

A view of the structure of Ba2Sn3Sb6  down the short b axis is shown in Figure 2-

1. Selected interatomic distances and angles are given in Table 2-3. Gross features that 

can be readily discerned from this view are the large lozenge-shaped channels running 

along [010], zigzag Sb—Sb chains aligned within and parallel to these channels, and the 

isolated Ba2+ cations.
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The large channels are defined by 30-membered rings and are constructed from an 

anionic framework intricately connected together by Sn and Sb atoms that display an 

interesting palette of coordination geometries. Figure 2-2 shows a more detailed view of 

part of this framework. The Sn atoms reside in two kinds of coordination environments. 

The Sn(l) and Sn(3) atoms are each bonded to three Sb atoms in a trigonal pyramidal 

fashion, while the Sn(2) atom is bonded to four Sb atoms in a tetrahedral fashion. The 

“vertical” sides of the lozenge shape of the channel (i.e., parallel to the ab plane) are 

formed by sharing comers of these Sn-centred coordination polyhedra in the order: 

tetrahedron-trigonal pyramid-tetrahedron-trigonal pyramid-tetrahedron. The other two 

sides (i.e., parallel to the (101) or (101) planes) are formed in a similar fashion, except 

that an intervening zigzag Sb-Sb chain takes the place of the middle tetrahedron. The 

four Sn-centred tetrahedra at the comers of the lozenge serve as links to adjoining 

lozenges to extend the framework along the a direction, while the two other tetrahedra at 

the middle of the “vertical” sides extend the framework along the c direction (Figure 2- 

1). Comer-sharing of the coordination polyhedra along the b direction completes the 

three-dimensional extension of this framework. It is amusing to note the chair 

conformation adopted by the Sn(2)-Sb(3)-Sn(l)-Sb(4)-Sn(l)-Sb(3) atoms, and the boat 

conformation adopted by the Sn(l)-Sb(4)-Sn(2)-Sb(3)-Sn(2)-Sb(4) atoms (Figure 2-2).

Within each channel reside two zigzag chains of Sb(l)-Sb(2) atoms, extending 

infinitely along the b direction. These chains are to be considered as isolated and 

separate from the channel framework, as the nearest distance to the framework atoms is 

greater than 3.6 A.
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The Ba2+ cations are positioned within the cavities of the channel, and are 

coordinated by Sb atoms of the anionic framework as well as those of the isolated zigzag 

chains. The Ba(l) atom is coordinated in a highly irregular fashion by eight Sb atoms at 

distances of 3.478(3) to 3.628(2) A, as shown in Figure 2-3(a). The distance of 3.857(3) 

A to a ninth Sb atom is probably too long to be important. However, the Ba(l)-Sn(l) 

distance of 3.629(3) A cannot be ignored, and indeed lies along a direction that would 

seem to indicate an interaction to a stereochemically active lone pair on Sn(l). The 

coordination around the Ba(2) atom is a little more regular, with distances of 3.513(2) to 

3.580(2) A to six Sb atoms in a trigonal prismatic environment, as shown in Figure 2- 

3(b). The next nearest Ba(2)-Sb distances of 3.804(3) and 3.913(3) A are probably 

unimportant. Again, the Ba(2)-Sn(3) distance of 3.659(3) A may bear some significance.

STRUCTURAL RELATIONSHIPS AND BONDING

In its overall form, BaiSnjSbg resembles the structure of KA/Shj {M = Al, Ga) in 

that they also possess channels defined by smaller 22-membered rings formed by MShj 

tetrahedra.40'1’ Fragments of the Ba2Sn3Sb6 structure are reminiscent of features found in 

related antimonides. The tetrahedral Sn(2)Sb4 unit in Ba2 Sn3Sb6  has Sn-Sb distances of 

2.793(3) to 2.840(2) A; these distances are comparable to those found in the isolated 

tetrahedra in NagSnSb4  (2.843(1) A)6 and KgSnSb4  (2.898(1) A),7 the edge-sharing 

tetrahedral dimers in KsSnSbs (2.818(1) to 2.886(1) A),8 and the infinite comer-sharing 

tetrahedral chains in NasSnSb3  (2.805(1) to 2.945(1) A).7 The Sb-Sn(2)-Sb angles in the 

Sn(2)Sb4 tetrahedron range from 101.89(10)° to 116.11(7)°, slightly distorted from the 

ideal tetrahedral angle. The trigonal pyramidal Sn(l)Sb3 and Sn(3)Sb3 units in Ba2Sn3Sb6
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have Sn-Sb distances of 2.894(3)-2.901(2) A and 2.876(3)-2.913(2) A, respectively. 

These are similar to the 2.883(2) A distances found in the SnSt>3 trigonal pyramids in 

KSnSb.9 The Sb-Sn(l)-Sb and Sb-Sn(3)-Sb angles are considerably reduced 

(93.10(7)°-98.96(10)° and 94.l4(7)°-98.40(9)°, respectively) from the ideal tetrahedral 

angles, consistent with the greater p  character of the Snr-Sb bonds in such units. All of 

these Snr-Sb distances are close to 2.81 A, the sum of the Pauling covalent radii of Sn and 

Sb atoms.25

Two kinds of zigzag Sb-Sb chains are present in the structure of Ba2Sn3Sb6 . One 

kind forms part of the channel framework, and has Sb(5)-Sb(5) distances of 2.902(3) A 

and angles of 98.9(1)°. The other is isolated on its own, and has Sb(l)-Sb(2) distances of 

2.924(2) A and angles of 97.87(10)°. Isolated zigzag Sb-Sb chains also occur, for 

instance, as the anionic part of the Zintl phases CaSb2  and SrSb2 ; these chains have Sb- 

Sb distances of 2.915( 1)—2.939( 1) A and 2.895(2)-2.9l9(2) A, respectively.26*27 These 

values are close to the 2.908 A distance found in elemental antimony.28

We are now in a position to propose a bonding model for Ba2SnjSb6 . Applying 

the Zintl concept results in the partial formulation (Ba^tSnsSbe]4". If we assume that 

full two-electron single Sb-Sb bonds occur in the isolated zigzag chains, the oxidation 

states Sb(l)-1 and Sb(2)_I can be assigned for these two-bonded Sb atoms. The three- 

coordinate Sb atoms forming part of the channel framework are assigned all of the 

electrons in their octets, being the more electronegative partners of the Sn-Sb bonds, 

resulting in Sb(3)"m, Sb(4)"ra, and Sb(6)_ra. The Sb(5) atom also forms two single Sb-Sb 

bonds to symmetry-equivalents of itself, and are assigned as Sb(5)_I. The assignment of 

Sb-1 in the zigzag chains is consistent with that of Sr^Sb-1̂ ,27 for instance. Proceeding
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to the Sn atoms, we conclude that those in the trigonal pyramidal coordination must be 

Sn(l)n and Sn(3)n, while that in the tetrahedral coordination must be SnQ)1'7. Again, this 

is consistent with the assignment of trigonal pyramidal9 Sn11 in K[SnnSb~HI and tetrahedral 

SnIV in (Kt)g(Sn[V)(Sb" n i ) 4  or (NaI)5(SnIV)(Sb-III)3.7 Note also the slightly longer Sn-Sb 

distances in the trigonal pyramids (Table 2-3), in agreement with the larger size expected 

for Sn11. The presence of a stereochemically active lone pair on the Sn11 atoms is evident, 

given that it points inside the channel in an orientation that allows it to interact with the 

Ba2+ cations. Thus, Ba2Sn3Sb$ is also interesting in being a mixed-valence compound. It

is convenient to give the crystal chemical formulation as: (Ba2+)3 I [(SnII)2(SnIV)(Sb_

in)3(Sb-1)]2- J [(Sb-I)2 ]2-, in which the separate anionic substructures of the channel 

framework and the isolated zigzag chains are explicitly indicated.

The bonding model above was based on the assignment of oxidation states, a 

useful notion that helps to rationalize the coordination geometries of the Sn atoms in the 

structure. However, given the similar electronegativities of Sn and Sb, it should not be 

thought that the actual charge distribution resembles as extreme a situation as implied by 

the oxidation state assignment, which is, after all, a formalism. Rather, the Sn-Sb bonds 

are expected to be highly covalent. The alternative but equivalent approach based on 

formal charges leads to the assignment of 3-bonded Sn1-, 4-bonded Sn°, 2-bonded Sb1-, 

and 3-bonded Sb°. When different isosteric combinations are considered for the anionic 

substructure,1 the same conclusion is reached for the distribution of Sn and Sb atoms as 

before.

In conclusion, the proceeding arguments strongly support an ordered, 

stoichiometric model for the structure of the novel compound Ba2Sn3Sb6 , which provides

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



37

a good example of the structural diversity that Zintl phases can adopt. The anionic 

framework is remarkable for its combination of heteroatomic associations (Sn-Sb) with 

homoatomic ones (Sb-Sb). It will be interesting to see if the same structure is retained 

upon substitution of the alkaline earth. Mossbauer spectroscopy would be helpful in 

confirming the mixed-valent nature of the Sn atoms, as the chemical isomer shifts of 

trigonal pyramidal and tetrahedral Sn atoms should be resolvable.12 We envisage 

measuring the physical properties and attempting to formulate a more quantitative 

description of the bonding through electronic band structure calculations.
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Table 2-1. Crystallographic Data for Ba2 Sn3Sb6

Formula

Formula mass, amu 

Space group

a, A

b, A

c, A 

r,A3 
Z

r ,° c

Diffractometer 

Pcaic g cm"3

Crystal dimensions, mm 

Radiation

|i(MoAa), cm-1 

Transmission factors 6 

Scan type

Scan speed, deg. min"1 

Scan range, deg.

29 limits

Data collected

No. of data collected

No. of unique data, including F02 < 0

B a 2 S n 3 S b 6

1361.25

D\6h — Pnma (No. 62)

13.351(1)°

4.4100(5) *

24.449(3)°

1439.5(3)

4

-50

Enraf-Nonius CAD4 

6.281

Silver needle, 0.012 x 0.488 x 0.016

Graphite-monochromated MoAfa,
X = 0.71073 A

214.9

0.666-0.780

9-20

2.0

0.8 + 0.344 tan 0 

3° < 20(MoATa) < 50°

-21 < h< 2l , -7  <k< 7,0  <1 <39 

4949

1 4 4 3 (^  = 0.191)
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Table 2-1. Crystallographic Data for BazSnjSbfi (continued)

No. of unique data, with F02 > 2o(F02) 977

No. of variables 68

Extinction coefficiente 0.00003(4)

R(F) for F02 > 2o(F02) d 0.056

? w(F02) e 0.105

Goodness of f i t 1.02 

(Ap)maxj (Ap)min> C A 2 3.2, —2.4

a Obtained from a refinement constrained so that a  = P = y = 90°.

b A Gaussian-type absorption correction was applied, with the use of programs in the 

SHELXTL package (Sheldrick, G. M. SHELXTL Version 5.0, Siemens Analytical X- 

Ray Instruments, Inc., Madison, WI, 1994).

c An extinction parameter x was refined, where Fc is multiplied by: k[l + 0.001 * x * Fc2

* A.3/sin (20)rI/4.

</m  = l | |F 0|- |F c| | / l |F 0|.

'  ^ ( F o2) = [I[w (F02 - F / f V l w F ^ f 2; w-‘ = [cr2(FQ2) + (0.0042P)2 +0.00?] where 

?  = [max(F02,0) + 2Fe2 ] / 3.

f  GooF = S = ll[w (F 02 -  F*)2] /(n-p) \ 'n  where n is the number of reflections and p  is 

the total number of parameters refined.
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Table 2-2. Atomic Coordinates, Occupancies, and Equivalent Isotropic Displacement 

Parameters (A2) for Ba2 Sn3Sb6

Atom

Wyckoff 
position, site 

symmetry X y z  Occupancy IT aUCq

Ba(l) 4c . m . 0.1312(1) >/4 0.10924(8) I 0.0104(5)

Ba(2) 4c . m . 0.0484(2) */4 0.42043(8) 1 0.0113(5)

Sn(l) 4c . m . 0.0417(2) l/4 0.24939(9) 1 0.0104(5)

Sn(2) 4c . m . 0.1948(2) l/4 0.76595(9) I 0.0109(5)

Sn(3) 4c . m . 0.3205(2) '/4 0.40239(10) 1 0.0135(5)

Sb(l) 4c . m . 0.1609(2) ‘/4 0.57758(9) 1 0.0123(5)

Sb(2) 4c . m . 0.3017(2) l/4 0.00171(9) 1 0.0132(5)

Sb(3) 4c . m . 0.3487(2) ‘/4 0.19674(9) 1 0.0120(5)

Sb(4) 4c . m . 0.3838(2) ‘/4 0.81486(9) 1 0.0119(5)

Sb(5) 4c . m . 0.4297(2) */4 0.50378(9) 1 0.0124(5)

Sb(6) 4c . m . 0.5653(2) l/4 0.64425(9) I 0.0116(5)

a Ueq is defined as one-third of the trace of the orthogonalized C/y tensor.
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Table 2-3. Selected Interatomic Distances (A) and Angles (°) for Ba2 Sn3Sb6

Sn(l)-Sb(3) 2.894(3) Ba(l)-Sb(2) 3.478(3)

Sn(l)-Sb(4) 2.901(2) (2x) Ba(l)-Sb(5) 3.489(2) (2x)

Sn(2)-Sb(4) 2.793(3) Ba(l)-Sb(6) 3.533(2) (2x)

Sn(2)-Sb(6) 2.794(3) Ba(l)-Sb(3) 3.607(3)

Sn(2)-Sb(3) 2.840(2) (2x) Ba(l)-Sb(l) 3.628(2) (2x)

Sn(3)-Sb(5) 2.876(3) Ba(l)-Sb(5) 3.857(3)

Sn(3)-Sb(6) 2.913(2) (2x) Ba(l)-Sn(l) 3.629(3)

Sb(l)-Sb(2) 2.924(2) (2x) Ba(2)-Sb(4) 3.513(2) (2x)

Sb(5)-Sb(5) 2.902(3) (2x) Ba(2)-Sb(l) 3.560(2) (2x)

Ba(l)-Ba(l) 4.4100(5) (2x) Ba(2)-Sb(2) 3.580(2) (2x)

Ba(2)-Ba(2) 4.4100(5) (2x) Ba(2)-Sb(2) 3.804(3)

Ba(2)-Sb(3) 3.913(3)

Ba(2)-Sn(3) 3.659(3)

Sb(3 )-Sn( 1 )-Sb(4) 93.10(7) (2x) Sb(2)-Sb( I )-Sb(2) 97.87(10)

Sb(4)-Sn( I )-Sb(4) 98.96(10) Sb(l)-Sb(2)-Sb(l) 97.87(10)

Sb(3)-Sn(2)-Sb(3) 101.89(10) Sn(2)-Sb(3)-Sn(2) 101.89(10)

Sb(4)-Sn(2)-Sb(3) 116.11(7) (2x) Sn(2)-Sb(3)-Sn(l) 84.89(7) (2x)

Sb(6)-Sn(2)-Sb(3) 109.99(7) (2x) Sn(2)-Sb(4)-Sn( 1) 94.21(7) (2x)

Sb(4)-Sn(2)-Sb(6) 102.85(10) Sn(l)-Sb(4)-Sn(l) 98.96(10)

Sb(5)-Sn(3)-Sb(6) 94.14(7) (2x) Sn(3)-Sb(5)-Sb(5) 105.85(10) (2x)

Sb(6)-Sn(3)-Sb(6) 98.40(9) Sb(5)-Sb(5)-Sb(5) 98.9(1)

Sn(2)-Sb(6)-Sn(3) 89.08(7) (2x)

Sn(3)-Sb(6)-Sn(3) 98.40(9)
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Figure 2-1. View down the b axis of BaaSnjSbfi, with the unit cell outlined. The large lightly shaded circles are Ba atoms, the 

solid circles are Sn atoms, and the open circles are Sb atoms. The two types of Ba atoms are labeled.
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trig. pyr. tet.

zigzag
chain

Sn(2)
Sn(3)

trig. pyr.
trig. pyr.

tet.
Sn(1)

tet.Sn(3)
Sn(2) Sn(2)

Sn(1) trig. pyr.

Sn(2)
tet.

Figure 2-2. Detailed view of part of the anionic framework of Ba2Sn3 Sb6 , showing 

the labeling of the Sn and Sb atoms. For clarity, only two sides making up the 

four-sided lozenge-shaped channels in Figure 2-1 are shown.
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CHAPTER 3

Ternary Antimonide EuSn3Sb4 and Related Metallic Zintl 

Phasesf

INTRODUCTION

The Zintl concept provides a convenient approach to rationalizing the structure 

and bonding of many solid-state compounds consisting of an electropositive (alkali metal, 

alkaline-earth, or rare-earth elements) and an electronegative component (p-block 

elements).1'4 The diversity of structures that can be explained by this set of rules, which 

prescribes that the electronegative atoms attain an octet through formation of covalent 

bonds or presence of lone pairs, is evidence of the ubiquity of this scheme. Since an 

energy gap is usually expected between occupied (bonding and nonbonding) and 

unoccupied (antibonding) states in the electronic structure of closed-shell systems, the 

assumption that Zintl compounds should be semiconductors, in general, may have 

discouraged the actual measurement of their electronic properties. Especially with the 

heavier main-group elements, metallic behaviour can arise through increased band 

overlap, diminished band gaps, or partial electron transfer horn cations to the anionic

f A version of this chapter has been published. Lam, R.; Zhang, J.; Mar, A. J. Solid State Chem. 2000, 
ISO, 371. Copyright 2000 Academic Press.
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network. 5 Some of these metallic Zintl phases include Laslns6 and the CMR materials 

^ t 4MnP/in (A = Eu, Sr; Pn = Sb, Bi) . 7 -9

Previously we prepared two new ternary alkaline-earth tetrel antimonides, 

SrSn3Sb4 10 and Ba2 Sn3Sb6 ,u which adopt related structures containing large channels 

made up of 30-membered rings. We now report here the preparation of another member, 

EuSn3Sb4 , and the resistivity measurements of the entire series. These are metallic Zintl 

phases whose electronic structures are analyzed through extended Huckel calculations.

EXPERIMENTAL SECTION

SYNTHESIS

Single crystals of EuSn3Sb4 used in the structure determination were obtained 

from a reaction of a 0.25-g mixture of EU2O3, Nb, and Sb in a 1:2:3 ratio (in an attempt to 

prepare a pnictide oxide), with an excess of Sn added (EU2O3, 97 mg, 0.28 mmol, 

99.99%, donated from Changchun Institute of Applied Chemistry; Nb, 51 mg, 0.55 

mmol, 99.8%, Cerac; Sb, 101 mg, 0.83 mmol, 99.995%, Aldrich; Sn, 0.50 g, 4.2 mmol, 

99.8%, Cerac). The reactants were loaded into a sealed and evacuated fiised-silica tube 

(8 -cm length; 10-mm i.d.) which was heated at 600 °C for 5 h and 900 °C for 6  days, and 

then cooled to room temperature over 24 h. Some needle-shaped crystals were obtained 

after the excess Sn was dissolved with concentrated HC1. Windowless EDX (energy- 

dispersive X-ray) analysis of these crystals on a Hitachi S-2700 scanning electron 

microscope confirmed the presence of Eu, Sn, and Sb but more significantly showed the 

absence of Nb and O. Anal. Calcd. (mol %) for EuSn3 Sb4 : Eu, 12; Sn, 38; Sb, 50.
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Found (average of 10 analyses): Eu, 11(2); Sn, 36(2); Sb, 53(3). EuSn3 Sb4  can be 

prepared rationally, albeit in low yield (~10% as gauged by powder X-ray diffraction), 

through the direct reaction of the elements at 1000 °C for 2 days in an evacuated fused- 

silica tube. The major competing phases are the binary antimonides SnSb and EuShn. 

Arc-melting reactions on pressed pellets of mixtures of the elements result in only these 

binary antimonides. One member of the solid solution Sri_xEuxSn3Sb4  (x = 0.5) could 

also be prepared by direct reaction of the elements at 950 °C for 2 days, although we have 

not elaborated the entire series.

STRUCTURE DETERMINATION

Weissenberg photography revealed Laue symmetry mmm and systematic 

extinctions (Okl: k +1 = 2n + 1; MO: h ~ 2 n +  I) consistent with the orthorhombic space

groups D\6h -  Pnma and C’, -P n2xa. Final cell parameters were determined from a 

Ieast-squares analysis of the setting angles of 24 reflections in the range 20° < 20(MoXa) 

<38° centred on an Enraf-Nonius CAD4 diffractometer. Crystal data and further details 

of the data collection are given in Table 3-1.

Calculations were carried out with the use of programs in the SHELXTL (Version 

5.0) package.12 Conventional atomic scattering factors and anomalous dispersion 

corrections were used.13 Intensity data were processed, and face-indexed Gaussian-type 

absorption corrections were applied. On the basis of similar intensity patterns, the 

centrosymmetric space group Pnma was chosen and the initial atomic positions for 

EuSn3 Sb4  were taken from those of SrSn3Sb4 .10 In particular, although Sn and Sb have 

similar scattering factors, we propose the same ordered model for EuSn3Sb4  as for
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SrSn3Sb4  for reasons discussed previously.10 Refinements were performed by least- 

squares methods. Since refinements of occupancies lead to values ranging from 98(4) to 

102(4)% for all atoms, we accept a fully stoichiometric model. The atomic positions 

were standardized using STRUCTURE TIDY.14 The final cycle of least-squares 

refinement on F02 of 50 variables (including anisotropic displacement parameters and an 

isotropic extinction parameter) and 982 averaged reflections (including those having F02 

< 0) converged to residuals of /?W(F02) of 0.067 and R(F) (for F02 > 2a(F02)) of 0.028. 

Final values of the positional and isotropic displacement parameters are in Table 3-2, 

selected interatomic distances and angles are in Table 3-3. Anisotropic displacement 

parameters are given in Table A-3.

ELECTRICAL RESISTIVITY

Two single crystals of each of EuSn3Sb4, SrSn3Sb4, and Ba2 Sn3Sb6 (0.5 to 0.9 mm 

in length), confirmed by EDX measurements to be the ternary compounds, were mounted 

with Ag paint on Au wires with graphite extensions. Four-probe ac electrical resistivity 

measurements were made along the needle axis b of all crystals between 25 and 290 K. 

The measurements are reproducible between the two samples of each compound.

BAND STRUCTURE

One-electron band structure calculations on the anionic channel frameworks 

[Sn3Sb4]2- (in EuSn3Sb4 or SrSn3Sb4) and [SnsSbg]4- (in Ba2 Sn3 Sb6) were performed 

using the EHMACC suite of programs.15,16 Extended Huckel parameters used for Sn 

(//ii(eV ): -16.16 (5s), -832  (5p); 2.12 (5s), 1.82 (5p)) and Sb (H*(eV): -18.8 (5s),
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-11.7 (5p); £i: 2.323 (5s), 1.999 (5p)) were taken from literature values.17,18 Properties 

were extracted from the band structure using 80 ^-points in the irreducible portion of the 

Brillouin zone.19

RESULTS AND DISCUSSION

DESCRIPTION OF THE STRUCTURE

In structures of Zintl compounds, the cations play an important role in influencing 

the shape of the anionic substructure through ionic interactions. Given the values of ionic 

radii of divalent cations (Eu2+, 1.25; S r+, 1.26; Ba2+, 1.42 A for CN8),20 it is not 

surprising that EuSn3Sb4  and SrSn3Sb4  are isostructural, while BaiSn3Sb6 is different. 

Detailed descriptions of these two structure types, shown down their short b axis in 

Figure 3—1, have been given before,10,11 but it is instructive to review the major features 

for the purposes of later discussion of the band structures. Both structures possess

channels defined by an anionic framework j  [Sn3Sb4]2-, made up of 30-membered rings, 

and constructed from SnSb4  tetrahedra, SnSb3 trigonal pyramids, and Sb-Sb zigzag 

chains connected in the same sequence but in different conformations. The larger 

channels in Ba2Sn3Sb6  accommodate additional Ba2+ cations and isolated Sb-Sb zigzag 

chains J [Sb2]2- (isosteric with neutral chains of two-bonded chaicogen atoms) to give an

overall anionic network I  [SnsSbe]4-. A comparison of metrical details (Table 3-4) 

reveals the relative constancy of the SnSb4  tetrahedra and SnSb3 trigonal pyramids in the 

three structures, with consistently longer Sn-Sb bonds in the trigonal pyramids reflecting 

the lower valency of the Sn atoms possessing a lone pair. The Sn-Sb anionic frameworks
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in EuSn3Sb4  and SrSn3Sb4  are practically identical, so any differences in the properties of 

these two compounds would have to originate with the divalent cation.

RESISTIVITY

Figure 3-2 shows the electrical resistivities of ^SnjSfr* (A = Eu, Sr) and 

Ba2Sn3Sb6 measured along b, the direction along which the channels run. All three 

compounds are poorly metallic. EuS^Sbt and SrS^Sbt show nearly identical behaviour 

(P290 = 3.4 x 10- 3  Q cm, P25 = 2.2 x 10- 3  Q cm, P290/P25 = 1.5), and are both poorer 

conductors by an order of magnitude than Ba2Sn3Sb6  (P290 = 3.3 x 10“* Q cm, P25  = 3.9 x 

I0_s Q cm, P290/P25 = 8.5).

BAND STRUCTURE

To probe the origin of metallic conductivity and to analyze the bonding more 

fully in i4 Sn3Sb4  (A = Eu, Sr) and Ba2Sn3Sb6 , the band structures of their anionic 

frameworks were calculated. Isolating a single channel from the I  [Sn3Sb4]2- framework 

common to both structure types results in J [Sn^St^], where the coordination of Sb 

atoms has been completed around all tetrahedral Sn atoms which serve to link 

neighbouring channels together. As shown in Figure 3-3(a) and (b), the density of states 

(DOS) curves for such isolated channels in ^Sn3Sb4  (A = Eu, Sr) and Ba2 Sn3Sb6 are 

grossly similar, which is expected since they are constructed from the same composition 

and sequence of building units. Although there are two manifolds of states, the lower 

energy one originating largely from more electronegative Sb and the higher energy one 

from less electronegative Sn, there is substantial mixing of Sn and Sb states, indicative of
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the strong covalent character of the bonding within these networks. There is a small band 

gap (<1 eV) located near -6.5 eV in both cases. If the octets were completed on all atoms

making up these isolated channels J [Snt4Sb22], the charge on this formula unit would be 

18- Such an electron count would indeed just fill up all the lower energy states, leaving 

a band gap and implying semiconducting behaviour. Inclusion of the isolated Sb-Sb 

zigzag chains within the channels in Ba2 Sn3Sb6 introduces additional Sb-Sb bonding and 

antibonding levels which narrows, but does not completely remove the energy gap 

(Figure 3-3(c)).

Of course, these channels do not exist in isolation in the real structures but are 

linked up to neighbouring channels through each of the SnSh* tetrahedra. Figure 3-4(a) 

shows how a portion of one channel in the 4Sn3Sb4 (A = Eu, Sr) structure is connected to 

a neighbouring channel (reference should be made to Figure 3-1 (a) to compare with the 

complete structure). The electron count described above leaves lone pairs on all terminal 

Sb atoms of the SnSb4  tetrahedra. Two of these pairs reside in orbitals oriented to form 

additional Sn-Sb bonds (Figure 3-4(b)), but to avoid repulsive 2c-4e“ interactions, loss 

of e~ must occur. Effectively, this lowers the Fermi level, so that in the DOS curves of 

the full three-dimensional structures of the anionic frameworks in ^Sn3Sb4 (A = Eu, Sr) 

and Ba2Sn3Sb6 (Figure 3-5), the Fermi level lies just below the top edge of the lower 

energy manifold in a region of low DOS, leading to the observed metallic behaviour. 

Interestingly, the additional interactions arising from linking the channels in the a and c 

directions are sufficient in themselves to induce further band broadening so that no 

energy gap is present (Figure 3-5).
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Figure 3-6 shows the band dispersion curves along the special directions in the 

Brillouin zone parallel to the crystallographic axes. In both j4Sn3Sb4 (A = Eu, Sr) and 

BazSn3Sb6 , the Fermi level crosses bands of significant dispersion only along TY, parallel 

to the direction along which the channels run. The metallic conductivity is thus predicted 

to be highly anisotropic, although the small dimensions of the crystals along the other 

directions have precluded further measurements. The bands crossed by the Fermi level 

are dispersed over the range -10 to -6  eV in both structure types along TY. The better 

conduction observed in Ba2 Sn3Sb6 is probably attributable to the greater number of bands 

crossed (six) than in -dSnsSb-i (A = Eu, Sr) (four) along TY. Analysis of the orbital 

composition of bands crossed by the Fermi level shows primarily p  character belonging 

to atoms comprising the SnSb4  tetrahedra and SnSb3 trigonal pyramids (but not the Sb- 

Sb zigzag chains).

The crystal orbital overlap population (COOP) curves shown in Figure 3-7 

confirm that predominantly Sn-Sb and Sb-Sb bonding levels are occupied up to the 

Fermi level. The states from -10 to -6  eV can be associated with contributions from Sn- 

Sb nonbonding levels, originating from lone pairs on Sn atoms. The cumulated overlap 

populations are large (Sn-Sb, 0.59; Sb-Sb, 0.55) for these ~2.9 A interactions, implying 

full single bonds.

The metallic compounds 4̂Sn3Sb4 (A = Eu, Sr) and Ba2Sn3Sb6  may be compared 

to the series of layered compounds KSnPn (Pn = As, Sb) (21, 22) and SrSn2As2,23 which 

consist of single or double As-like sheets, respectively, of comer-sharing SnP/13 trigonal 

pyramids. Calculations suggest that the already small band gap in KSnPn diminishes 

even further on going to SrSn2As2  because of increased interactions between the
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sheets. 5 ,24 In a sense, the walls of the channels in 4 Sn3Sb4  (A = Eu, Sr) and BaaSnjSbe 

may be regarded as As-like sheets of SnSb3 trigonal pyramids that are warped and folded 

back on themselves. Additional bonding interactions through the formation of SnSb4 

tetrahedra when neighbouring channels are adjoined serve as a source of band broadening 

that leads eventually to the disappearance of the band gap.
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Table 3-1. Crystallographic Data for EuSn3Sb4

Formula

Formula mass, amu 

Space group

a, A

b, A

c, A 

V,A3 

Z

r ,°  c

Diffractometer

Pcaic> 8  c m

Crystal dimensions, mm 

Radiation

(i(MoATa), cm-1  

Transmission factors b 

Scan type

Scan speed, deg. min-1  

Scan range, deg.

26 limits

Data collected

No. of data collected

No. of unique data, including F02  < 0

EuSn3Sb4

995.03

Dl26h — Pnma G^o. 62)

9.954(2) “

4.3516(7)°

22.650(4)“

981.2(3)

4

22

Enraf-Nonius CAD4 

6.736

0.41 x 0.03 x 0.03

Graphite-monochromated MoATa,
X = 0.71073 A

245

0.274-0.564

6 - 2 0

1.7

1.0+ 0.344 tan 0 

3° < 20(MoATa) < 50°

-11 <h<  11,-5 <Jfc<5,0<i<26 

3382

982 (R-mt = 0.053)
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Table 3-1. Crystallographic Data for EuSn3Sb4  (continued)

No. of unique data, with F 2 > 2a(F02) 834

No. of variables 50

Extinction coefficientc 0.00041(8)

R(F) for F0 2 > 2o(F02) d 0.028

R*(F02) e 0.067

Goodness of fit^ 1.09

(Ap)maxj (Ap)min» 6 A 1.8, —2.2

a Obtained from a refinement constrained so that a  = P = y = 90°.

6 A Gaussian-type absorption correction was applied, with the use of programs in the 

SHELXTL package (Sheldrick, G. M. SHELXTL Version 5.0, Siemens Analytical X- 

Ray Instruments, Inc., Madison, WI, 1994).

c An extinction parameter x  was refined, where Fc is multiplied by: &[1 + 0.001 * x *  F 2

* X3 / sin(20)r1/4.

‘/ w = I||/:; | - |fc||/s |f0|.

e ^w(^o2 ) = [ I [ ^ o 2 vv-‘ = [cr2 (F02) + (0.0367P)2 +O.OOF] where 

P = [max(F02 ,0) + 2FC2 ] / 3.

f  GooF = S = |£[w (F 02 -  Fc2 )2 ] / ( n -p ) ] , / 2  where n is the number of reflections and p  is 

the total number of parameters refined.
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Table 3-2. Atomic Coordinates, Occupancies, and Equivalent Isotropic Displacement 

Parameters (A2) for EuSn3Sb4

Atom

Wyckoff 
position, site 

symmetry X y z  Occupancy II  aUcq

Eu 4c . m . 0.06055(7) lA 0.12946(3) 1 0.0159(2)

Sn(l) 4c . m . 0.27824(10) % 0.24954(4) 1 0.0192(2)

Sn(2) 4c . m . 0.35009(10) V* 0.01098(4) I 0.0232(2)

Sn(3) 4c . m . 0.45533(9) lA 0.85038(4) 1 0.0169(2)

Sb(l) 4c . m . 0.03089(9) lA 0.76859(3) 1 0.0171(2)

Sb(2) 4c . m . 0.20417(9) 'A 0.59370(4) I 0.0182(2)

Sb(3) 4c . m . 0.21417(9) lA 0.37625(4) I 0.0180(2)

Sb(4) 4c . m . 0.57001(9) lA 0.52978(4) 1 0.0194(2)

a £/eq is defined as one-third of the trace of the orthogonalized U\\ tensor.
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Table 3-3. Selected Interatomic Distances (A) and Angles (°) for EuSnjSb4

Sn(l)-Sb(l) 2.921(1) (2 x) Eu-Sb(2) 3.2978(9) (2x)

Sn(l)-Sb(3) 2.940(1) Eur-Sb(l) 3.3007(8) (2x)

Sn(2)-Sb(2) 2.9217(9) (2x) Eu-Sb(4) 3.3943(8) (2 x)

Sn(2)-Sb(4) 2.937(2) Eu-Sb(3) 3.450(1)

Sn(3)-Sb(2) 2.782(1) Eu-Sb(4) 3.608(1)

Sn(3)-Sb(l) 2.798(1) Eur-Sn(l) 3.478(1)

Sn(3)-Sb(3) 2.8150(9) (2 x) Eu-Sn(l) 3.925(1)

Sb(4)-Sb(4) 2.915(1) (2x) Eur-Sn(2) 3.938(1)

Sb(l)-Sn(l)-Sb(l) 96.31(4) Sn(3)-Sb(l)-Sn(l) 91.87(3) (2 x)

Sb( I)—Sn( 1)—Sb(3) 89.82(3) (2 x) Sn(l)-Sb(l)-Sn(l) 96.31(4)

Sb(2)-Sn(2)-Sb(2) 96.27(4) Sn(3)-Sb(2)-Sn(2) 97.32(3) (2 x)

Sb(2)-Sn(2)-Sb(4) 91.49(3) (2 x) Sn(2)-Sb(2)-Sn(2) 96.27(4)

Sb(2)-Sn(3)-Sb( 1) 101.49(4) Sn(3)-Sb(3)-Sn(3) 101.23(4)

Sb(2)-Sn(3)-Sb(3) 116.03(3) (2x) Sn(3)-Sb(3)-Sn(l) 85.80(3) (2 x)

Sb( 1 )-Sn(3)-Sb(3) 111.20(3) (2 x) Sb(4)-Sb(4)-Sb(4) 96.57(6)

Sb(3)-Sn(3)-Sb(3) 101.23(4) Sb(4)-Sb(4)-Sn(2) 107.97(4) (2x)
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Table 3-4. Comparison of Distances (A) and Angles (°) in SnSb4  Tetrahedra, SnSbj 

Trigonal Pyramids, and Sb-Sb Zigzag Chains in ̂ 4 Sn3Sb4  (A = Eu, Sr) and

B a 2 S n 3 S b 6

EuSn3Sb4 SrSnsSbt Ba2Sn3Sb6

d(Sn-Sb) tet. 2.782(l>-2.8150(9) 2.788(2)-2.821(l) 2.793(3)-2.840(2)

rf(Sn-Sb) trig. pyr. 2.921(1)—2.940(1) 2.920(1)-2.952(2) 2.876(3)-2.913(2)

^(Sb-Sb) zigzag 2.915(1) 2.920(2) 2.902(3)-2.924(2)

<(Sb-Sn-Sb) tet. 101.23(4)— 101.24(6)- 101.89(1)-
116.03(3) 115.65(4) 116.11(7)

<(Sb-Sn-Sb) trig. pyr. 89.82(3)—96.31(4) 90.91 (5>—96.64(5) 93.10(7)—98.96( 10)

<(Sb-Sb-Sb) zigzag 96.57(6) 96.61(9) 97.9( 1)—98.9( I)
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Figure 3-1. View down the b axis of the structures of (a) /tSn3Sb4 (A = Eu, Sr) and (b) BaaSnjSbo, with the 

unit cells outlined. The large lightly-shaded circles are Eu, Sr, or Ba atoms, the solid circles are Sn 

atoms, and the open circles are Sb atoms.
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Figure 3-2. Plot of resistivity vs. temperature for ^Sn3 Sb4 (A = Eu, Sr) and 

Ba2Sn3Sb6 . The resistivity is measured along the needle axis b. Note the 

axis break.
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Figure 3-3. Density of states (DOS) for isolated one-dimensional channels J [Sni4 Sb22] in (a) /tSn3Sb4 (A = Eu, Sr)

and (b) Ba2Sn3 Sb6 without and (c) with internal J [Sb2] zigzag chains included. The Sn projection is shown 

by the dotted line; what remains of the total DOS is the Sb projection.
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(a)

(5 S S 3 #

(b) *

loss of e"

Figure 3-4. (a) Portion of the one-dimensional channel in ^Sn3Sb4 (A = Eu, Sr) 

being connected to a neighbouring channel through formation of Sn-Sb 

bonds (dashed lines), (b) A terminal Sb atom in one of the SnSb4 

tetrahedra loses electrons in the formation of Sn—Sb bonds to avoid 

repulsive interactions.
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Figure 3—5. Total density of states (DOS) for the full three-dimensional anionic 

substructure of (a) ^Sn3Sb4 (A = Eu, Sr) and (b) Ba2Sn3Sb6. The Fermi 

level (£{) is at -8.21 eV for <4Sn3Sb4 and -7.67 eV for Ba2Sn3Sb6. The Sn 

projection is shown by the dotted line; what remains of the total DOS is 

the Sb projection.
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substructure of (a) /tSn3Sb4 (A = Eu, Sr) and (b) Ba2Sn3Sb6. The Fermi level is shown by the horizontal line.
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Figure 3-7. Crystal orbital overlap population (COOP) curves for ~2.9 A Sn-Sb (solid 

line) and Sb-Sb (dashed line) interactions in the full three-dimensional anionic 

substructure of (a) ̂ Sn3Sb4 (A = Eu, Sr) and (b) Ba,Sn3Sb6. The Fermi level is shown by 

the horizontal line.
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CHAPTER 4

The Metallic Zintl Phase Ba3Sn4As6t

72

INTRODUCTION

There exists a large family of polar intermetallic compounds with general 

compositions MxAy or MxAyB~ (M  = alkali or alkaline-earth metal; A, B = main-group 

elements) whose structures and bonding can be readily understood in terms of the Zintl 

concept. 1 -4 Assuming that each atom attains a closed-shell electron configuration, the 

electropositive elements (M) completely transfer their valence electrons to their 

electronegative main-group partners (A, B) which satisfy the octet rule by forming anion- 

anion bonds (A-A, A-B , or B-B) or lone pairs. The rational manner by which elements of 

the p-block condense in Zintl-type structures to form diverse polyanionic networks of 

wide-ranging dimensionality is a welcoming feature in the synthesis of new materials 

with desired properties, considering the inherent difficulty in predicting new solid-state 

structures given a certain composition. By controlling the electronegativity difference 

between cations and anions, size of cation, or number of electrons available to the anionic 

substructure through the use of different electropositive atoms, one hopes to be able to

f A version of this chapter has been submitted for publication. Lam, R.; Mar, A.
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induce specific structural changes.5,6

Traditionally, the properties of Zintl compounds were considered to be limited to 

semiconductivity, since the fulfillment of closed-shell configurations is expected to give 

rise to an energy gap between occupied and unoccupied states.1 For the majority of Zintl 

compounds, this assumption is probably valid despite a lack of physical property 

measurements. The discovery of a number of Zintl compounds with metallic 

properties,5-11 especially those involving the heavier main-group elements, should 

encourage the search for potentially useful properties in this large family of compounds. 

Moreover, rare-earth or transition metal substitutions for the alkali or alkaline earth atoms 

introduce a new level of complexity in Zintl compounds whose properties are expected to 

be interesting owing to the presence of f  and d electrons. Such efforts have resulted in 

the discovery of CMR in the materials ^uMn/Viu 04 = Eu, Sr; Pn = Sb, Bi),9-11 which 

are extentions of the main-group Zintl analogues /li+AlSbu (A = Ca, Sr, Ba),12,13 and 

promising thermoelectric properties in the classic Zintl compound Ba^ngSbte.14 We 

report here the preparation and resistivity measurements of a new metallic Zintl phase, 

BasSruAsg, which represents an intermediate structure type between the hypothetical 

limiting structures “BaiSn2As6 ,” containing one-dimensional comer-sharing chains of Sn- 

centered tetrahedra and “Ba2 Sn6As6,” featuring two-dimensional corrugated layers with 

pentagonal channels.
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EXPERIMENTAL SECTION

SYNTHESIS

Single crystals of BasSn+Ass used in the structure determination were isolated as a 

minor phase from the reaction of a 0.25-g mixture of Ba, Zr, and As in a 3:1:5 ratio in a 

tin flux (Ba, 117 mg, 0.85 mmol, 99.9%, Alfa-Aesar; Zr, 26 mg, 0.28 mmol, 99.7% 

Cerac; As, 107 mg, 1.42 mmol, 99.99%, Alfa-Aesar; Sn, 332 mg, 2.80 mmol, 99.8%, 

Cerac), originally intended for the preparation of the target compound “BasZrAsj”. The 

reactants were loaded into a sealed and evacuated fused-silica tube (7-cm length; 10-mm 

i.d.), which was heated at 600 °C for 1 day and 950 °C for 2 days, cooled to 600 °C over 

I day, and then cooled to room temperature over 10 h. Dissolving the excess Sn in 

concentrated HC1 revealed a mixture of greyish brown powder containing the major 

phase ZrAs,15 as well as hexagonal crystals of S 1 1 4 A S 3 16 and dark grey needles of a 

Ba/Sn/As-containing phase. EDX (energy-dispersive X-ray) analysis of the latter on a 

Hitachi S-2700 scanning electron microscope showed that Ba, Sn, and As were present, 

exclusively, in these crystals (Anal, (mol %): Ba, 21(1); Sn, 29(5); As, 49(6) (average of 

six analyses)). The compound Ba3Sn4As6 was subsequently prepared in a rational 

manner, by reaction of the elements in their stoichiometric proportions under the same 

reaction conditions as the original synthesis. The X-ray powder pattern, obtained on an 

Enraf-Nonius FR552 Guinier camera (Cu Kai radiation; Si standard), revealed the 

presence of nearly phase-pure Ba3SoiAs6 . Attempts to substitute Sr for Ba were 

unsuccessful using the same procedures, yielding the known compounds SrSn2As2 17 and 

SnAs18 instead.
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STRUCTURE DETERMINATION

A crystal confirmed by EDX analysis to be the ternary compound was analyzed 

by Weissenberg photography for singularity and suitability for data collection in addition 

to preliminary cell parameters. Final cell parameters were determined from Ieast-squares 

analysis of the setting angles of 24 reflections centred on an Enraf-Nonius CAD4 

diffractometer. Intensity data were collected at 22 °C with the 0-20 scan technique tn the 

range 2° < 20(MoATa) < 70°. Crystal data and further details of the data collection are 

given in Table 4—1. All calculations were carried out with the use of the SHELXTL 

(Version 5.1) package.19 Conventional atomic scattering factors and anomalous 

dispersion corrections were used.20 The intensity data were processed and face-indexed 

numerical absorption corrections were applied in XPREP. Initial atomic positions were 

found by direct methods using XS followed by subsequent difference Fourier syntheses, 

and refinements were performed by Ieast-squares methods using XL.

Weissenberg photographs of Ba3So»As6  displayed apparently orthorhombic Laue 

symmetry mmm, giving approximate cell constants of 8.63 (needle axis), 9.68, and 18.39 

A. The initial stages of structure solution were hindered by ambiguity in space group 

determination owing to the presence of meaningless systematic absences, which were 

clearly shown in the zero- and upper-level photographs and later confirmed by inspection 

of the reciprocal space plots in XPREP of the diffractometer data. The apparent limiting 

conditions (hOl: h + / = 2nr, hOO: h = 4n; OkO: k = 2n; 00/: / = 2ri) did not correspond to 

any valid orthorhombic space groups. Additionally, the oscillation photograph about the 

needle axis revealed that layers of odd indices were notably weaker than those of even 

indices. The weakness of intensities also extended to the first-level Weissenberg
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photograph. Aware that these unusual features of the X-ray diffraction pattern may be 

produced by twinning of monoclinic crystals to give pseudo-orthorhombic Laue 

symmetry,21-23 we first wanted to investigate a possible solution in the orthorhombic 

system to confirm this. Under the assumption of orthorhombic symmetry, data were 

initially collected at room temperature for the octants hkl and h k l , with refined cell 

parameters a = 8.6354(9) A,b  = 9.7192(11) A, c = 18.3541(15) A. The space group most 

consistent with the systematic absences discussed above, Pmril\, was chosen upon 

transforming the set of axes. A reasonable solution was found by direct methods which 

refined to R(F) (for F02 > 2c(F02)) of 0.15. Apart from the unsatisfactory agreement 

parameters and incorrect space group, other disturbing features in this model suggested 

more insidious problems with the original data. Specifically, structure refinements were 

beset by persistent difference Fourier peaks which occurred too close to existing atoms, 

presence of crystallographically distinguishable but chemically identical Sn/As layers, 

and poor agreement of the weak reflections. Moreover, an apparent 21-screw axis along b 

(corresponding to the condition 0A0: k = 2n, which is inconsistent with the Pmn2\ space 

group) can be readily identified in the structure.

To resolve some of these ambiguities, intensity data were recollected at room 

temperature on the same crystal for all octants. The centrosymmetric monoclinic space 

group P2\ln, which permits the simultaneous occurrence of an n-glide plane 

perpendicular to a two-fold screw axis, was chosen on the basis of intensity statistics and 

the successful structure solution. Once the positions of all atoms except Ba(l) and Ba(2) 

were found, a subsequent refinement revealed residual electron density at (0.11, 0.29, 

0.44) and (0.63,0.29,0.44). Although these sites resided too close (1.215(9)—1.698(8) A)
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to the Sn(l), Sn(2), Sn(5), and Sn(6) atoms, they were assigned to Ba(l) and Ba(2) on the 

basis of reasonable Bar-As distances. This model assumed a disorder between Ba(l) 

cations and Sn(l)-Sn(5) dumbbells as well as between Ba(2) cations and Sn(2)-Sn(6) 

dumbbells. A refinement based on the ideal formula “BasSruAse,” in which the 

occupancies of Ba(l), Ba(2), Sn(l), Sn(2), Sn(5), and Sn(6) were set at 50%, revealed 

that the weak reflections were still poorly modeled and that the list of most disagreeable 

reflections showed F02 to be consistently larger than Fc2, implying the existence of a twin 

component. To model a twin reflection plane perpendicular to the a axis, the twin law 

[ 100, 010, 001] with two components was included in subsequent refinements. Given 

the high correlation between positions of related atoms, refinements on the occupancies 

of the atoms involved in the disorder between Ba and Sn-Sn dumbbells proceeded with 

the constraint that the sum of the occupancies of Ba(l) and Sn(l)-Sn(5) (and also Ba(2) 

and Sn(2)-Sn(6)) be 100% and with the restraint that the occupancies of the Sn atoms 

making up the dumbbells be equal, since we assume the Sn atoms must occur locally 

bonded as pairs. This resulted in occupancies of 11.5(3)% (Ba(l)) and 84.8(3)% (Sn(I) 

and Sn(5)); and 86.5(4)% (Ba(2)) and 12.8(2)% (Sn(2) and Sn(6)). This unequal 

distribution is the source of the lower monoclinic symmetry, notwithstanding the nearly 

90° P-angle of the unit cell. The occupancies of all other atoms were essentially 100%. 

The displacement parameters for all atoms were reasonable. The BASF parameter 

converged to 0.417(3), implying an approximate 42:58 twin distribution. The final cycle 

of Ieast-squares refinement on F0Z of 133 variables (including anisotropic displacement 

parameters and an isotropic extinction parameter) and 6727 averaged reflections 

(including those having F02 < 0) converged to values of /?W(F02) of 0.177 and R(F) (for
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F02 > 2o( F02)) o f0.063. The final difference electron density map is featureless (Apmax = 

5.8, Apmin = -5.1 e~A-3). The final refined formula, Ba3SiuAs6  (Z = 4), is consistent with 

the chemical analysis determined independently (Anal. Calcd. (mol%): Ba 23, Sn 31, As 

46). Furthermore, the weak reflections are now well modeled and an examination of the 

listing of structure factors shows that F02 matches Fc2 reasonably well. Final values of 

the positional and equivalent isotropic displacement parameters are given in Table 4-2. 

Anisotropic displacement parameters are given in Table A-4.

A subcell (Ba3SruAs6 ; Z = 2; space group Pnma; a = 9.7192(11) A, b = 4.3177(5) 

A, c = 18.3541(15) A) of the P2\/n solution can be obtained by halving the 8.6 A axis to 

4.3 A, which effectively removes the set of unusual absences in the previous hkO plane 

and generates an n-glide plane. The number of crystallographically distinguishable atoms 

is also reduced in half in the orthorhombic unit cell. The subcell represents the average 

structure, in which the planes of Ba and Sn-Sn dimers with alternating distributions of 

~15%:85% and -85%: 15% are averaged out, refining to a 50:50 distribution. The subcell 

model will not be presented here but details are provided in the Appendix (Tables A-5 to 

A—7).

ELECTRICAL RESISTIVITY

A single crystal of dimensions 0.32 x  0.02 x  0.02 mm, verified to be Ba3SatAs6 

by EDX analysis, was mounted in a four-probe configuration for an ac resistivity 

measurement between 20 and 290 K. This measurement gives the resistivity along the 

crystallographic a axis.
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RESULTS AND DISCUSSION

DESCRIPTION OF THE STRUCTURE

A view of the structure of Ba3Sn»As6 is shown in a projection down the short a 

axis in Figure 4—1, which also shows the labeling scheme. Selected interatomic distances 

and angles are listed in Table 4-3. At first glance, Figure 4-1 shows that the structure of 

Ba3SiuAs6 consists of corrugated layers, built up of Sn and As atoms, parallel to the

(010) plane, and are separated by Ba(3)2+ and Ba(4)2+ cations. However, closer 

inspection reveals that Sn-Sn dumbbells, namely Sn(l)-Sn(5) and Sn(2)-Sn(6), within

the anionic [SnsAse]6” sheets are disordered with Ba(I) and Ba(2) cations, respectively. 

As shown in Figure 4-2, a projection down the b axis featuring only the disordered sites, 

there appears to be an 85%: 15% distribution of Ba and Sn-Sn in one plane parallel to 

(101), and the reversed (15%:85%) in the adjacent parallel planes. A similar disorder 

scheme can be seen in the intermetallic compound FeGei_.tSbt (0 < x  < 0.33),24 where the 

relative distribution of Ge atoms and Sbi pairs occupying the same sites is dependent on 

the loading compositions.

Given the disordered nature of the crystal structure, it will be instructive to 

propose two ordered models for the compound Ba3SoiAs6 for the purpose of the 

following discussion. For clarity, one can envisage two limiting ordered structures 

(Figure 4-3) that can be derived from the intermediate parent compound by assuming full 

occupancy of either Ba cations {Model A) or Sn-Sn pairs (Model B) at their respective 

sites. Note that complete filling (100 %) of one component necessarily precludes the 

presence of the other (0 %).
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In Model A, in which we assume complete removal of all Sn-Sn dumbbells in 

favour of full Ba(l) and Ba(2) occupancy, we arrive at the hypothetical composition 

“BaiSniAse” (Z = 4). As shown in Figure 4—3a, the structure consists of one-dimensional 

chains of SnAs4  tetrahedra that are comer-sharing along the a direction and separated by 

Ba2+ cations. The Sn(3)- and Sn(4)-centred tetrahedral units have Sn-As distances of 

2.586(2)-2.736(3) A; these distances are comparable to those found in the edge-sharing 

tetrahedral dimers in NasSnAsj (2.598(2)-2.696(2) A)25 and NaiK^tSnAsj] (2.634(1)- 

2.703(1) A),25 the infinite comer-sharing tetrahedral chains in CasSn2As6 (2.572(3)- 

2.638(3) A),26 and the three-dimensional comer-sharing tetrahedral networks in 

Na2 [SnAs2] (2.588(3)-2.644(3) A).27 The As-Sn-As angles of 105.33(6)-114.28(9)° and 

105.74(9)—113.94(10)° in Sn(3 )As4  and Sn(4 )As4 , respectively, deviate only slightly from 

ideal tetrahedral angles. The tetrahedra are condensed via the As( 1) and As(2) vertices to 

form infinite chains.

At the other extreme lies the ordered hypothetical structure "Ba2 Sn6As6” (Z = 4) 

(Model B), which is obtained by replacing all Ba(l) and Ba(2) atoms in the actual 

structure with Sn(l)-Sn(5) and Sn(2)-Sn(6) pairs, respectively. As shown in Figure 4- 

3b, completely '‘stuffing” the structure with Sn-Sn pairs results in additional Sn-As 

bonding and the formation of pentagonal channels running parallel to the a axis. The 

pentagonal tubes are connected together through Sn-As bonds to form two-dimensional 

corrugated layers parallel to (010) that are separated by Ba(3)2+ and Ba(4)2+ cations. The 

trigonal pyramidal Sn(l)(SnAs2) and Sn(2)(SnAs2) units have Sn-Sn distances of 

2.881(2)-2.902(10) A and Sn-As distances of 2.562(9}-2.752(3) A. The latter are 

similar to the 2.700-2.784(1) A distances found in the S11AS3 trigonal pyramids in
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KSnAs, 28,29 SrSn2As2 , 17 and K^SnjAss. 29 Furthermore, the bond angles around Sn(l) and 

Sn(2) (97.2(3)—106.8(3)°), resembling those around the three-bonded As atoms in the 

structure (8 8 .6 (2 )—1 1 1 .1 (2 )°), are significantly smaller than ideal tetrahedral angles, 

suggesting greater p  character in the bonds of such trigonal pyramidal units. Examination 

of the interatomic distances in the Sn(5)(SnAsj) and Sn(6 )(SnAs3> tetrahedral units shows 

that in addition to a Sn-Sn bond (2.881(2)-2.902(10) A), Sn-As distances vary from 

2.644(3)-2.689(2) A for Sn(5) to 2.482(10)-2.941(8) A for Sn(6 ). Comparisons can be 

made to similar Sn(SnAs3)-based tetrahedra in the Zintl phase Ba3 Sn2As4 ,30  where the 

Snr-Sn (2.795 A) and Sn-As (2.593-2.691 A) distances are close to the sums of Pauling 

covalent radii (Sn-Sn 2.80 A; Sn-As 2.61 A) for single bonds. Although the Sn(6 )- 

As(2) (2.941(8) A) and Sn(6)-As(5) (2.482(10) A) values are slightly removed from 

these ranges, the As-Sn-As and As-Sn-Sn angles around Sn(5) (100.83(7)—120.54(6)°) 

and Sn(6 ) (97.1(3)—120.4(3)° are comparable to the tetrahedral angles reported for 

Ba3Sn2As4  (97.0-117.2°).30 In spite of the unusually short Sn(6)-As(5) contacts, which 

may be an artifact of the crystallographic constraints and restraints used to model the 

distribution of Ba and Sn-Sn pairs in the superstructure or, more realistically, matrix 

effects exerted by the surrounding Ba2+ cations, Sn-As separations as short as 2.531(5)- 

2.538(5) A have been reported for the compounds ̂ 6 [SnAs3]Oo.s (A = Rb, Cs) . 31

The contributions of the electropositive Ba atoms, which separate the layers of Sn 

and As atoms in Ba3SntAs6 , cannot be ignored. The importance of alkaline earth cations 

in Zintl compounds lies in their size, which can influence the shape of the anionic 

framework through ionic interactions, 32,33 as well as donation of two valence electrons, 

leading to overall charge balance. As shown in Figure 4—4a and 4—4b, the coordination
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around Ba(l) and Ba(2) can be described as monocapped trigonal prismatic, with six As 

atoms defining the trigonal prism and one additional As atom capping a rectangular face. 

The Ba(3) atom is coordinated in a more irregular fashion by the As and Sn atoms 

(Figure 4-4c), resembling a monocapped square antiprismatic geometry but two of the 

bonds to the basal square defined by As(5)-Sn(l)-As(4)-Sn(2) are elongated. The 

environment around Ba(4) is a square antiprism, with As(3)-Sn(l)-As(6)-Sn(2) outlining 

one square and As(I)-As(2)-As(3)-As(4) defining the other which is rotated 45° relative 

to the first. Significant Bar-As (3.233(2)-3.615(2) A) and Ba-Sn (3.515(9)—3.588(2) A) 

distances in Ba2Sn4As6  are comparable to those in Ba2Sn2As4  (Ba-As: 3.246(2)-3.5I0(2) 

A),30 BaogHfuAsuj (Ba-As: 3.202(3)-3.461(5) A),34 Ba6Sn2P6 (Ba-Sn: 3.503(1) A),35 

and BasSn3 (Ba—Sn: 3.585-3.613 A).36

Conventional wisdom suggests that compounds whose composition consists of an 

electropositive (alkali or alkaline earth metal) and an electronegative (p-block elements) 

component should adhere to the Zintl concept, which prescribes that the electronegative 

atoms attain an octet through formation of covalent bonds or presence of lone pairs. 

Examination of the systems A/SnlPn (A = Ca, Sr, Ba; Pn = P, As, Sb) reveals that all 

known phases (Sr3Sn2P4 ,37 Ba3Sn2P4,38 and Ba6Sn2P6;35 Ca5Sn2As6,26 SrSn2As2,17 and 

Ba3Sn2As4 ;30 SrSn3Sb433 and Ba2Sn3Sb632) can be classified as Zintl compounds, their 

structures based on tetrahedral SnPn* or Sn(SnPnj) and trigonal pyramidal S11/V13 

building blocks. Applying the Zintl concept to Ba3Sn4As6 results in the formulation 

(Ba2+)3 [Sri4As6]6‘, where the electropositive Ba atoms are assumed to transfer two 

valence electrons to the anionic substructure. However, assigning formal charges to the 

Sn and As atoms is not straightforward because of the disorder observed in the structure.
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Instead, we examine the hypothetical ordered structures represented by the limiting 

extremes “BaiSmAss” {Model A) and “BaiSnsAse” {Model B). Assuming a closed-shell 

configuration (octet) for the Sn and As atoms, formal charges are assigned to be I -  and 0 

for three- and four-bonded Sn, respectively, while they are 2-, 1-, and 0 for one-, two-, 

and three-bonded As, respectively. Applying these formal charge assignments based on 

these structures (Figure 4-3) results in the formulations (Ba2+)4 [Sn2As6]I0_ and 

(Ba2*)2 [SnfrAs6 ]2“ This means that the hypothetical structures of Model A and Model B 

carry net charges of 2- and 2+, respectively, and therefore cannot be considered Zintl 

compounds by themselves! However, a superposition consisting of an equal mixture of 

*i[Ba4 Sn2As6]2-” and it[Ba2Sri6As6]2+” yields a charge-neutral structure. 

“[Ba2Sn6As6 ]2+[Ba4 Sn2As6 ]2-” or “BajSruAsg” which does adhere to the Zintl concept. 

Such an analysis thus provides a rational explanation for the inherent disorder observed 

in Ba3SntAs6 -

ELECTRICAL RESISTIVITY

Although the assumption of semiconducting behavior is probably accurate for the 

vast majority of classical Zintl phases, a surprising number of exceptions3-11 exist which 

demonstrate that metallic behavior can result from increased band overlap, diminished 

band gaps, or partial electron transfer from the cations to the Zintl anions. These 

exceptions to the rule should not deter the application of the Zintl concept in providing a 

convenient and qualitative approach to rationalizing the structure and bonding of 

numerous solid state compounds but they should remind us of the limitations that the 

concept has in predicting the interactions among energy levels, a task for which it was not
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originally intended. For quantitative results, more sophisticated calculations39-*1 should 

be employed.

Previously, we have begun to study the electronic properties of Zintl compounds 

of the heavier main-group elements,7 for which metallic conduction is more prevalent. 

The metallic Zintl compounds 4Sn3Sb4 (A = Sr, Eu)7-33 and Ba2Sn3Sb632 were found to 

exhibit such behavior through band broadening caused by bonding interactions between 

adjacent channels built up of the semimetals Sn and Sb. A representative plot of the 

electrical resistivity of BasSnjAse, measured along the needle axis a, as a function of 

temperature, is shown in Figure 4-5, which shows that it is weakly metallic (p2% = 2.7 x 

I O'4 Q cm, pis = 1.2 x 10"4 Q cm, P290/P25 = 2.3). The compound is expected to be an 

anisotropic conductor owing to the two-dimensional nature of the structure although this 

needs to be confirmed by band structure calculations or resistivity measurements along 

the remaining two axes. The latter was not possible owing to the small dimensions of the 

crystal perpendicular to the needle axes.

STRUCTURAL RELATIONSHIPS

It is not surprising that the limiting substructures “BaiS^Ass'’ (Model A) and 

“Ba2Sn6 As6” CModel B) have not been reported since our exercise of assigning formal 

charges to the atoms revealed that there is a net nonzero charge for these proposed 

structures, therefore violating the Zintl concept. Curiously, there does exist a Zintl phase 

CasSn2As6  (Pbam),26 whose structure resembles that of Model A in consisting of one

dimensional chains of comer-sharing tetrahedra separated by alkaline earth cations. This 

suggests that given the composition “Ba4 Sn2As6”, a Zintl compound is not expected to
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form but addition of a divalent cation into the formula may result in the charge-neutral 

phase “BasSnjAsfi,” although we have not detected it. Other factors besides charge 

balance, such as the size of cation, may play an important role in influencing the structure 

of Zintl compounds. One can postulate that the large Ba atoms in Ba3SruAs6 provide 

sufficient room to accommodate Sn-Sn dumbbells into the structure.

The other limiting structure “BaiSnaAse” represents a stuffed version of Model A 

whereby Sn-Sn pairs replace all of the Ba(l) and Ba(2) cations, resulting in corrugated 

layers of Sn and As that are separated by alkaline earth atoms. Within the two- 

dimensional layers, tetrahedral and trigonal pyramidal Sn units share comers to form 

pentagonal channels extending along the a axis. This hypothetical structure "B aiS rvW  

belongs to a larger family of low-dimensional structure types which also feature 

corrugated layers containing five-membered channels (Figure 4-6). The simplest 

structure in this group is the binary phase GeAsj (Pbamf2 (Figure 4-6a), whose structure 

consists of the corrugated layers stacked parallel to each other in the absence of any 

intervening cations. Insertion of alkaline earth atoms between the layers results in the 

structure of Ba^ngSb^ (Pnrna)14 (Figure 4-6b). Note that heteroatomic “dumbbells” 

(Ge-As and In-Sb), analogous to the Sn-Sn pairs in BajSruAsa, constitute one side of the 

five-membered rings in the structures of GeAsj and BadngSbie, accompanied by 

homoatomic bonding between the more electronegative main-group element (Sb-Sb and 

As-As). Consistent with the substitution pattern of the five-membered rings in 

Ba3Sn4As6 , the pentagonal channels in Ba3SuP6 (P2\lmfi (Figure 4-6c) feature Si-Si 

pairs. However, the channels are joined through the Si—Si dimers to give infinite zigzag 

chains of Si atoms within the corrugated layers, resulting in a slightly different structure.
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The discovery of BasSn+Asg provides another example of the relevance and 

effectiveness of the classical Zintl concept in rationalizing the structure and bonding of 

many solid state compounds containing a combination of electropositive (alkali and 

alkaline earth elements) and electronegative (groups 13-17) elements. The tendency for 

atoms to complete their octets according to the 8-/V rule in Zintl phases lends a degree of 

rationality towards the structural investigation of this large class of materials that is not 

present in the study of other types of solid state compounds such as intermetallics. It is 

worthwhile to exploit the convenience of this scheme in the design of new materials, 

especially those with interesting features such as channels, cages, or low-dimensionality. 

which may lead to useful properties.
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Table 4-1. Crystallographic Data for Ba3 Sii|As6

Formula

Formula mass, amu 

Space group

a, A

b, A

c, A 

P, deg.

V, A3 

Z

T,°C

Diffractometer

Pcaic> 8  c m

Crystal dimensions, mm 

Radiation

p(MoATa), cm-1 

Transmission factors 6 

Scan type

Scan speed, deg. min_l 

Scan range, deg.

26 limits

Data collected

No. of data collected

B a 3 S n 4 A s 6

1336.30

Clh-P 2 t/n  (No. 14)

8.6374(10) “

18.3536(13) a 

9.7209(11)°

90.05(2)*

1541.0(3)

4

22

Enraf-Nonius CAD4 

5.760

Dark grey needle, 0.45 x 0.11 x 0.06

Graphite monochromated MoATa 
X = 0.71073 A

266.6

0.158-0.300

0-20

1.7

0.5+ 0.344 tan 0 

2° < 20(MoATa) < 70°

-1 2 <A< 13,-29<yt<29,-15 < /<  15 

23058
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Table 4-1. Crystallographic Data for Ba3SntAs6 (continued)

No. of unique data, including F02 < 0 6727 (Rmt = 0.1079)

No. of unique data, with F02 > 2cr(F02) 5016

No. of variables 133

Extinction coefficientc 0.00029(6)

R{F) for F02 > 2o(F02) d 0.063

R,(F02) e 0.177

Goodness of fit-̂ 1.05

(Ap)max, (Ap)min» 6 A ' 5.8,-5.1

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

b A Gaussian-type absorption correction was applied, with the use of programs in the 

SHELXTL package (Sheldrick, G. M. SHELXTL Version 5.0, Siemens Analytical X- 

Ray Instruments, Inc., Madison, WI, 1994).

c An extinction parameter x was refined, where Fc is multiplied by: &[1 + 0.001 * x * Fc2 

* k3 / sin(20)]~I/4.

'  &(F) = I ,\\F '\- \F 'y Z \F '\.

'  *.(*■.’) = 0 0 ?  =[<t! (F;)+(0.0652/>); + 72.1812P]

where P = [max(F02,0) + 2FC2 ] / 3.

f  GooF = S = [j][w(F0: -  Fc2)2]/(n -  p )\~  where n is the number of reflections and p  is 

the total number of parameters refined.
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Table 4-2. Atomic Coordinates, Occupancies, and Equivalent Isotropic Displacement 

Parameters (A2) for BajSojAse

Atom

Wyckoff 
position, site 

symmetry X y T Occupancy II a t-'eq

Ba(l) 4e 1 0 .1 1 1 2 (1 2 ) 0.2893(4) 0.4384(11) 0.115(3) 0 .0 1 2 1 (2 )

Ba(2) 4e I 0.6259(2) 0.28756(5) 0.44216(14) 0.865(4) 0 .0 1 2 1 (2 )

Ba(3) 4e I 0.1216(2) 0.54293(5) 0.23888(10) I 0.0158(2)

Ba(4) 4e 1 0.6275(2) 0.54611(5) 024799(10) 1 0.0180(2)

Sn(I) 4e 1 0 .1 2 1 1 (2 ) 0.37444(6) 0.50562(14) 0.848(3) 0.0106(2)

Sn(2) 4e 1 0.6100(11) 0.3746(4) 0.4996(10) 0.128(2) 0.0106(2)

Sn(3) 4e I 0.3666(2) 0.35998(5) 0.15578(10) 1 0.0115(2)

Sn(4) 4e I 0.8841(2) 0.36023(5) 0.15112(11) 1 0.0130(2)

Sn(5) 4e 1 0.1223(2) 0.23721(6) 0.36173(14) 0.848(3) 0 .0 1 0 1 (2 )

Sn(6 ) 4e I 0.6088(11) 0.2372(4) 0.3518(10) 0.128(2) 0 .0 1 0 1 (2 )

As(l) 4e 1 0.1242(3) 0.11086(8) 0.5018(2) I 0.0126(3)

As(2) 4e I 0.6295(3) 0.09850(9) 0.5022(2) 1 0.0163(3)

As(3) 4e I 0.3773(3) 0.43476(8) 0.38189(15) I 0.0130(3)

As(4) 4e 1 0.8713(3) 0.43207(8) 0.37967(15) I 0.0130(3)

As(5) 4e I 0.3746(4) 0.22145(8) 0.2068(2) 1 0.0133(3)

As(6 ) 4e I 0.8755(4) 0 .2 2 2 0 2 (8 ) 0.2031(2) 1 0.0141(3)

a C/eq is defined as one-third of the trace of the orthogonalized f/jj tensor.
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Table 4—3. Selected Interatomic Distances (A) and Angles (°) for Ba3Sn»As6

Sn(l)-As(3) 2.752(3) Ba(l)-Sn(4) 3.651(10)

Sn(l)-As(4) 2.696(3) Ba(2)-As(2) 3.519(2)

Sn(l)-Sn(5) 2.8810(15) Ba(2)-As(3) 3.500(3)

Sn(2)-As(3) 2.562(9) Ba(2)-As(4) 3.450(3)

Sn(2)-AsC4) 2.752(10) Ba(2)-As(5) 3.354(3)

Sn(2)-Sn(6) 2.902(10) Ba(2)-As(5) 3.378(3)

Sn(3)-As(l) 2.736(3) Ba(2)-As(6) 3.340(3)

Sn(3)-As(2) 2.645(3) Ba(2)-As(6) 3.392(3)

Sn(3)-As(3) 2.593(2) Ba(2)-Sn(3) 3.811(2)

Sn(3)-As(5) 2.591(2) Ba(2)-Sn(4) 3.843(2)

Sn(4)-As(l) 2.724(3) Ba(3)-As(l) 3.443(2)

Sn(4)-As(2) 2.678(3) Ba(3)-As(2) 3.351(2)

Sn(4)-As(4) 2.586(2) Ba(3)-As(2) 3.469(2)

Sn(4)-As(6) 2.588(2) Ba(3)-As(3) 3.278(2)

Sn(5)-As(l) 2.689(2) Ba(3)-As(4) 3.270(3)

Sn(5)-As(5) 2.666(3) Ba(3)-As(4) 3.737(2)

Sn(5)-As(6) 2.644(3) Ba(3)-As(5) 3.319(2)

Sn(6)-As(2) 2.941(8) Ba(3)-Sn(l) 3.588(2)

Sn(6)-As(5) 2.482(10) Ba(3)-Sn(2) 3.757(9)

Sn(6)-As(6) 2.734(10) Ba(4)-As(l) 3.468(2)

Ba(l)-As(l) 3.334(8) Ba(4)-As(l) 3.745(2)

Ba(l)-As(3) 3.567(9) Ba(4)-As(2) 3.355(3)

Ba(l)-As(4) 3.389(9) Ba(4)-As(3) 3J247(3)
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Table 4-3. Selected Interatomic Distances (A) and Angles (°) for BajSiuAse (continued)

Ba(l)-As(5) 3.322(11) Ba(4)-As(3) 3.615(2)

Ba(l)-As(5) 3.435(10) Ba(4)-As(4) 3.233(2)

Ba(l)-As(6) 3.300(10) Ba(4)-As(6) 3.264(2)

Ba(l)-As(6) 3.445(11) Ba(4)-Sn(l) 3.545(2)

Ba(l)-Sn(3) 3.756(10) Ba(4)-Sn(2) 3.515(9)

As(3 )-Sn( I )-As(4) 106.69(6) Sn(3)-As( I )-Sn(4) 109.91(6)

As(3)-Sn( I )-Sn(5) 97.83(6) Sn(3)—As( 1 )-Sn(5) 95.95(7)

As(4)-Sn( I )-Sn(5) 97.22(6) Sn(4)-As( I )-Sn(5) 96.11(7)

As(3)-Sn(2)-As(4) 106.8(3) Sn(3)-As(2)-Sn(4) 103.07(6)

As(3)-Sn(2)-Sn(6) 98.7(3) Sn(3 )-As(2)-Sn(6) 94.5(2)

As(4)-Sn(2)-Sn(6) 97.2(3) Sn(4)-As(2)-Sn(6) 88.6(2)

As( I )-Sn(3)-As(2) 105.33(6) Sn( 1 >-As(3)-Sn(2) 105.2(2)

As(l)-Sn(3)-As(3) 109.37(9) Sn( 1 )-As(3)-Sn(3) 97.43(8)

As(l )-Sn(3)-As(5) 105.97(9) Sn(2)-As(3)-Sn(3) 100.3(2)

As(2)-Sn(3)-As(3) 110.67(8) Sn( 1 )-As(4)-Sn(2) 108.3(2)

As(2)-Sn(3)-As(5) 114.28(9) Sn( 1 )-As(4)-Sn(4) 98.94(9)

As(3)-Sn(3)-As(5) 110.87(6) Sn(2)-As(4)-Sn(4) 101.8(2)

As( 1 )-Sn(4)-As(2) 108.01(6) Sn(3)-As(5)-Sn(5) 88.85(8)

As( 1 )-Sn(4)-As(4) 108.83(9) Sn(3)-As(5)-Sn(6) 90.9(2)

As( I >-Sn(4)-As(6) 105.74(9) Sn(5)-As(5)-Sn(6) 109.4(2)

As(2)-Sn(4)-As(4) 110.77(9) Sn(4)-As(6)-Sn(5) 89.27(8)

As(2)-Sn(4)-As(6) 113.94(10) Sn(4)-As(6)-Sn(6) 91.6(2)

As(4)-Sn(4)-As(6) 109.32(6) Sn(5)-As(6)-Sn(6) 111.1(2)
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Table 4-3. Selected Interatomic Distances (A) and Angles (°) for BajSn4As6  (continued)

As( I )-Sn(5)-As(5) 100.83(7)

As( 1 )-Sn(5)-As(6) 102.05(7)

As(l)-Sn(5)-Sn(l) 120.54(6)

As(5)-Sn(5)-As(6) 108.54(7)

As(5)-Sn(5)-Sn( I) 111.87(7)

As(6)-Sn(5)-Sn( I) 111.84(7)

As(2)-Sn(6)-As(5) 103.3(3)

As(2)-Sn(6)-As(6) 97.1(3)

As(2)-Sn(6)-Sn(2) 120.4(3)

As(5)-Sn(6)-As(6) 112.0(3)

As(5)-Sn(6)-Sn(2) 112.6(4)

As(6)-Sn(6)-Sn(2) 110.3(3)
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Figure 4—1. View of Ba3 Sn4As6  down the a axis with the unit cell outlined and the 

atoms labeled. The large lightly shaded circles are Ba atoms, the medium 

solid circles are Sn atoms, and the small open circles are As atoms.
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Figure 4—2. Projection down the b axis showing the relative distributions of Ba 

and Sn-Sn pairs. Large open and solid circles are Ba(l) and Ba(2) sites, 

respectively; small open and solid circles are Sn(l)-Sn(5) and Sn(2)-Sn(6) 

pairs, respectively.
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(a) “Ba4Sn2As6” (Z = 4) (b) “Ba2Sn6As6” (Z = 4)

-►c
Figure 4-3. View of the proposed limiting structures (a) “Ba^S^As*” (Model A) and (b) “Ba2Sn6As6” (Model D), showing one

dimensional chains of corner-sharing tetrahedra and two-dimensional corrugated layers with pentagonal channels, 

respectively. The labelling scheme is the same as for Figure 4-1.
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(a) (b)

Ba(1)

Sn(4)

Sn(3)

Ba(2)

Sn(3)

Sn(4)

(C)

Ba(3)

Sn(1)

Sn(2)

(d)

Ba(4)

Sn(1)

Figure 4-4. Coordination environments around Ba atoms in BasSn+Ase. Solid 

lines represent normal Ba-As or Ba-Sn bond distances and dashed lines 

represent weaker interactions.
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Figure 4-5. Plot of the electrical resistivity of Ba3 SatAs6 , measured along the 

needle axis a.
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(a) GeAs2 (Pbam) (c) Ba3Si4P6 (P2i/m)
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Figure 4-6. Comparison of the structures of (a) GeAsi, (b) Ba^InnSb|(„ (c) Ba3Si4 P(„ and (d) Ba.iSoiASf,. The large lightly shaded 

circles are Ba atoms, the small solid circles are Ge, In, Si, or Sn atoms, and the medium open circles are P, As, or Sb atoms. NOOQ
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CHAPTERS

The Ternary Arsenide Bao.8Hfi2Asn.7, a Variant of the Cr12P7 

Structure Type with Inserted Arsenic Ribbons1̂

INTRODUCTION

Ternary pnictides of the early transition metals provide fertile ground for 

discovering new classes of Zintl compounds. 1 The transition metal component introduces 

the potential for d electrons to participate in a variety of interesting electrical and 

magnetic phenomena, such as colossal magnetoresistance in EuuMnSbu. 2 The 

restriction to the early transition metals rests on the expectation that phases isostructural 

to the main group analogues can be prepared. Thus, for instance, the A uMn/Vit i (A = Ca. 

Sr, Ba, Eu; Pn = P, As, Sb, Bi) phases1"* adopt the CauAlSbu structure type. 5 There are 

few other ternary alkaline earth arsenides of the early transition metals known (A*TiPm 

(A = Sr, Ba; Pn = P, As) 6  and y4 Cr2As2 (A = Ca, Sr, Ba)7), none of these exhibiting As-As 

bonding.

We report here the synthesis and structure of the nonstoichiometric ternary 

arsenide Bao.gHft2Asi7.7 . While an analogous main group compound is not expected

f A version of this chapter has been published. Lam, R.; Mar, A. Inorg. Chem. 1998,57,5364. Copyright 
1998 American Chemical Society.
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(because of the high CN of Hf), Bao.sHfuAsn.T displays the unusual feature of As ribbons 

inserted between isolated columnar assemblies of Hf6  trigonal prisms. These ribbons 

represent, to our knowledge, the first example of the stabilization of extended 

homoatomic bonding of the nonmetal (or metalloid) component within the large family of 

hexagonal structures based on the stacking of trigonal prisms. 8 Extended Huckel band 

structure calculations are presented to lend insight into the nature of As-As bonding in 

Bao.gHft 2 As 17.7.

EXPERIMENTAL SECTION

SYNTHESIS

Single crystals of Bao.sHfoAsixy were obtained from reaction of a 0.25-g mixture 

of Ba, Hf, and As in a 3:1:5 ratio in a tin flux (Ba, 107 mg, 0.78 mmol, 99.9%, Alfa- 

Aesar; Hf, 46 mg, 0.26 mmol, 99.8%, Cerac; As, 97 mg, 1.30 mmol, 99.99%. Alfa-Aesar: 

Sn, 309 mg, 2.60 mmol, 99.8%, Cerac) loaded into a sealed and evacuated fiised-silica 

tube (7 cm length, 10 mm i.d.). The mixture was heated at 600 °C for 1 day and 950 °C 

for 2 days, cooled to 600 °C over I day, and then cooled to room temperature over 10 

hours. Dissolving the excess Sn in concentrated HCI afforded thin needles of the ternary 

compound, as well as the binary phases HfAs9  and S114AS3 10 as byproducts. EDX 

(energy-dispersive X-ray) analysis of these crystals on a Hitachi S-2700 scanning 

electron microscope confirmed the presence of all three elements (Ba, 3(1); Hf, 44(1); 

As, 53(1) mol %; average of 8  analyses) and the absence of any residual Sn. The 

observed powder X-ray diffraction pattern of BaogHfhAsiyj, obtained on an Enraf-
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Nonius FR552 Guinier camera (Cu Kai radiation; Si standard), agrees well with that 

calculated from the crystal structure by the program LAZY-PULVERIX11 (Table A-8).

STRUCTURE DETERMINATION

Weissenberg photographs clearly revealed Laue symmetry 6/m and gave 

preliminary cell parameters. Final cell parameters were determined from a least-squares 

analysis of the setting angles of 38 reflections in the range 18° < 20(MoKa) < 29° 

centered on a Siemens P4RA diffractometer. Crystal data and further details of the data 

collection are given in Table 5-1.

Calculations were carried out with the use of programs in the SHELXTL (Version 

5.0) package.12 Conventional atomic scattering factors and anomalous dispersion 

corrections were used.13 Intensity data were processed, and face-indexed Gaussian-type 

absorption corrections were applied in XPREP. The systematic extinction (00/: l = 2n +

1) was noted, suggesting Cf -  P6i and C62,, -P6~/m  as possible space groups. The 

centrosymmetric space group P6j/m was chosen based on intensity statistics, satisfactory 

averaging, and the successful structure solution. The initial positions of the Hf and As 

atoms were found by direct methods, and the structure was refined by least-squares 

methods. Residual electron density at 0,0, -0.14 was assigned to Ba based on reasonable 

Ba-As distances. Note, however, that frill occupation of Ba atoms at this site results in 

close contacts (< 1 A) between symmetry-equivalent positions, as well as a very high 

value for the displacement parameter. The As(l) and As(4) sites also revealed 

anomalously large displacement parameters. When the occupancy parameters for these 

sites were refined, they converged to values of 20.9(6)% for Ba, 56(1)% for As(l), and

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



105

39(1)% for As(4), and the displacement parameters were now comparable to those of the 

other atoms. The occupancies of the Hf(l), Hf(2), As(2), and As(3) atoms were 

essentially 100%. The resulting formula, Bao.gHfiiAsn.?, is consistent with the chemical 

analysis determined independently (vide supra). The atomic positions were standardized 

with the use of the program STRUCTURE TIDY.14 The final cycle of least-squares 

refinement on F02 of 44 variables (including anisotropic displacement parameters and an 

isotropic extinction parameter) and 1148 averaged reflections (including those having F02 

< 0) converged to values of FW(F02) of 0.118 and R(F) (for F02 > 2a(F02)) of 0.063. The 

final difference electron density map is featureless (Apnm = 5.58; Apmj„ = -5.36 e" A-J). 

Final values of the positional and equivalent isotropic displacement parameters are given 

in Table 5-2 and anisotropic displacement parameters are listed in Table A-9.

ELECTRICAL RESISTIVITY

Single crystals of ~0.5 mm length, verified to be Bao.sHfiiAsnj by EDX analysis, 

were mounted with Ag paint on Au wires with graphite extensions. Four-probe ac 

electrical resistivity data were measured along the needle axis c of these crystals between 

25 and 290 K.

BAND STRUCTURE

One-electron band structure calculations on the hypothetical fully-stoichiometric 

[Hfl2As24] substructure were performed by the tight-binding method with an extended 

Huckel-type Hamiltonian.IS’16 Extended Huckel parameters used17' 18 are listed in Table
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5-3. Properties were extracted from the band structure using 50 k  points in the 

irreducible portion of the BriUouin zone.19

RESULTS AND DISCUSSION

DESCRIPTION OF THE STRUCTURE

Bao.8Hfi2Asi7.7 adopts a novel structure, shown in projection down the short c axis 

in Figure 5—1. Selected interatomic distances and angles are listed in Table 5-4. In order 

to draw structural relationships, it will be advantageous to view the structure of 

Bao.gHft2Asi7.7 as comprising assemblies of As(3)-centered trigonal prisms whose 

vertices are the Hf(l) and Hf[2) atoms. Three AsHfj trigonal prisms are linked to give a 

larger triangular grouping, in turn generating a vacant site at X  *% ’ X  - The triangular

faces of these trigonal prisms are then shared to give the columnar assemblies JfAsjHfe] 

running along [001]. Separating these columns are Ba cations and six-atom wide ribbons 

built up from As(l), As(2), and As(4). Figure 5-2 shows a view perpendicular to one of 

these As ribbons, which consists of alternating short (As(2)-As(4) 2.518(5) A, As(l)- 

As(l) 2.495(6) A) and long (As(l)-As(4) 2.599(5) A) bonds. These distances are slightly 

longer than those for typical As-As single bonds (2.4-2.5 A).20-25 The ribbons are nearly 

flat, with As-As-As bond angles of 86.2(2)-92.01(8)°. While the As(2) sites at the two 

edges of the ribbon are fully occupied, the inner As(l) and As(4) sites are deficient, with 

occupancies of 56(1)% and 39(1)%, respectively. These ribbons may be considered to be 

excised from infinite square nets, which form a common motif in the structures of many 

pnictides and chalcogenides.26 In particular, square nets of partially-occupied (57.5%) As

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



107

sites, at comparable As-As distances of 2.563(7) A, also occur in the compound 

Zr2Asl9S (ZrSiS-type structure).27 One interpretation for the As vacancies is that the 

ribbon is constructed locally from finite zigzag segments of As atoms, stitched together at 

irregular intervals. We have not detected any superstructure reflections that might 

suggest long-range order of these As vacancies.

Alternatively, the more conventional approach of viewing the structure as 

consisting of coordination polyhedra centered by the electropositive Hf and Ba atoms is 

also useful. The Hf atoms adopt two types of coordination geometries, as shown in 

Figure 5-3. The Hf(l) atoms are coordinated by nine As atoms at distances of 2.718(2)— 

2.842(3) A in a monocapped square antiprism, the capping As atom being tilted to one 

side as is characteristically observed. The Hf(2) atoms are coordinated by eight As atoms 

at distances of 2.730(2)-2.839(7) A in a more regular square antiprism. These Hf-As 

distances are comparable to those in the binary HfAs2 (2.77(5)-2.92(2) A), in which a 

similar Hf monocapped square antiprismatic coordination is found.9 The Ba atoms, at the 

sites 4e (0, 0, z, with z = 0.137), are located along the sixfold axes within channels 

outlined by the As(2) atoms. Each Ba atom is coordinated by nine As(2) atoms at 

distances of 3.202(3)-3.852(7) A in a tricapped trigonal prism. As shown in Figure 5—4, 

the short 0.80(2) and 0.97(2) A contacts preclude fiill occupancy of these sites. The 

refined partial occupancy of 20.9(6)% implies that approximately every fourth site 

contains a Ba atom, consistent with a reasonable minimum Ba-Ba separation equal to the 

c repeat (3.5526(4) A). Perhaps the best interpretation of this disorder is that first 

proposed for the closely-related Vi2P7  structure:28 while there may be local ordering of 

Ba atoms along a particular sixfold axis (r.e., only one of the four possible sites 0, 0,

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



108

0.137; 0, 0, 0.363; 0, 0, 0.637; or 0, 0, 0.863 is occupied), it is the distribution of such 

axes that is either random or incommensurate with the unit cell repeats.

STRUCTURAL RELATIONSHIPS

The formula of the title compound may be represented as Bai_xHfi2As24->> where 

there are deficiencies in both the Ba and As sites. Assuming exactly 25% occupancy of 

the Ba site (necessary to maintain sensible Bar-Ba separations) and 100% occupancy of 

all As sites, we will refer to the ideal formula as BaHfi2As24 for the discussion that 

follows. This helps to draw attention to its close relation to a large family of hexagonal 

structure types with a metal/nonmetal ratio close to 2 and built up of linked trigonal 

prisms. However, there are some unique differences displayed by BaHfi2As24 that make 

it a novel addition to this family. BaHfi2As24 is best regarded as an intermediate structure 

type between the Cr^P? (anti-ThvSu)28-32 and Ho6Ni2oPi3 types,33-37 as shown in Figure 

5-5. All three structures share the feature of the large triangular assembly of linked 

trigonal prisms extended as columns along the threefold axes of the unit cell. From one 

point of view, Cr^P? and BaHfj2As24 are similar in having the nonmetal atoms centered 

in the outermost trigonal prisms whose vertices are the metal atoms; the central trigonal 

prism remains vacant. Then, insertion of ribbons of As atoms into tetrahedral (As(l), 

As(4)) and trigonal pyramidal (As(2)) sites between these triangular assemblies results in 

the BaHfi2 As24 structure. From another point of view, BaHf|2As24 can be regarded as an 

antitype of the HofiNi2oPi3 structure, in which the metal and nonmetal atoms are 

interchanged. Moreover, there is a triangular (planar) site at X  ’X  ^ at *s occupied 

by a Ni atom in Ho6Ni2oPi3 but is vacant in BaHfi2As2 4- The Ni atom closest to the
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sixfold axis is disordered over two closely-spaced sites in HofrNiioPn,33 while the 

corresponding As atom is well-behaved in BaHfuAs2 4. This occurs in association with 

the disorder of the atom occupying the channels along the sixfold axis 0,0, z. While it is 

at z = 0 or z = Y  where a small nonmetal atom is located for most Q 12P7- and 

Zr6Ni2oPi3-related structures, the large Ba atom achieves its high CN to surrounding As 

atoms by being situated at z = 0.137. The relationship between the CruP7, BaHfi2As24, 

and Ho6Ni20Pi3 structures is summarized in Table 5-5, which shows the correspondence 

between the various atomic sites and their occupation.

ELECTRICAL RESISTIVITY

A representative plot of the electrical resistivity of Bao.sHfuAstr?. measured 

along the needle axis c, as a function of temperature, is shown in Figure 5-6. It is poorly 

metallic with resistivity values (P29 0 ~ 3 x 10"4 Q cm, P25 = 2 x 10-4 Q cm, and P290/P2 5 56 

0.63) that are consistent among several samples. For the linear portion of the curve, the 

temperature coefficient is 4 x 10~7 Q cm K"1. The plateau at low temperature arises from 

impurity scattering.

BONDING

Whether one considers the idealized formula BaHfi2As2 4 or the observed 

nonstoichiometric one BaogHfoAs^j, a first approximation of the distribution of 

electrons via the ZintI scheme (metal atoms transferring their valence electrons to the 

nonmetal atoms) dictates that the As atoms cannot attain an octet without forming 

additional homoatomic bonds. For instance, the idealized formulation
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(Ba2'*’) [(FIf4*) 12(As2'l_)24] implies that, on average, each As atom has only 7.1 valence 

electrons available to it, so that some As-As bonding must occur. For the observed 

nonstoichiometric composition and assuming As(3) to be As3-, the more detailed 

formulation (Ba2+)o.8[(Hf4+)i2(As(3)3_)6(As2'7_)n.7] also implies that As is not fully 

reduced within the ribbons and that weak As-As bonding is present. This ionic extreme 

is not expected to be realistic, of course.

The band structure calculation on the ideal [HfiiAsi-t] framework confirms the 

presence of significant covalency in the Hf-As bonds. As shown in Figure 5—7, both Hf 

and As states have substantial contributions to the DOS in the region -16 to -10 eV. 

Equally important, the Hf and As bands are broad enough to overlap such that there is no 

energy gap. Assuming a rigid band model, the Fermi level in the actual compound 

(substoichiometric in As) falls in the valence band, consistent with the metallic behavior 

observed experimentally. Certainly, the presence of As vacancies will modify the details 

of orbital overlap in the true electronic structure, but limitations in the EHMO framework 

preclude a straightforward way of modeling vacancies. Particularly satisfying, 

nonetheless, is that even this simple band picture provides insight as to why As 

deficiencies occur in Bao.sHfuAs^j. Figure 5-8 shows the COOP curves for the As-As 

contacts within the As ribbons in the structure. At the electron count corresponding to 

the observed stoichiometry, the Fermi level just separates the As-As bonding states from 

the As-As antibonding states; that is, the extent of As-As bonding is maximized at 

precisely this electron count. Within this ribbon (Figure 5-2), the average integrated As- 

As overlap population is 0.476, indicating fairly strong bonding interactions. The 

alternation of strong and weak As-As bonding (integrated overlap populations: As(2)-
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As(4) 0.553, As(4)-As(l) 0.389, As(l)-As(l) 0.499) is reminiscent of a similar pattern 

observed in the ribbons of Sb atoms in P-ZrSbj. The depopulation of the As-As 

antibonding states occurs at the expense of Hf-As bonding. Figure 5-9 shows the COOP 

curve for the Hf-As bonds in the structure. The Fermi level is lowered to a point below 

which depletion of strongly Hf-As bonding levels would no longer be compensated by 

any further gain in As-As bonding within the ribbons.

Overall, the band structure is in good agreement with the qualitative picture 

expected for a compound displaying homoatomic bonding of only the nonmetal 

component.1 The overlap of As p states with Hf d states that can accept electron density 

back from the higher-lying As-As antibonding states is in part responsible for the 

metallic conduction.

There is an immense structural diversity displayed by the hexagonal structures 

built up from trigonal prisms centered by metal atoms. Generally these compounds are 

metal-rich, and metal-metal bonding is a predominant feature. The identification of 

Bao.8Hfi2Asi7.7 is significant in that it implies the existence of an equally rich family of 

inversely-related structures in which nonmetal-nonmetal bonding plays the important 

stabilizing role.
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Formula

Formula mass, amu 

Space group

a, A 

c, A 

v, A3

Z

T,° C

Dif&actometer 

pcaic, g cm'3

Crystal dimensions, mm 

Radiation

(i(MoATa), cm-1 

Transmission factors b 

Scan type

Scan speed, deg. min-1 

Scan range, deg.

20 limits

Data collected

No. of data collected

No. of unique data, including F02 < 0

No. of unique data, with F02 > 2a(F02)

B a o .8 H f i2 A s i7 .7

3577.85

C;h - P 6 3/m (No. 176)

14.997(1) “

3.5526(4) °

692.0(1)

I

22

Siemens P4RA 

8.617

0.265 x 0.003 x 0.003

Graphite-monochromated MoATa,
X = 0.71073 A

670.6

0.763-0.849

0-29

5.0

0.40 below Kcli to 0.40 above Ka?

2° < 20(MoATa) < 70°

-15 <h<23,-24<k<  17,-5 < / < 5  

7115

1148 (Fint = 0.158)

654
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Table 5-1. Crystallographic Data for Bao.sHfuAsi™ (continued)

No. of variables 44

Extinction coefficientc 0.0013(1)

R(F) for F02 > 2ct(F02) d 0.063

RyXFo)e 0.118

Goodness of fitf  1.06

(Ap) max* (Ap)min» 2 A 5.6, 5.4

a Obtained from a refinement constrained so that a  = (3 = 90° and y = 120°.

6 A Gaussian-type absorption correction was applied, with the use of programs in the 

SHELXTL package (Sheldrick, G. M. SHELXTL Version 5.0, Siemens Analytical X- 

Ray Instruments, Inc., Madison, WI, 1994).

e An extinction parameter .t was refined, where Fc is multiplied by: k[ 1 + 0.001 * .r * Fc2 

* X3 / sin(20)r,/4.

rfW  = l K | - | F c| | / l |F 0|.

e ^ ( F ; )  = [ I [> v (F ;-F ;)2] /X v v F : r ;  W1 = [ a \F ; )  + (0.0356F): +0.00P] where 

P = [max(F;,0) + 2Fc2]/3.

1 GooF -  S  =fe[w (F02 -  Fc2)2]/(« -  p ) f 2 where n is the number of reflections and p  is 

the total number of parameters refined.
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Table 5-2. Atomic Coordinates, Occupancies, and Equivalent Isotropic Displacement 

Parameters (A2) for Bao.gHft2Asi7.7

Atom

Wyckoff 
position, site 

symmetry X y y Occupancy II a(-/eq

Ba 4e 3 . . 0 0 0.137(3) 0.209(6) 0.033(6)

Hf(I) 6 h m . . 0.35495(7) 0.11892(7) % I 0.0042(2)

Hf(2) 6 h m .. 0.61802(8) 0.17720(8) lA I 0.0042(2)

As(l) 6 h m  . . 0.0142(3) 0.4500(3) l/4 0.56(1) 0.006(1)

As(2) 6 h m .. 0.0718(2) 0.2384(2) */4 1 0.0053(5)

As(3) 6 h m . . 0.2850(2) 0.5099(2) ‘/4 I 0.0027(4)

As(4) 6 h m . . 0.3422(5) 0.2965(5) '/4 0.39(1) 0.007(2)

“ Ueq is defined as one-third of the trace of the orthogonalized U\\ tensor.

Table 5-3. Extended Huckel Parameters17.18

Atom Orbital Hu (eV) Cl Ci C2

Hf 6s -8.12 2.21

6p -4.50 2.17

5d -8.14 4.36 0.6967 1.709 0.5322

As 4s -16.22 2.23

4p -12.16 1.89
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Table 5-4. Selected Interatomic Distances (A) and Angles (°) for BaasHfuAsnj

Ba-As(2) 3.202(3) (x3) Hf(2)-As(3) 2.730(2) (x2)

Ba-As(2) 3.461(5)(x3) Hf(2)-As(3) 2.740(2) (x2)

Ba-As(2) 3.852(7) (x3) Hf(2)-As(l) 2.794(3) (x2)

Hf(l)-As(3) 2.718(2) (x2) Hf(2)-As(l) 2.805(4)

Hf(l)-As(4) 2.763(7) Hf(2)-As(4) 2.839(7)

Hf(l)-As(4) 2.803(5) (x2) As(l)-As(l) 2.495(6) (x2)

Hf(l)-As(l) 2.806(4) As(l)-As(4) 2.599(5) (x2)

Hf(l)-As(2) 2.823(2) (x2) As(2)-As(4) 2.518(5)(x2)

Hf(l)-As(2) 2.842(3)

As(2)-Ba-As(2) 118.45(9) (x3) As( 1 )-As( I )-As( 1) 90.8(3)

As(2)-Ba-As(2) 163.8(4) (x3) As( I )-As( 1 )-As(4) 91.5(1) (x2)

As(2)-Ba-As(2) 105.3(2) (x3) As(4)-As( 1 )-As(4) 86.2(2)

As(2)-Ba-As(2) 66.08(4) (x6) As(4)-As(2)-As(4) 89.7(2)

As(2)-As(4)-As(2) 89.7(2)

As(2)-As(4)-As( 1) 92.01(8) (x2)

As( 1 )-As(4)-As( 1) 86.2(2)
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-,0 - 5 7Table 5-5. Comparison of Site Occupation"

Sites CriiP7 BaHfi2As24 a H06Ni2oPi3

trigonal prisms 6 P 6 As 6 Ho

tetrahedra and pyramids ----- 18 As 18 Ni

triangles ----- ----- 2 Ni

vertices of trigonal prisms 12 Cr 12 Hf 12 P

disordered sites along 0,0, z 1 P I Ba I P

“ Ideal formula assuming 25% Ba and 100% As occupancies.
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2.495(6)

Figure 5—2. View of the As ribbon in Bao gHfI2As17 7 running along c and built 

up from As(2), As(4), and As(l).
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o o o

z = 0.863
‘S(2)

0.97(2)

z = 0.637

z = 0.363
As(2)

z = 0.137
Ba

As(2)

Figure 5-4. Coordination environment around Ba atom (at 0, 0, 0.137) in 

Bao gHfl2Asl7 7, disordered among symmetry-equivalent sites along the 

sixfold axis (0,0, z  at the z coordinates shown).
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(a) Cr 12P7 • c •  o

o

•  oo

2 = % y*
Cr O •
P o •

(b) “BaHf12As24”
Ba (2 = 0.137)

z =

o

o o

(c) Ho6Ni2oPi3 O o 0  o

Ho O

Figure 5-5. Comparison of the structures of (a) Cr^P?,30 (b) “BaHfuAsi^ (idealized 

formula), and (c) Ho6Ni2oPi3,34 shown in projection down the hexagonal c axis.
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Figure 5-6. Plot o f the electrical resistivity o f Ba08HfnAsl77) measured 

along the needle axis c.
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the [I H’i2As2 4] framework. The Fermi level corresponding to substoichiometric Bao nl lf^Asn 7 is shown.
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- 1 4
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- 1 8
0 +

Hf-As COOP

Figure 5-9. Crystal orbital overlap population curve for Hf-As contacts in the 

[Hfi2As24] framework. The Fermi level corresponding to Bao.sHfuAstr? 

is shown.
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CHAPTER 6

Rare-Earth Germanium Antimonides RE6Ges-x^u+x (RE  = 

La-Nd, Sm, Gd-Dy): Syntheses and Structures1̂

INTRODUCTION

Our continuing exploration of the ternary rare-earth main-group-element 

antimonide systems RExA^Sb: (A = Al, Ga, In, Si, Ge, Sn) has revealed a strikingly rich 

and structurally diverse crystal chemistry, reinforced by recent discoveries of the novel 

compounds LaoGagSb^i,1 RE aGa^Sb^ (RE = Lar-Nd, Sm),1 ££Ini_.rSb2 (RE = La-Nd),2 

/J£SnxSb2 (RE = La-Nd, Sm),3 and EuSn3Sb4 .4 In all of these systems, the ZintI
g n

concept is invoked as a tool to rationalize the complex networks formed by the 

electronegative main-group atoms and characterized by extensive homoatomic (Gar-Ga, 

In-In, Snr-Sn, Sb-Sb) bonding. Historically, the ZintI concept has served as a successful 

paradigm for explaining the bonding in valence compounds of the form MxAy or MxAyBz 

(M = alkali or alkaline-earth metal; A, B = main-group elements), where the assumption 

of complete transfer of valence electrons from the electropositive elements (M) to the 

electronegative main-group atoms (A, B), which use them to satisfy the octet rule, is

f A version of this chapter has been submitted for publication. Lam, R.; McDonald, R; Mar, A.
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tenable. However, the presence of “non-classical” structural features such as one- 

dimensional Sb ribbons or two-dimensional Sb square sheets, weak homoatomic bonding 

of the main-group elements, and partial covalent character in bonds between rare-earth 

and main-group elements in the aforementioned ternary compounds, poses challenging 

problems which test the limits of this important concept.9 The exception is the compound 

EuSn3Sb4 , whose structure is constructed from “classical” building blocks of trigonal 

pyramids of Sn and Sb and Sn-centred tetrahedra, for which the ZintI concept is applied 

in a straightforward manner.4

A recent investigation of the Ce-Ge-Sb ternary phase diagram10 has revealed a 

potentially rich system, yielding three new ternary compounds: CeiGeSbj

(superstructure of ThGei-type), “CesGesSbV’ (unknown structure), and CejGeSb 

(LajGeln-type). We report here the syntheses and transport behaviour of a new series of 

ternary rare-earth germanium antimonides, RE6Ges-xSb\i+x (RE = La-Nd, Sm, Gd-Dy). 

and the structures of the representative members La6 Ge2 .8(i)Sbi3 .2<n, Nd6Ge3 .6<t)Sb|2..i{| ), 

and Gd6Ge4.3(i)Sbii.7(i). Their complex structures feature columns of face-sharing 

trigonal prisms of rare-earth atoms, separated by interconnecting walls defined by Ge and 

Sb atoms. Interest in ternary rare-earth-containing compounds is derived from the 

presence of/electrons which may give rise to useful magnetic and electronic properties, 

while interactions among three elemental components introduce a level of complexity not 

accessible in binary systems. The magnetic properties of these materials are detailed 

separately.11
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EXPERIMENTAL SECTION

SYNTHESIS

Reactions of powders of the elements (La-Nd, 99.9%, Alfa-Aesar; Sm, Gd-Dy, 

99.9%, Cerac; Ge, 99.999%, Cerac; Sb, 99.995%, Aldrich) were carried out on a 0.25-g 

scale in evacuated fixsed-silica tubes (8-cm length; 10-mm i.d.). Elemental compositions 

of selected crystals were determined by EDX (energy-dispersive X-ray) analysis on a 

Hitachi S-2700 scanning electron microscope (Table 6-1). X-ray powder patterns were 

obtained on an Enraf-Nonius FR552 Guinier camera (Cu Kcti radiation; Si standard) and 

analyzed with the Filmscan and Jade 3.1 software packages.12

Single crystals of La6Ge2.8(i)Sbi3.2(i), Nd6Ge3.6(t)Sbti4<n, and GdeGe-uojSbujti) 

used in the structure determination were obtained from reactions of the corresponding 

rare-earth element, Ge, and Sb in the ratio 6:5:11. The samples were heated at 570 °C for 

1 day and then at 950 °C for 2 days, cooled to 500 °C over 1 day, and finally cooled to 20 

°C over 5 hours. The extent of rare-earth substitution was investigated and in total, eight 

members in this series RE(,Ges-xSbn+x (RE = Lar-Nd, Sm, Gd-Dy) could be successfully 

prepared. The products typically consisted of aggregates of shiny grey bulky needle- 

shaped crystals of ft£6Ge5_xSbn+x and grey powder, containing mostly the ternary 

compound and unreacted Ge. Unlike the other reactions which produced large quantities 

of single crystals, the Dy-Ge-Sb reaction resulted in only few tiny needle-shaped crystals 

of the ternary compound or the binary phase DySb13 and reddish brown powder 

consisting of DySb (major phase), Dy6Ges_xSbti+x, as well as unreacted Ge. Attempts to 

substitute other trivalent rare-earth metals beyond Dy were unsuccessful, resulting 

instead in a mixture of the binary phase RESb (major phase), unreacted Ge, and other
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unidentified phases. Substitutions involving the divalent Eu and Yb metals resulted 

predominantly in the binary phases EuSb2 14 and YbSb2 ,15 respectively, in addition to 

unreacted Ge and other unidentified phases. The powder patterns of the entire series, 

ftEsGej-rSbn+x {RE = La-Nd, Sm, Gd-Dy), were indexed, and the cell parameters 

refined by Ieast-squares fits with the use of the program POLSQ16 are given in Table 6-2. 

The observed and calculated interplanar distances, as well as intensities determined using 

the program LAZY-PULVERIX,17 are listed in Tables A-10 to A-17.

STRUCTURE DETERMINATION

X-ray structure determinations were performed on representative members in the 

series RE6Ges-xSbn+x (RE = La-Nd, Sm, Gd-Dy), one each for the early, middle, and late 

rare-earth substitutions. Preliminary cell parameters for La^Ge .̂sdjSbts^ct 

Nd6Ge3.6(i)Sbii4(i), and Gd6Ge4j(i)Sbn.7(i) were determined from Weissenberg 

photographs, which revealed Laue symmetry mmm and systematic extinctions {hkl: h + k 

+ I = 2n + 1) consistent with the orthorhombic space groups Immm, Imml, 1222, and 

Z2|2i2i. Final cell parameters for all three compounds were obtained from least-squares 

analyses of the setting angles of 24 reflections centred on an Enraf-Nonius CAD4 

diffractometer. Intensity data were collected at 22 °C with the 9-29scan technique in the 

range 3° < 2#(Mo Ka) ^ 70°. Crystal data and further details of the data collection are 

given in Table 6-3. All calculations were carried out with the use of the SHELXTL
I D

(Version 5.1) package. Conventional atomic scattering factors and anomalous 

dispersion corrections were used.19 The intensity data were processed and corrected for 

absorption by a semi-empirical method based on psi-scans in XPREP. Initial atomic
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positions were found by direct methods using XS followed by subsequent difference 

Fourier syntheses, and refinements were performed by least-squares methods using XL.

For La6 Ge2 .8(i)Sbi3 .2(i), the centrosymmetric space group Immm was chosen on the 

basis of intensity statistics and the successful structure solution. Once all atomic 

positions were found, a refinement based on the formula “LasGesSbn” revealed 

considerable electron density (Apmax = 73.91, Apmj„ = -23.36 e~ A-3) at the site (-0.40, y ,

0), located 0.44 A from Sb(4) (4 , y , 0). Reminiscent of the “sliding distortion” 

observed for the central atom of similar Sb ribbons previously encountered in the related 

compound La^MnSbis,20-21 Sb(4) was subsequently reassigned exclusively to the new site 

(-0.40, y , 0). Shifting Sb(4) off the Vz x y  mirror plane resulted in significantly 

improved agreement factors but more importantly, the original site (y , y , 0) did not 

reappear in the difference Fourier map in later refinements. However, close Sb(4)-Sb(4) 

contacts (0.60 A) required the occupancy of Sb(4) to be fixed at the theoretical maximum 

of 50% (51.4(3)% if allowed to refine). The sites at (0, -0.12, -0.15) (A/(l)) and (0> 

-0.04,0) (A/(2)) were next assumed to be occupied only by Ge, since reasonable Ge-Ge 

and Ge-Sb distances are obtained. This ordered model corresponds to the ideal 

formulation “LasGesSbn” (Anal. Calcd. (mol%): La 27, Ge 23, Sb 50). However, given 

the consistently higher percentage of Sb and lower percentage of Ge observed in the EDX 

analyses (Table 6—1) relative to the current formula, the possibility that the sites A/(l) and 

A/(2) are occupied by a mixture of Ge and Sb was explored. The presence of residual 

electron density near these two sites, their relatively low displacement parameters, as well 

as chemical arguments to be presented later provided convincing evidence in favour of a 

disordered model. The occupancy of A/(I) was assumed to be 100% (121(1)% when
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refined with A/(l) = Ge) and that for M(2) was assumed to be 50% (65(1)% when refined 

with M(2) = Ge) owing to close M(2)-M(2) contacts (0.85 A) as a result of the x 0 z 

mirror plane. Successive refinements in which the sites A/(l) and A/(2) were constrained 

to be fully and half occupied, respectively, by a mixture of Ge and Sb resulted in 

occupancies of 61(3)% Ge(l) and 39(2)% Sb(6 ) in the site (0, -0.12, -0.15) and 19(2)% 

Ge(2) and 31(1)% Sb(7) in the site (0, -0.04, 0). These refinements also led to 

reasonable values for the anisotropic displacement parameters, a featureless difference 

electron density map (Apmax = 4.82, A p min = -5.36 e~ A-3), and overall improvements in 

the agreement factors. A series of refinements allowing the occupancies of successive 

atoms to vary freely revealed full occupancies (99.4(4) -  100.1(4)%) for all other atoms. 

The final refined formula, La^GexgdjSb 13.2 0 ) (Z = 2) (Anal. Calcd. (mol%): La 27, Ge 13. 

Sb 60), is in excellent agreement with the elemental analysis.

The treatment of Nd6Ge3.6(i)Sbt2.4(i) and GcUGe^nSbu/m) proceeded similarly 

given the resemblance of their intensity patterns to that of La6 Ge2 .so)Sb 13.2 0 ). In both 

cases, the chosen space group Immm was further supported by the intensity statistics and 

the successful structure solutions. Atomic assignments were made using the structure of 

La6Ge2.8(i)Sbi3.2(i) as an initial model. For Nd6Ge3.6O)Sbi2.40), moving Sb(4) off the Vz x y  

mirror plane to the position (-0.44, y , 0) alleviated the problem of an elongated 

anisotropic displacement parameter (U n~  0.124(4)) and resulted in the same soludon as 

La6Ge2 .go)Sb[3 .2(i)- Analogous to the latter, occupancies of the M(2) (0, -0.04, 0) and 

Sb(4) sites were assumed to be at the maximum allowed limit of 50% given the close 

distances to their crystallographic equivalents (M(2)-M(2) 0.82 A; Sb(4)-Sb(4) 0.53 A). 

Applying the Ge/Sb disorder model resulted in occupancies of 72(3)% Ge(l) and 28(2)%
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Sb(6) (M(l) site) and 36(2)% Ge(2) and 14(1)% Sb(7) (M(2) site). More importantly, 

however, these refinements also led to reasonable values for the anisotropic displacement 

parameters, a featureless difference electron density map (Apmax = 2.22, Apmj„ = -2.62 e" 

A-3), and substantial improvements in the agreement factors. For Gd6Ge4 .3([)Sbn.7(i), 

structure refinements proceeded accordingly with only a few exceptions. Sb(4) was not 

displaced from the lA x y  mirror plane but successfully refined at the site ( y , y , 0). The 

thermal ellipsoid of this site is slightly elongated along a, suggesting that a similar but 

less pronounced “sliding distortion” of the central Sb(4) atom may also be occurring in 

Gd$Ge4 .3(i)Sbn.7(i), randomly displacing the atom slightly above and below the mirror 

plane but not sufficiently to render a split site. The other possible split site (0, -0.02, 0), 

analogous to position “A/(2)” in the other compounds, remained situated away from the .t 

0 z mirror plane and also resulted in extremely short contacts (0.48 A). Allowing the site 

to be occupied (50%) by a mixture of Ge and Sb revealed that the site was exclusively 

occupied by Ge. On the other hand, disorder still exists for the A/(l) site with atomic 

distributions of 83(3)% Ge(l) and 17(2)% Sb(6). The final difference electron density 

map is featureless (Apmax = 3.74, Apmj„ = -4.93 e~ A-3). The occupancies of all other 

atoms in Nd6 Ge3 .6<i)Sbi2.4(i)» and Gd6Ge.u([)Sbn.7(i) were confirmed to be essentially 

100% (95.7(6) -  101.2(9)%) through independent refinements of their occupancies. Final 

refinements resulted in the formulations Nd6Ge3.6(i)Sbt2.4(t) (Z = 2) (Anal. Calcd. (mol%): 

Nd 27, Ge 16, Sb 56) and Gd^Ge^djSbtuo) (Z = 2) (Anal. Calcd. (mol%): Gd 27, Ge 

20, Sb 53), which are in exceptionally good agreement with EDX analyses (Table 6-1).

There was initial concern over the chosen space group Immm became the related 

structure La^MnSbts was successfully solved in the lower symmetry space group Imrril
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by removal of the mirror plane perpendicular to the c axis.20 This had the effect of 

splitting the position 4/ occupied by Sb(6) in that structure into two independent sites, 2a 

and 2b, of which only one was occupied, thereby eliminating the occurrence of extremely 

short Sb(6)-Sb(6) distances arising from the operation of the x y  0 mirror plane in the 

higher symmetry space group Immm. Two such positions, 4f(x , y , 0) and 4g (0, y, 0), 

exist in RE^Ges-xSbu+X (Immm) which also give rise to short interatomic contacts. 

Attempted solution of the structure in I2mm (removing Vz x y  mirror plane), Imlm 

(removing x 0 z mirror plane), or 1222 (removing all mirror planes) was unsuccessful as 

electron density was found in the two emerging split sites. The resulting Flack 

parameter22 did not suggest the presence of an absolute structure and further analysis of 

the final refined structure by ADDSYM23 in the PLATON suite of programs,24 which 

indicated the presence of mirror planes perpendicular to all twofold axes in the lower 

symmetry space groups, confirmed the positional disorder at these two sites. In the 

absence of a detectable superstructure, we opted for the higher symmetry space group 

Immm for the title compounds.

The atomic positions of La6 Ge2 .8(i)Sbt3 .2(i), Nd6Ge3.6<i)Sbi2.4<t), and

Gd6Ge4 .3(i)Sbi i.7(i) were standardized with the program STRUCTURE TIDY.25 The final 

cycle of least-squares refinement on F 2 included anisotropic displacement parameters for 

all atoms and an isotropic extinction parameter. Final values of the positional and 

displacement parameters are given in Table 6-4 and selected interatomic distances are 

listed in Table 6-5. Anisotropic displacement parameters are listed in Table A-18.
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TRANSPORT MEASUREMENTS

Electrical resistivities of singles crystals (needles typically 0.02-0.05 mm wide 

and 0.5-2.0 mm long) were measured with the current parallel to the needle axis 

(crystallographic a-axis) by standard four-probe technique on a Quantum Design PPMS 

system using an AC-transport controller (Model 7100). A current of 0.05 mA and a 

frequency of 16 Hz were used.

RESULTS AND DISCUSSION

TRENDS

Elemental analyses on selected crystals of /ifkGes-xSbu+x (RE = La-Nd, Sm. Gd- 

Dy) (Table 6-1) show a gradual trend (mol%), as substitution proceeds across the series 

from La to Dy, of increasing Ge content coupled with a corresponding decrease in Sb 

while the amount of the RE component remains relatively constant. Although the quality 

of the elemental analyses greatly depends on the accuracy of the calibration standards of 

the elements, chemical arguments and results of the crystal structures of the early, 

intermediate, and late members also support the inverse proportionality of the Ge and Sb 

content in this series of compounds. Consistent with the lanthanide contraction and an 

oxidation state assignment of +3 for all RE atoms, the cell parameters (Figure 6-1, Table 

6—2) show a monotonic decrease in all unit cell axes as expected given the three- 

dimensional nature of the structure.
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DESCRIPTION OF THE STRUCTURES

A view of the structure of La^Geig^Sbu^i) down the a axis is given in Figure 6- 

2, which shows the labeling scheme. Positions A/( 1) and M(2) represent disordered sites 

containing 61(3)% Ge(l), 39(2)% Sb(6) and 19(2)% Ge(2), 31(1)% Sb(7), respectively. 

(The remaining 50% in M(2) represent vacancies.) Nd6 Ge3 .6(i)Sbi2.4(i) and 

Gd6 Ge4.3(i)Sbi i.7(D are isostructural to LasGexgdjSboio), differing only in the proportions 

of Ge and Sb at these two sites. As indicated previously, the Ge:Sb ratio increases as size 

of RE decreases, resulting in distributions of A/(l) = 72(3)% Ge(l), 28(2)% Sb(6) and 

M{2) = 36(2)% Ge(2), 14(1)% Sb(7) for Nd6 Ge3 .6<t)Sb12 .4(t); and A/(l) = 83(3)% Ge(l), 

17(2)% Sb(6) and M(2) = 50% Ge(2) for GckGe^ojSbnjo). RE(,Ge$-xSbu+x adopts a 

new structure type, conveniently described as comprising Sb(l)-centered trigonal prisms, 

whose vertices are the RE( 1) and RE(2) atoms, which share triangular faces to form 

columns running along [100]. These columns are separated from each other by an 

intricate network of interconnecting walls defined by Ge and Sb atoms.

Although the structure is three-dimensional in character, it will be instructive to 

employ a “retrotheoretical” approach21 to decompose it into lower dimensional subunits 

which can then be discussed more coherently. By reassembling the individual 

components in an aufbau fashion later, insight can be gained on the overall complex 

structure. We begin by removing the electropositive RE atoms, revealing the underlying 

three-dimensional metalloid framework (Figure 6-3a). For clarity, position A/(l) will be 

momentarily considered to be filled exclusively by Sb atoms. Next, the closely-spaced 

disordered position M(2) is removed to generate a collection of three separated 

constituents (Figure 6-3b): linear arrays of essentially isolated Sb(l) atoms (0-D), three-
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atom wide Sb ribbons (1-D), and kinked Sb square sheets (2-D). The latter may be 

imagined to be derived from an idealized flat Sb square net by a process of folding at 

every fifth atom (Sb(5))21 The extracted components are represented schematically in 

Figure 6-3c.

A view of the one-dimensional three-atom wide Sb ribbons (Sb(3)-Sb(4)-Sb(3)) 

which extend along [100] is shown in Figure 6-4 for the GcUGe-udjSbiuo) and 

La6 Ge2.8(i)Sbi3.2(t) members. In Gd6Ge4j(i)Sbu.7(i)» the symmetrically organized strips 

consist of Sb(4) atoms that reside at the center ( y , y , 0) of the squares outlined by Sb(3) 

atoms, yielding four equivalent Sb(3)-Sb(4) distances of 3.0780(8) A (Figure 6-4a). 

These Sb-Sb distances have been postulated to correspond to one-electron half- 

bonds2-3-26-29 which are ubiquitous in Sb square sheets, such as those observed in LaSbj 

(3.087-3.157 A),30 LaIno.8Sb2  (3.119(3)-3.142(3) A)2 or LaZno^Sba (3.097(2) A).31 A 

useful interpretation of these ribbons is to consider them to be excised from infinite 

square nets.32 Using this analogy, one can envisage Sb ribbons or strips of varying atom 

widths (n) ranging from linear skewers (n -  1) and zigzag chains (n = 2) to increasingly 

wider ribbons (n — 6 or greater); we have now identified many structures containing these 

ribbons.1'26'32-34 In La6 Ge2.8(t)Sbi3 (̂t), the central Sb(4) atoms in the ribbons are located 

asymmetrically off-center (-0.40, 4 , 0), creating two closely-spaced symmetry- 

equivalent sites about a mirror plane, only one of which can be occupied locally. One 

way to view such a picture is in terms of an energetically favorable second-order Peierls- 

type sliding distortion of the symmetrical ribbon as observed in the related alloy 

Lai2 Mn2 Sb3o.20 A distortion along a, such as that shown in Figure 6-4b, necessarily 

results in alternating short (2.918(1) A) and long (3.333(1) A) Sb(3)-Sb(4) distances. For
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comparison, intralayer Sb-Sb single bond lengths of 2.908 A and weaker interlayer 

interactions of 3.355 A are observed in elemental Sb.35 A similar situation exists for the 

three-atom wide ribbons in Nd6Ge3 .6(i)Sbi2.4(i)» where the short and long Sb(3)-Sb(4) 

distances are 2.9175(9) and 3.279(1) A, respectively. One can rationalize that the 

distortion should occur more prominently in structures containing the largest RE 

components, viz., La«Ge2.8(i)Sb 13.3 1 ), because the cell expansion would force a 

symmetrical ribbon to have four longer and therefore weaker Sb-Sb bonds. The 

asymmetric distortion optimizes stability by allowing two full Sb-Sb single bonds to 

form at the expense of the two weakened Sb-Sb interactions within a Sb(4)-Sb(3)- 

Sb(4)-Sb(3) square. This is consistent with the similarity in the short Sb(3)-Sb(4) 

distances in the La and Nd compounds, despite the significant reduction in cell volume 

due to lanthanide contraction. The reduced cell volume of the Gd compound favours a 

more symmetrical ribbon by formation of four half-bonds as opposed to the proposed 

alternative configuration.

The decomposed view (Figure 6-3b) of the structure also reveals kinked sheets 

parallel to b, derived from folding an idealized square net at every fifth atom. The 

resulting folded sheets consist of six-atom wide sections (Sb(5)-Sb(6)-Sb(2)-Sb(2)-

Sb(6)-Sb(5)) which are approximately parallel to (011) and (Oil). A consequence of the 

acute angles (-48°), subtended by Sb(6)-Sb(5)-Sb(6), which form at the comers of the 

bends is short distances (2.547(2)-2.615(2) A) between Sb(6) atoms from adjacent 

sections, unreasonably short to be Sb-Sb bonds but ideal for Ge-Sb or Ge-Ge bonds. 

These distances may be compared to Ge-Ge single bond distances in the clathrate 

CsgNat6Gei3 6  (2.4859(7)-2.5033(9) A)36 or elemental Ge (2.4497(1) A).35 Somewhat
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more rare are clear examples of Ge-Sb bond distances in the literature. If we accept 

values of 2.62 A, the bond valence parameter for a Ge-Sb single bond,37 or 2.66(2)- 

2.68(2) A, observed in the disordered clathrate Ge^GaSb^Sbgls,38 as reasonable Ge-Sb 

single bond distances, then a possible explanation for the inherent disorder actually 

observed at this site is that Sb-Sb repulsions are eliminated in favour of reasonable Ge- 

Sb and Ge-Ge bonding interactions through incorporation of Ge into this site. In 

La6 Ge2.g(i)Sbi3 .2(D, the A/(l)-A/(l) distance of 2.615(2) A represents an ideal Ge-Sb 

single bond distance. The observed Ge(l):Sb(6) ratio of 61(3)%:39(2)% is consistent 

with a hypothesized local environment of mostly Ge-Sb single bonds, with weaker Ge- 

Ge contacts substituted occasionally. Substituting La with smaller RE atoms results in 

reduced M(l)-M(l) distances o f2.588(1) A (RE = Nd) and 2.547(2) A (RE = Gd). These 

values become increasingly too short for Ge-Sb bonds but converge to ideal Ge-Ge 

single bond distances. Thus, consistent with the predicted trend of increasing number of 

Ge-Ge bonds as the M(\)-M(\) distance decreases are the observed larger amounts of 

Ge(l) relative to Sb(6) for Nd6Ge3.6(i)Sbt2.4(i) (72(3)%) and Gd6 Ge4 .3(i)Sbu.7(i) (83(3)%). 

The implication of some unusually short Ge-Sb contacts (2.547(2)-2.588(l) A), 

randomly distributed throughout the extended network, is intriguing.

A view perpendicular to one of the six-atom wide sections making up the kinked 

sheets is shown in Figure 6-5. A pattern of long-short-long-short-long for the 

interatomic distances is apparent in the square nets. For the Gd compound, in which the 

A/(l) site contains mostly Ge, the section is best viewed (Figure 6-5a) as four-atom wide 

ribbons, where the Ge-Sb and Sb-Sb bonds within are fractional in bond order. In the 

structure of the La compound, in which the M(l) site consists of almost equal proportions
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of Ge and Sb, the square net (Figure 6-5b) is best interpreted as weakly associating 

zigzag chains.

The overall structure of RE(,Ge5-£ b u +x can now be appreciated by recondensing 

these artificially separated subunits to form the real structure. Stacking the kinked sheets 

along [001] with the Sb(5) comers approaching each other sees the emergence of large 

channels defined by the six-atom wide ribbons discussed earlier. By reintroducing into 

each channel two columns of Sb(l)-centered trigonal prisms of RE atoms and a three- 

atom wide Sb ribbon, a “hole” centering on position (0, 0,0) is generated at the junction. 

The actual three-dimensional structure can now be obtained by filling sites (0, -0. 0) 

(M(2)) residing slightly off-center with Ge(2) and Sb(7) atoms which link together the 

kinked sheets and ribbons to form an overall extended network.

Since A/(2) is less than 1 A away from a symmetry-equivalent position across a 

mirror plane in the three crystal structures, the maximum occupancy is 50%, or put 

another way, only one of these can be occupied locally. The Ge(2) content at this 

disordered site increases dramatically from the La (19(2)%) to the Nd (36(2)%) 

compound. In GckGe^djSbujo), this site is no longer disordered, being occupied (at 

50%) instead exclusively by Ge(2). The increase in Ge content at M(2) may be explained 

by examining the distances to neighbouring atoms. The coordination geometry of the 

M(2) position is a square pyramid, as outlined by four Sb(5) atoms defining the square 

base and one Sb(3) atom forming the apex. In La6Gez8(i)Sbi3.2(i), the distances from 

M(2) to Sb(5) (2.9320(8) A) and Sb(3) (2.743(3) A) represent ideal separations for Sb-Sb 

bonds. Despite the fact that the latter distance (M(2)-Sb(3)) also falls within favourable 

Ge-Sb bonding interactions, the stronger Sb-Sb orbital overlaps may be the reason for
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the relatively higher proportion of Sb(7) compared to Ge(2) observed for this site. In 

Gd6Ge4 j (i)Sbii.7(i), both distances are notably reduced, yielding Ge(2)-Sb(5) and Ge(2)- 

Sb(3) separations of 2.781(1) and 2.709(5), respectively. Although unusually short Sb- 

Sb single bond distances have been reported for the compounds [CigH36N206-Na]3[Sb7] 

(2.693(4) A),39 NdPdSb (2.709(1) A),40 NbSbi (2.711 A),41-42 [K(2,2,2-crypt)]3[Sb7] 

(2.717(2) A),43 and [Na(2,2,2-crypt)]3[Sbu] (2.716(4) A)44 with values around 2.75 A 

more common in other examples,45"47 the relatively high coordination number 

surrounding this site in the Gd compound would be sterically unfavourable for any Sb 

occupancy. Interestingly, the middle member Nd6 Ge3 .6(t)Sbi2.4(i) exhibits values of 

2.8434(6) and 2.653(2) A for distances to the basal and apical atoms, respectively. 

Despite the short A/(2)-Sb(3) separation, Sb is still present at this site at 14(1)% 

occupancy. Comparison may be made to the organometallic complexes 

[Sb{C6H2[CH(SiMe3)2l3-2,4,6}]2,48 [Sb(C6H3Mes2-2,6]2 (Mes = C6H2-2,4,6-Me5),49 and 

[Sb(C6H3Trip2-2,6)]2 (Trip = C6H2-2,4,6-'Pr3)49 where multiple bond character50 51 has 

been invoked to explain the short Sb-Sb separations (2.642(1) -  2.668(2) A). Caution 

should be exercised here, however, because the observed M(2)-Sb(3) distance of 

2.653(2) A may be artificially shortened by the disorder modeling in structure 

refinements. It should be expected that the equilibrium positions of Ge(2) and Sb(7) will 

be independently achieved locally in the structure. The nonspherical directional 

parameters for this site in all three compounds are supportive of this fact.

As shown in Figure 6-6, the coordination environments around RE{ 1) (CN 8) and 

RE(2) (CN 9) are representative of a bicapped trigonal prism and a monocapped square 

antiprism, respectively. In the first type of arrangement, two Sb(l) and four Sb(2) atoms
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define the trigonal prism. Additional Sb(2) atoms then cap two of the rectangular faces to 

form the bicapped trigonal prism. If the two nearby A/(l) atoms, at much longer 

distances away, are considered then the geometry may be described as a bicapped square 

antiprism where one A/(l) atom caps a trigonal face while an Sb(2) atom caps a square 

face. The second environment, adopted by RE(2), is more reminiscent of the type of 

coordination geometry observed for the rare-earth atoms in other solid state compounds 

of the main-group elements,2-3 where two-dimensional square nets are common. The 

monocapped square antiprism adopted by RE(2) is outlined by a basal square consisting 

of the combination Sb(5)-A/( 1 )-Sb(2)-A/( 1), another square, twisted 45° relative to the 

first, defined by two each of Sb(l) and Sb(3) atoms, and a capping Sb(4) atom. The RE- 

Sb and RE-Ge distances (Table 6-5) in the three structures are comparable to those found 

in binary rare-earth antimonide and germanide compounds.

STRUCTURAL RELATIONSHIPS

There exists a large family of structures based on the stacking of trigonal prisms 

whose vertices are metal atoms. If attention is drawn to the columns of face-sharing 

trigonal prisms of RE atoms in RE^Ge5-*Sbti+x, then a structural connection can be made 

to the compound La6MnSbis,20 as shown in Figure 6-7. For purposes of comparison, the 

two structures are best viewed in terms of the six-sided large channels which are clearly 

outlined in LaeMnSbts by two- and six-atom wide segments of Sb atoms, together 

making up the 22-membered circumference. If each channel shares its six sides with 

adjacent channels to create a perfect fit, then the structure of LaeMnSbis is obtained. In 

REtGe5-xSbu+x, each channel shares only four atoms from the six-atom sections with
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adjacent channels, resulting in a non-ideal packing of the channels. The comers where 

the six-atom sections meet necessarily must cross with those from neighbouring channels 

using this mode of packing, creating the short M(2)-M(2) distances.

TRANSPORT PROPERTIES

All REfiGes-sSbn+x members are metallic, as indicated by their resistivity curves 

(Figure 6-8 and Figure 6-9), with the members containing RE other than La displaying 

kinks in their resistivity vs. temperature curves. For RE = Ce-Nd, Sm, Gd, the change in 

slope of the resistivity at low temperatures (insets of Figures 6-8(a) and (b)) is attributed 

to the loss in spin-disorder scattering upon establishment of long-range magnetic 

ordering. These members all exhibit residual resistivity ratios (p3oo k/P2 k) close to 2.0 

(Table 6-6).

For RE = Tb and Dy, the resistivity does not decrease continuously with 

decreasing temperature, but rather shows strikingly different behaviour from the other 

members, attaining pronounced minima in their curves at 10 and 150 BC, respectively 

(Figures 6-9(a) and (b)). Not only does the resistivity minimum for the Dy member 

occur at much higher temperatures than for the Tb member, but the resistivity is also 

greater at low temperatures than at room temperature (p? x > P300 x) and it becomes 

temperature independent below 10 K, reaching a constant value of ~200 cm. These 

two resistivity minima are reminiscent of Kondo-like behaviour, in which interactions 

between the localized /  electrons and the conduction electrons lead to a compensation of 

the RE moments.52 Such resistivity minima have also been observed in compounds that 

additionally display colossal magnetoresistance.53*54 The absence of a further decrease in
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resistivity at very low temperatures suggests that long-range magnetic ordering does not 

occur in this temperature range. The magnetic measurements of the entire series are 

reported elsewhere."

In conclusion, a new series of rare-earth germanium antimonides was synthesized 

and structurally characterized. The novel structure illustrates the importance of 

contributions of strong as well as weak homoatomic bonding between the main-group 

elements towards the overall stability of extended structures. Interesting properties may 

be expected to arise from the triangular arrangements of the RE atoms forming columns 

of trigonal prisms.
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Table 6-1. Elemental (EDX) Analyses for Compounds /JEgGes-xSbi i+I (RE = La-Nd,

Sm, Gd-Dy)

compound RE (mol%) Ge (mol%) Sb (mol%) no. of samples

La6Ge2.8(i)Sbi3 ?(t) “ 28.7(1) 11.7(2) 59.5(3) 2

( Calcd.a 27 13 60 )

CefiGej-jcSbu+x 29.2(6) 16(1) 54.6(6) 5

Pr6Ge5-xSb1ux 30.6(6) 16.6(8) 52.8(4) 5

Nd6Ge3.6(i)Sbi2.4(i)a 27.6(6) 16(1) 55.9(4) 3

( Calcd.* 27 16 56 )

Sm6Ge5_xSbu+x 29.1(1) 17.3(6) 53.6(5) 2

Gd6Ge4.3(i)Sb n.7(i)a 27.7(6) 19.7(1) 52.6(5) 2

( Calcd. “ 27 20 53 )

TbeGes-xSbn+x 32.2(2) 20.8(8) 47.0(6) 4

Dy6Ge5-xSbll+I 29.3(4) 16.8(6) 53.9(5) 6

a These formulas represent compositions deduced from refinements of the crystal 

structures.
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Table 6-2. Cell Parameters for Compounds RE^Ges-^Sbu+x {RE — La-Nd, Sm, Gd-Dy)

compound a  (A) 6 (A) c (  A) ^(A 3)

La6Ge2.8(i)Sbi3.2(u 4.3289(7) 10.857(1) 27.076(3) 1272.6(2)

CesGes-jSbi i+x 4.2972(7) 10.740(1) 26.791(4) 1236.4(2)

PreGes-jcSbu+j 4.2674(9) 10.677(2) 26.626(5) 1213.1(3)

Nd6Ge3.6(i)Sbi2.4(i) 4.2412(8) 10.637(2) 26.552(4) 1197.8(3)

Sm^Ges-xSbn+x 4.1942(7) 10.537(1) 26.350(3) 1164.5(2)

Gd6Ge4 j( i )Sb u .7(i > 4.1511(6) 10.440(1) 26.228(3) 1136.7(2)

Tb6Ges_xSbi i+x 4.1305(8) 10.393(2) 26.139(4) 1122.1(2)

Dy6Ge5_xSbn+x 4.1032(10) 10.345(2) 26.014(5) 11042(3)

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



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 6-3. Crystallographic Data for La6Ge2 .8(i)Sb 13.2(0 , Nd6Ge3.6(i)Sb|24(i). and Gd6Ge4 .3(i)Sb| 1.7(1)

Formula La6Ge2.8(i)Sb| 3.2(i) Nd6Ge3.6(i)Sb|2.4(i) Gd6Ge4.3(i)Sbj i.7(i)

Formula mass, amu 2643.81 2636.46 2678.27

Space group DjI -  Immm (No. 71) D]l -  Immm (No. 71) D\l -Immm  (No. 71)

a, A 4.3034(8) “ 4.2310(3)“ 4.1509(3)“

b, A 10.851(3)" 10.6362(7)“ 10.4438(7)“

c, A 27.073(7) * 26.526(2)“ 26.2400(18)“

V, A3 1264.2(5) 1193.73(15) 1137.53(14)

Z 2 2 2

T,° C 22 22 22

Diffractometer Enraf-Nonius CAD4

Pcflic, 6 cm"3 6.945 7.335 7.819

Crystal dimensions, mm Silver needle,
0.43 x 0.03 x 0.02

Silver needle,
0.25 x 0.04 x 0.02

Silver needle,
0.20 x 0.02 x 0.02

Radiation Graphite monochromated Mo/fa, X = 0.71073 A

p(Mo/fa), cm-1 269.6 309.7 363.9



Table 6-3, Crystallographic Data for La6Ge2.g(i)Sb|3.2(i), Nd6Ge3.6(i)Sb|2.4(i). and Gd6Ge4.3(i)Sbu.7(i) (continued)

Transmission factors b 0.049-0.110 0.049-0.094 0.062-0.113

Scan type 0-20 0-20 0-20

Scan speed, deg. min~‘ 1.7 1.7 1.7

Scan range, deg. 0.8 + 0.344 tanO 0.6 + 0.344 tan© 0.6 + 0.344 tan©

2G limits 3° £ 20(MoKa) < 70° 3° < 20(Mo/fa) < 70° 3° <S 20(Mo/k<x) < 70°

Data collected - 6 $ h < 6 , - l 7 < k <  17, 
-43 £/f£43

-6 </r <6,-17 < Ar< 17, 
-42 < / < 42

- 6 <h£ 6 , - \ 6 <k <i  16, 
-42 <,l<,42

No. of data collected 17185 10453 9969

No. of unique data, including F02 < 0 1625 (/finl = 0.108) 1538 (/finl = 0.072) 1472 (/fi„, = 0.102)

No, of unique data, with F 2 > 2o(F2) 1415 1292 1203

No. of variables 48 48 45

Extinction coefficientc 0.00156(10) 0.00136(6) 0.00236(11)

R(F) for F 2 > 2a(F02) d 0.041 0.031 0.042

Rvi(F02) e 0.098 0.068 0.101

Goodness of fit^ 1.17 1.10 1.11
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Table 6-3. Crystallographic Data for La6Ge2 .8(oSb|3 .2(1), Nd6Ge3 .6(i)Sb|2  4(i), and Gd6Ge4 .3(i)Sb| 1.7(1) (continued)

(Ap)mBX. (Ap)min, e“A'3 4.8.-5.4 2.2,-2.6 3.7,-4.9

a Obtained from a refinement constrained so that a  = p = y = 90°.

b A semi-empirical psi-scan absorption correction was applied in all cases, with the use of programs in the SHELXTL package 

(Sheldrick, G. M. SHELXTL Version 5.1, Bruker Analytical X-Ray Instruments, Inc., Madison, WI, 1997).

c An extinction parameter x was refined, where Fe is multiplied by: A[1 + 0.001 * x * Fc2 * X3 / sin(20)]"l/4,

'  = -  P.’ f l / Z w O 1” ; W'1 = lo-V-;,1) + (A P f  + B/>] where /> = |max(PaJ,0) + 2 f,! |/3 . A -  0.0513, 0.0298, and

0.0471, and B = 3.3625,1.2302, and 0 for La6Gc2 .«(i>Sb13.2(Nd6Ge3.6(i)Sb|2.4{i)» and Gd6Ge4 .3(i)Sb| 1.7(0 , respectively.

* G0 0 F = S = [5  ̂[ »♦'( / \ , 2 -  F2)2]/(n -  /?)]' * where n is the number of reflections and p  is the total number of parameters refined.
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Table 6-4. Atomic Coordinates, Occupancies, and Equivalent Isotropic Displacement 

Parameters (A2) for RE^GesS^u+x (RE = La, Nd, Gd)

Atom

Wyckoff 
position, site 

symmetry X y r Occupancy TT a

La6Gex8(i)Sbi3.2(i)

La(l) 4/ m m2 0 0 0.26676(2) I 0.01330(12)

La(2) 8/ m . . 0 0.19435(3) 0.405447(15) I 0.01409(11)

Sb(l) 4/ mm 2 Vz 0 0.35768(2) 1 0.01454(14)

Sb(2) 8/ m . . 0 0.30555(4) 0.28863(2) I 0.01691(12)

Sb(3) 4g m 2m 0 0.29207(7) 0 I 0.01696(14)

Sb(4) 4 / 2 mm 0.4300(3) Vz 0 0.5 0.0162(3)

Sb(5) 4/ m m2 Vz 0 0.07187(3) 1 0.0248(2)

M(l)b 81 m . . 0 0.12051(7) 0.14765(2) 1 0.0194(2)

M(2)c 4g m2 m 0 0.0393(2) 0 0.5 0.0216(5)

Nd6Ge3.6(t)Sbi2.4(i)

Nd(I) 4/ mm 2 0 0 0.26593(2) 1 0.01241(10)

Nd(2) 8/ m . . 0 0.19331(3) 0.405129(14) I 0.01321(9)

Sb(l) 4y mm 2 Vz 0 0.35698(2) I 0.01363(12)

Sb(2) 8/ m .. 0 0.30521(4) 028910(2) 1 0.01542(10)

Sb(3) 4g m 2 m 0 0.28797(7) 0 1 0.01682(13)

Sb(4) 4 / 2 mm 0.4375(3) Vz 0 0.5 0.0154(3)

Sb(5) 4/ m m2 Vz 0 0.06994(3) 1 0.02311(15)

M(l)b 8/ m . . 0 0.12165(6) 0.14609(3) I 0.0169(2)

M(2)e 4g m 2m 0 0.0385(2) 0 0.5 0.0219(6)
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Table 6-4. Atomic Coordinates, Occupancies, and Equivalent Isotropic Displacement 

Parameters (A2) for RE6Ges-xSbu+x (RE = La, Nd, Gd) (continued)

G d 6 G e 4 j ( t ) S b t  i.7(i)

Gd(l) 4 i mm 2 0 0 0.26538(3) I 0.01210(15)

Gd(2) 8/ m . . 0 0.19247(5) 0.40424(2) 1 0.01323(13)

Sb(l) 4/ mm 2 Vz 0 0.35643(4) I 0.01287(19)

Sb(2) 8/ m . . 0 0.30521(7) 0.28967(3) 1 0.01412(15)

Sb(3) 4g m2 m 0 0.28235(11) 0 I 0.0154(2)

Sb(4) 2c m m m */2 '/2 0 1 0.0232(3)

Sb(5) 4/ m m 2 Vz 0 0.06994(5) 1 0.0231(2)

M l ) 4 8/ m .. 0 0.12196(11) 0.14510(4) I 0.0159(4)

Ge(2) 4g m 2 m 0 0.0230(5) 0 0.5 0.0247(14)

a Ueq is defined as one-third of the trace of the orthogonalized U\\ tensor.

b Site M l)  contains 61(3)% Ge(l), 39(2)% Sb(6) in La6Ge2.8(i)Sb13,:(I); 72(3)% Ge(l), 

28(2)% Sb(6) in Nd6Ge36(l)Sbi2..Kl); and 83(3)% Ge(l), 17(2)% Sb(6) in

G d 6 G e 4 .3 (i ) S b t  i.7 (i).

c Site M(2) contains 19(2)% Ge(2), 31(1)% Sb(7) in La6 Ge2 .8(t)Sbi3.2(i) and 36(2)% Ge(2), 

14(1)% Sb(7) in Nd^Ge3.6(i)Sbi2.4{i)i and 50% Ge(2) in Gd6 Ge4 .3(i)Sb11.7(t). The 

remaining 50% represent vacancies.
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Table 6-5. Selected Interatomic Distances (A) in RE(,Gcs-^bu+x {RE = La, Nd, Gd)

La6Ge2.8(i)Sbi3j(D Nd$Ge3.6<i)Sbi2.4(i) Gd6Ge4.3(i)Sbti.7(t)

RE{\)-RE{2) (x2) 4.3064(9) 4.2263(6) 4.1614(8)

RE{2)-RE{2) 4.2178(9) 4.1122(6) 4.0202(8)

RE{l)-Sb{l) (x2) 3.2694(8) 3.2107(6) 3.1647(9)

RE{\)-Sb{2) (x2) 3.3680(10) 3.3039(5) 3.2507(7)

££(1)-Sb(2) (x4) 3.3661(6) 3.3012(4) 3.2455(6)

RE{ 1 )-M{ 1)a (x2) 3.4797(11) 3.4321(9) 3.4035(13)

RE{ 2)-Sb(l) (x2) 3.2787(6) 3.2147(4) 3.1498(6)

RE{2}-Sb{2) 3.3850(10) 3.3000(6) 3.2285(9)

RE{2)-Sb{3) (x2) 3.3473(6) 3.2936(3) 3.2697(4)

/2£(2)-Sb(4) 3.3303(7) 3.2605(4) 3.2179(5)

££(2)-Sb(5) 3.3730(9) 3.3283(4) 3.2826(6)

RE(2)-M(\)a (x2) 3.2759(7) 3.1929(6) 3.1209(9)

Sb(2)-Sb(2) (x2) 3.2339(9) 3.1870(7) 3.1579(11)

Sb(2)-A/(1) “ (x2) 2.8722(7) 2.8348(6) 2.7956(9)

Sb(3)-Sb(4) 2.9179(11) 2.9175(9)
}  3.0780(8)

Sb(3)-Sb(4) 3.3328(11) 3.2788(10)

Sb(3)-M(2)6 2.743(2) 2.653(2) —

Sb(3)-Ge(2)6 — — 2.709(5)

Sb(5)-A/(1) a (x4) 3.2480(9) 3.1985(7) 3.1337(12)

Sb(5)-A/(2)6 (x2) 2.9320(8) 2.8434(6) —

Sb(5)-Ge(2) b (x2) — — 2.7808(10)

2.6154(16) 2.5879(14) 2.547(2)
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Table 6-5. Selected Interatomic Distances (A) in RE6Ges-xSbu+x (RE = La, Nd, Gd) 

(continued)

a Site M(l) contains 61(3)% Ge(l), 39(2)% Sb(6) in LasG e^nSb^a); 72(3)% Ge(t), 

28(2)% Sb(6) in Nd6Ge3.6(i)Sbl2.4(i); and 83(3)% Ge(l), 17(2)% Sb(6) in

G d 6 G e 4 j ( i ) S b i  i .7 ( i ) .

b Site M(2) contains 19(2)% Ge(2), 31(1)% Sb(7) in LaoGeisujSb^i); 36(2)% Ge(2), 

14(1)% Sb(7) in Nd$Ge3 .6( i)Sbi2.4(i)i and 50% Ge(2) in Gd6Ge4  3(i)Sbi i.7(i). The 

remaining 50% represent vacancies.
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Table 6-6. Summary of Residual Resistivity Ratios (P300 K/p2  k) for REsGes-^Sbi t+x

compound P 3 0 0 K / P 2 K

L a s G e s - x S b n + x 2.18

Ce^Ges-jSbi i+x 2.23

Pr6Ge5-xSbtl+x 2.03

N d f i G e s - x S b n + x 1.70

S m f i G e ^ - j S b i t + x 2.05

Gd6Ges_xSbn+x 1.77

T b e G e s - x S b i  i+ x 1.46

Dy6Ge5_xSbu+x 0.92
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Figure 6-1. Plot of unit cell volume for RE^Ges-S^ii+x compounds. The 

lines are drawn only for guidance.
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Figure 6-2. View of La^GeiSdjSb 13.2(1) down the a axis showing the unit cell outline 

and the labeling scheme. The large lightly shaded circles are La atoms, the 

small solid circles are disordered sites (A/(l) and M{2)) containing Ge and Sb, 

and the medium open circles are Sb atoms. The dashed lines merely outline the 

assemblies of La$ trigonal prisms.
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Figure 6-3. A schematic diagram illustrating the process of “retrotheoretical analysis” 

of the RE(,Ges-£bu+x structure, an artificial decomposition of (a) the complex 

three-dimensional anionic network, by means of (b) removing the M(2) atoms, 

into (c) discrete subunits of lower dimensionality (isolated Sb atoms, three-atom 

wide Sb ribbons, and kinked Sb square sheets).
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(a)
Sb(3)

3.0780(8)

Sb(4)

b Sb(3)

>a

(b) Sb(3)

3.333(1)
S

2.918(1)

✓✓

b Sb(3)

>a

✓✓✓
D - * >

Figure 6-4. Comparison of the symmetrical and asymmetrical three-atom wide Sb 

ribbons, built up of Sb(3) and Sb(4), in (a) Gd6Ge4j(i)Sbn.7(I) and (b) 

La$Ge2.8(i)Sbi3.2(i), respectively, as viewed perpendicular to the plane of the strips.
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(a)
3.134(1) .'
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Sb(6)/Ge(1)
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Sb(6)/Ge(1)
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G d e G e 4 .3( i ) S b i  1.7(1)

( b )  .Q Q S b (5 )
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3.2480(9),.'' \  /  \

O ' O ' O  Sb(5)

L a 6 G e2 .8 (i)S b i3 .2 (i)

Figure 6-5. Comparison of the six-atom wide sections making up the kinked sheets in (a) 

GcUGe4.3(i)Sbu.7(i) and (b) La6Ge2.8([)Sbt3j(i), respectively, as viewed perpendicular to the 

plane of the atoms. On the basis of bond distances and atomic distributions in the M{1) 

site, local interpretations of four-atom wide ribbons {RE = Gd) and zigzag chains {RE = 

La) are emphasized for the six-atom wide sections. Thick lines represent bond orders 

greater than 0.5 and dashed lines represent weak bonding interactions.

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



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Figure 6-6. Coordination environments around /?/?(1) and RE(2) atoms, showing bicapped trigonal prism and monocapped 

square antiprism geometries, respectively. Alternatively, the coordination of RE{ 1) may be described as a bicapped 

square antiprism if the two M( 1) atoms, situated further away as shown by the dashed lines, are considered.
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Figure 6-7. Comparison of the structures of (a) La^MnSbis and (b) /Ji^Ges-xSbii+x 

shown in projection down the shortest axis. Circles with thicker rims are atoms 

residing in planes displaced by Vz the short axis parameter.
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Figure 6-8 . Electrical resistivity of single crystals of /?/sV)Ge5-ASbn+.v measured along the a axis between 2 and 300 K, (a) RE =

La, Ce, Pr; (b) RE = Nd, Sm, Gd. Insets show low-temperature behavior, the arrows indicating changes in slope arising 

from magnetic ordering. 8!
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CHAPTER 7

New Ternary Zirconium Antimonides: ZrSio^Sbu, ZrGeSb, 

and ZrSnQ>4Sbi.6. A Family Containing ZrSiS-Type and 

ZrSb2-Type Compoundsf

INTRODUCTION

The PbFCl structure type, along with its relatives ZrSiS, BiOCl, CmSb, and 

Fe2As, is a ubiquitous one with more than 200 members possessing diverse properties 

ranging from insulating-semiconducting to metallic.1-2 Historically, despite significant 

differences among the “synonymous” structure types, all labels have been used 

interchangeably. The differences lie mainly in the degree of anion-anion bonding in the 

structure. For example, PbFCI itself is a “normal valence” compound consisting 

essentially of discrete F~ and Cl" anions and is thus nonmetallic, whereas ZrSiS is 

deficient in electrons for the anions to satisfy the simple 8-n  rule, so that fractional 

covalent anion-anion bonds or metallic properties must result.3 Traditionally, “PbFCl” 

has been the label of choice in referring to members possessing this or its closely related

f A version of this chapter has been published. Lam, R.; Mar, A. J. Solid State Chem. 1997, 134, 388. 
Copyright 1997 Academic Press.
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structures. For clarity, we prefer the more accurate description, “ZrSiS-type” for the 

compounds ZrSitnSbu and ZrGeSb described herein, owing to the presence of anion- 

anion bonding, and reserve the label “PbFCl-type” for cases in which no such bonding 

occurs.

Collectively, the PbFCl- or ZrSiS-type compounds may be designated as MAB (A/ 

= transition metal; A, B = main group elements). The tetragonal structure consists of 

square nets of each of M, A, and B, stacked in the sequence [-A-M-B-B-M -A-], with 

the A net being twice as dense as M or B nets. The layers are held together by M-A and 

M-B bonds to produce an overall structure that, in most cases, is three-dimensional. As a 

consequence, the M  atoms are surrounded by nine A or B atoms in a monocapped square 

antiprismatic geometry (Figure 7-la). These units are arranged in an alternating head-to- 

head and tail-to-tail fashion along the c axis (Figure 7-2).

A useful way to systematize members of the MAB family is to compare their da  

ratios, which separate two-dimensional from three-dimensional structures,2 and their 

valence electron counts, which measure the degree of anion-anion bonding. In normal 

valence compounds such as PbFCl, there is no deficiency of electrons (A = 0) with 

respect to the simple 8—« rule.4 In polyanionic compounds, the greatest deficiency 

observed has been A = 2, as in ZrSiS5,6 or NbSiAs,7 so that Si-Si half-bonds have to be 

invoked. Table 7-1 shows selected members with the PbFCl or ZrSiS structure type 

classified according to these two indicators. We report here two new compounds, 

ZrSio.7Sbu and ZrGeSb, that have three-dimensional ZrSiS-type structures and that have 

the most pronounced deficiency A yet observed in this family. In an attempt to 

synthesize the tin analogue, we show that the compound ZrSno^Sbu reverts to a
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disordered variant of the binary compound /J-ZrSb2 .n Possible reasons for the adoption 

of these structure types are presented.

EXPERIMENTAL SECTION

SYNTHESIS

Reagents were elemental powders obtained from Cerac, Alfa-Aesar, or Aldrich, 

with >99.9% purity (except for Zr, which was 99.7% pure). Reactions were carried out 

on a 0.250 g scale in evacuated fused silica tubes (8-cm length; 10-mm i.d.). Elemental 

compositions (EDX analysis) of selected crystals were determined with the use of a 

Hitachi S-2700 scanning electron microscope (ZrSio.ySbu and ZrSno.4Sbi.6) or a JEOL 

JSM-6301FXV field-emission scanning electron microscope (ZrGeSb and ZrSno.4Sbt 6). 

X-ray powder patterns were obtained on an Enraf-Nonius FR552 Guinier camera (CuATcct 

radiation; Si standard).

ZrSiojSbu was first identified in a reaction of La, Zr, and Sb in a 8:13:30 ratio 

(intended for the preparation of LajZrSbs12). The mixture was heated at 600 °C for 2 

days and 1000 °C for 2 days, and cooled to 600 °C over 2 days and to 20 °C over 12 

hours. Shiny square plates were found at the walls of the partially-attacked silica tube. 

Anal, (mol %): Zr, 31(1); Si, 22(1); Sb, 46(1) (average of 3 analyses). ZrSiojSbu can 

also be prepared more rationally by reaction of the elements. It can be formed from 

diverse loading compositions, except those that are Si-rich, in which case ZrSi2 b'14 

prevails as the major phase. For example, heating Zr, Si, and Sb in a 2:1:2 ratio at 1000 

°C for 2 days and then cooling to 500 °C over 5 days and to 20 °C over 12 hours results
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in a mixture of binary impurities ZrSi14 and ZrSi2 13,14 (minor) as well as shiny square 

plates of the ternary compound. Anal, (mol %) Zr, 31(1); Si, 25(2); Sb, 44(3) (average of 

3 analyses).

ZrGeSb resulted from a reaction of Zr, Ge, and Sb in a 1:1:3 ratio, heated at 570 

°C for 1 day, 950 °C for 4 days, cooled to 500 °C over 4 days, and then cooled to 20 °C 

over 12 hours. The product consisted of square block-shaped crystals of ZrGeSb and 

microcrystalline powder, containing the ternary compound as the major phase and 

unreacted Ge. Anal, (mol %): Zr, 32(1); Ge, 30(2); Sb, 38(1) (average of 4 analyses). 

ZrGeSb can be obtained from reactions with diverse loading compositions except those 

that are Ge-rich, in which case ZrGe2 15 is the major phase.

ZrSno.4 Sbi.6 was originally obtained as a byproduct from a reaction of La, Zr. Cu. 

and Sb in a 1:1:1:4 ratio to which a 10-fold excess of Sn was added. The mixture was 

heated at 600 °C for 1 day, 900 °C for 2 days, cooled to 600 °C over I day, and then 

cooled to 20 °C over 10 hours. Dissolving the Sn with concentrated HC1 afforded a grey 

powder and black block-shaped crystals of ZrSno.-tSbu, which were used in the structure 

determination. Except for compositions where Zr is in excess, reaction of the elements in 

various ratios at 1000 °C for 2 days also results in ZrSno.4 Sbt.6- The ratio 2:1:2 produced 

the best yield of ZrSno.4 Sbt.6 (~ 50%) as well as unreacted Sn and an unidentified minor 

phase.

The cell parameters of selected samples were refined from the powder diffraction 

data with the use of the program POLSQ.16 The observed and calculated interplanar 

distances, as well as intensities determined using the program LAZY-PULVERIX,17 are 

listed in Tables A-19 to A-21.
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STRUCTURE DETERMINATION

Two crystals of ZrSiojSbu, one from the original synthesis and one from the 

rational synthesis, as well as one each of ZrGeSb and ZrSno.4 Sbi.6, were selected. As the 

two ZrSio.7Sbo crystals gave essentially identical results (the refined compositions were 

ZrSio.68(i)Sbt j 2(i) and ZrSio.74(2)Sbu6(i) with similar metrical details), we report only the 

more accurate determination. Preliminary cell parameters were determined from 

Weissenberg photographs, which revealed Laue symmetry 4tmmm and systematic 

extinctions (0kl: k + I = 2 n + 1) consistent with the tetragonal space groups

tf^-PAlnm m  and Dlk -PA/n  for ZrSiojSbu and ZrGeSb, and Laue symmetry mmm 

and systematic extinctions (0kl: k + I = 2 n + 1; hkQ: h = 2 n + 1) consistent with the 

orthorhombic space groups Dll -Pnma and C’, -P n 2 {a for ZrSno.4 Sb1.6 - Final cell 

parameters were determined from a least-squares analysis of the setting angles of 24 

reflections centred on an Enraf-Nonius CAD4 diffractometer in the range 10° < 

20(Mo£d) < 20° for ZrSi0.7Sbu, 20° < 20(Mo£a) < 50° for ZrGeSb, and 20° < 

20(MoA?a) <39° for ZrSno.4 Sb1.6 - Intensity data were collected at -50 °C with the 0-20 

scan technique in the range 4° < 20(Mo£a) < 70°. All calculations were carried out with 

the use of the SHELXTL (Version 5.0) package.18'19 Conventional atomic scattering 

factors and anomalous dispersion corrections were used.20 Intensity data were reduced 

and averaged, and face-indexed Gaussian-type absorption corrections were applied in 

XPREP. Initial atomic positions were found by direct methods in XS, and least-squares 

refinements were performed in XL.

For ZrSio.7Sbi j ,  the centrosymmetric space group PA/nmm was chosen based on 

the intensity statistics and on the similarity of the intensity pattern to that of ZrSiS. An
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initial refinement assuming the formula ZrSiSb resulted in reasonable displacement 

parameters for all sites except the one at %, V*, 0, for which the displacement parameter 

was anomalously low. Since disordering of the nonmetal atoms in this site has been 

previously observed,2 a refinement was performed in which the two possible nonmetal 

sites were allowed to be fully occupied by a mixture of Si and Sb, with no constraint 

placed on the overall Si:Sb ratio. This resulted in occupancies of 98(l)% Sb and 2(2)% 

Si in the site %, Vi , 0.61 and 74(2)% Si and 26(1)% Sb in the site Vi, %, 0. The final 

refined formula, assuming the former site is fully occupied by Sb, is ZrSio.74<2)Sb|.26<i), 

which agrees well with the EDX analysis. Disorder appears to be inherent property in 

this compound, and we shall accept the formulation Zr(Sio.7Sbo.3)Sb or ZrSio^Sbu.

For ZrGeSb, the space group PAInmm was chosen based on the similarity of the 

intensity pattern with that of ZrSiojSbu, despite a high Rmt index for averaging (which 

we attribute to the difficulty in performing a good absorption correction). Refinements in 

which the occupancies of successive atoms were allowed to vary (while the isotropic 

displacement parameters were fixed) resulted in values of 99.4(7)% for Zr, 102.5(6)% for 

Ge, and 98.7(6)% for Sb. A refinement performed allowing the nonmetal sites to be 

disordered resulted in occupancies of 90(4)% Ge in one site and 98(3)% Sb in the other 

site. Thus, in contrast to ZrSio/zSbu, we accept the ordered model for ZrGeSb.

ZrSno.4 Sbt.6 was recognized to be isotypic to /J-ZrSb^.11 Because of their similar 

scattering factors, it is not possible to distinguish between Sn and Sb from the X-ray data 

alone. In other ternary compounds containing Sn and Sb,21 an ordered model can be 

invoked because of their very different coordination geometries. In this case, however, 

there is no compelling reason to do so because the environments of the two anion sites
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A^l) and X(2) are chemically indistinguishable: both sites together complete the

monocapped square antiprismatic coordination around the Zr atom. Refinements in 

which these sites were occupied completely either by Sn or Sb produced identical results. 

Independent refinements of the site occupation factors of Af(l) and X(2) (whether they 

were filled by Sn or Sb), as well as the Zr site, confirmed essentially 100% occupancy. 

Since the cell constants of ZrSno.4Sbi.6 (a = 7.3187(6), b = 3.9618(4), c = 9.7076(7) A, V 

= 281.47(4) A3; T = -50 °C) deviate significantly from those of fi-ZtSbi (a = 7.393(1), b 

= 3.9870(7), c = 9.581(1) A, V — 282.42(7) A3; T= 25 °C)11 (more than can be accounted 

for even by the difference in temperature), partial substitution of larger Sn atoms for Sb 

atoms must have occurred. Ultimate composition was established from EDX analyses on 

two scanning electron microscopes. Averaging 8 analyses resulted in atomic percentages 

of 29(2)% Zr, 13(1)% Sn, and 58(2)% Sb (JEOL JSM-6301FXV), while averaging 5 

resulted in 36(4)% Zr, I l(l)% Sn, and 53(3)% Sb (Hitachi S-2700). The discrepancies 

arise from use of different calibration standards. These analyses are consistent with a 

formula “ZrSno.4Sbi.6” (33% Zr, 13% Sn, 53% Sb). Sites X(l) and X(2) were thus 

occupied by a mixture of 20% Sn and 80% Sb in the final refinement.

The displacement parameters are unexceptional, and difference electron density 

maps are featureless (ZrSiojSbu: Apmax = 1-00, Apmjn = -1.72; ZrGeSb: Apmax = 5.81, 

Apmin —11.30; ZrSno.4Sbt.6: Apmax 4.44; Apmin —4.95 e A ). Crystal data and 

further details of the data collection are given in Tables 7-2. Final values of the 

positional and displacement parameters are given in Table 7-3. Selected interatomic 

distances and angles are given in Table 7-4 (ZrSi'o.7Sbu and ZrGeSb) and Table 7-5 

(ZrSno.4 Sbi.6). Anisotropic displacement parameters are given in Table A-22.
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RESULTS AND DISCUSSION

SYNTHESIS

The use of silica tubes in high-temperature solid-state reactions sometimes leads 

to materials incorporating Si or SiCb,2,6,22 as was the case in the original synthesis of 

ZrSio.7Sbij. This compound can be also formed by direct reaction of the elements at 

most compositions except those that are Si-rich, in which case formation of the binary 

ZrSi2  predominates. The preferred formation of ZrSi2 in ternary phase reactions has been 

documented.5 Similarly, in the ZrGeSb system, the thermodynamically more stable 

phase, ZrGe2 , was the major product in all Ge-rich reactions. Related observations have 

been noted in the syntheses of ternary zirconium silicon/germanium chalcogenides. 

whose thermal stability decreases with increasing formula weight.5 Since the most 

convenient temperatures for crystal growth of the ternary compounds are also 

precariously close to their decomposition region, it is difficult to obtain them in pure 

form. The non-existence of a “ZrSnSb” phase with the ZrSiS-type structure may be 

attributed to this trend in decreasing thermal stability, but other, structural reasons may be 

important.

The cell parameters refined from X-ray powder patterns resulting from 

compositionally diverse preparations of ZrSiojSbu, ZrGeSb, and ZrSno.4 Sbi.6 do not vary 

significantly. In particular, the cell volume remains relatively constant in different 

preparations of ZrSiojSbtj. Moreover, in the case of ZrSio.7Sbu, the two crystals 

examined were obtained under very different synthetic conditions, but their compositions 

refined from the X-ray data are essentially identical. The degree of nonhomogeneity in 

these compounds is probably slight, if any.
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STRUCTURE OF ZrSiojSbu AND ZrGeSb

The structure of ZrSio.7Sbu and ZrGeSb viewed down the b axis is shown in 

Figure 7-2, with the labeling scheme showing the stacking sequence. These adopt the 

ZrSiS-type structure,1-7 which may be described in terms of the connectivity of Zr- 

centered polyhedra, the smallest building units. Briefly, the Zr atoms reside in a 

monocapped square antiprismatic environment (CN 9) (Figure la). Four A atoms form 

the basal square plane (A = Si and Sb(l) in ZrSiojSbu, or Ge atoms in ZrGeSb), four 

Sb(2) atoms form a larger square twisted 45° relative to the first one, and a fifth Sb(2) 

atom caps this square. If the capping Sb atom is designated as the “head” of the 

polyhedron, then the structure can be described as an arrangement of monocapped square 

antiprisms oriented head-to-head and tail-to-tail along the c axis.

Examination of Table 7-4 shows that most bonds are lengthened on going from 

ZrSiojSbu to ZrGeSb, consistent with substitution of Si by the larger Ge atom, although 

the increase may not be as pronounced as expected. In fact, the bond from Zr to the 

capping Sb atom is shorter in ZrGeSb (3.094(2) A) than in ZrSiojSbu (3.1085(7) A). 

This results from relief of steric crowding of the Sb atoms within the Sb squares and the 

presence of longer Ge-Ge bonds, thus allowing the capping Sb atom to better interact 

with the Zr center.2

The structure of ZrSio.7Sbu and ZrGeSb is derived from a three-dimensional 

layering of square nets. The Sb-Sb separations (>3.3 A) within the less dense square net 

are too long to be bonding. Within the denser square net of A atoms, the A-A  distances 

are 2.6934(1) A for ZrSiojSbt j  and 2.7189(5) A for ZrGeSb. These distances fall outside 

of the range normally considered for a full Si-Si or Ge-Ge single bond. For example,
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such bonds are found in many ternary main-group pnictides AxMyPn: (A = alkali metal or 

alkaline earth; M -  tetrel; Pn = P, As, Sb, Bi), where Si—Si23-27 and Ge-Ge23242829 single 

bond distances are ~2.3-2.4 A and ~2.4-2.5 A, respectively. The corresponding distances 

in ZrSio.7Sbi_3 and ZrGeSb are about 10-15% longer, suggesting that these bonds are of 

fractional order. The large number of MAB compounds may be organized along a 

continuum in which at one extreme lie PbFCl-type members that are non-metallic or 

“normal valence” compounds.420’31 For example, the formulation for UOTe may be 

represented as U4+(02-)(Te2-). More importantly, the M  cation provides sufficient 

electrons to the A and B atoms to satisfy the octet rule, so formation of anion-anion 

bonds in the square A net is excluded and the structure consists of discrete ions. 

Representatives of nonmetallic PbFCl-type compounds include the oxyhalides PuOA (X 

-  Cl, Br, I)4 and oxychalcogenides UOT(K = S, Se, Te).4 At the other extreme are found 

the more metallic phases in which the M cation provides insufficient electrons to saturate 

the valence requirements of A and B. These ZrSiS-type compounds necessarily contain 

A-A bonds of fractional order which have now been quantified by band structure 

calculations.1 The degree of anion-anion interaction within the square nets of A atoms 

depends on the size of the cation as well as the anion.4 Examples of these metallic phases 

are provided by the ternary main-group chalcogcnides given in Table 7-1.

The dimensionality of ZrSiS-type structures has also been studied previously.2 

The transition from a three-dimensional to a true layered structure depends on the 

distance from M  to the capping B atom and is signalled by an anomalously high da  ratio. 

In the series ZxAB (A = Si, Ge, Sn; B = S, Se, Te), ZrSiTe is shown to be a layered 

compound as indicated by its high d a  ratio (2.572) compared to normal values of 2.0-23
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for three-dimensional structures (Table 7-1).1,2t5’6 This ratio also provides a useful 

division between metallic and nonmetallic phases, as values for the former do not fall 

below 2.O.4

We can now classify ZrSiojSbu and ZrGeSb according to electron count, ionic- 

metallic distinction, and dimensionality. As shown in Table 7-1, most ZrSiS-type 

compounds have electron counts that correspond to a deficiency A of 2 electrons required 

for the A and B atoms to satisfy the 8—/i rule. Consequently, the A-A bonds within the 

denser square net are often portrayed as half-bonds, or one-electron bonds. ZrSiojSbu 

and ZrGeSb are noteworthy in having the largest value of A = 3 while retaining the 

ZrSiS-type structure. Interestingly, the Ge-Ge distance in ZrGeSb (2.7189(5) A) is not 

significantly different from that in ZrGeTe (2.734(1) A).6 Presumably, other factors, 

such as the complex interplay of Zr-A  and Zr-B  bonds as well as steric effects, are 

important in controlling the stability of this structure type. A thorough band structure 

study is needed to unravel these complexities. In terms of bonding character, ZrSiojSbu 

and ZrGeSb belong to the more metallic phases containing fractional anion-anion bonds. 

Examination of the Zr-Sb(capping) distances in ZrSiojSbu (3.1085(7) A) and ZrGeSb 

(3.094(2) A) indicates that these are three-dimensional structures, as confirmed by their 

c/a ratios (2.266 and 2.245, respectively).

A reasonable explanation for nonstoichiometry in ZrSio.7Sbu and its absence in 

ZrGeSb may be attributed to the size difference between Si and Ge. Note that the anion- 

anion (A—A) distance remains fairly constant as one substitutes Si with Ge (~ 2.7 A). 

This suggests that bond distances within the square net of smaller A atoms are already 

fixed  by the constraint imposed by the presence of the larger Sb atoms in the less dense
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square B net Placing only Si atoms in the geometrically fixed sites in the square A net 

would result in an unstable compound because the A-A distances are too far for even 

fractional Si-Si bonding to be strong enough to provide sufficient bonding energy. Thus, 

ZrSio.7Sbi3  requires replacement of approximately every fourth Si atom with the larger 

Sb atom in the square net in order to achieve sufficient anion-anion bonding to stabilize 

the compound. Furthermore, we would not expect much variability in the 

nonstoichiometric formula for ZrSiojSbu since the degree of disorder is defined by the 

structurally constrained anion-anion distances. In contrast, for ZrGeSb, the insertion of 

the larger Ge atoms into site 2a results in sufficient anion-anion bonding to satisfy the 

electronic demands of the structure, thus giving rise to the stoichiometric and ordered 

formula ZrGeSb. Examples exist in which the size of the anionic square net does not 

remain constant in related series of compounds. For instance, the compounds Zr/lTe (A = 

Si, Ge, Sn)2-5'6 show that as the size of the A atoms in the square net increases, the A-A 

bond distance increases significantly from 2.61 to 2.E7 A (Table 7-1). However, other 

systems such as UAS (A = Si, Ge),30 U4Te (A = Sn, Sb),30 ZtAS (A = Si, Ge),5 H£4S (A = 

Si, Ge),5 and H£4Se (A = Si, Ge)5 do support the trend that the square nets of A atoms 

remain relatively unperturbed by the effects of substitution.

STRUCTURE OF ZrSno.4Sbi.6

A view of the b axis of the structure of ZrSno.4Sbi.6 is shown in Figure 7-3. As 

part of our substitutional study of MAB compounds, we attempted to synthesize 

“ZrSnSb” to see if it would adopt the ZrSiS-type structure as well. Instead, we obtained 

the compound ZrSno.4Sbi.6, a disordered variant of j}-2xSbi which is of the PbCh-type.
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The structure of yS-ZrSb2  has been described in detail before.11 In ZrSno.4 Sbi.6, the two 

anion sites A”(l) and X{2) are disordered, containing a mixture of 20% Sn and 80% Sb. 

Bond distances and angles are generally similar to the parent compound, with some 

irregular variations. The structure of ZrSno.4 Sbi.6 is related to the ZrSiS-type structures of 

ZrSio.7Sbi.3 and ZrGeSb in that they are based on Zr-centered monocapped square 

antiprisms. As shown in Figure 7-la, these units are undistorted in ZrSio.7Sbu and 

ZrGeSb since the Zr atom is equidistant to the basal square of A atoms as well as the 

larger square of Sb atoms. Furthermore, the capping Sb atom is situated directly above 

the Zr atom. In ZrSno.4Sbt.6, the monocapped square antiprism is distorted (Figure 7-lb), 

displaying irregular squares and a tilted capping atom. For example, three symmetry- 

equivalent sites (A'Cl)), at distances of 2.9902(6) (2x) and 3.0808(9) A, and another site 

(X(2 )), at a distance of 3.2588(8) A, define the basal square. Four X(2 ) sites at distances 

of 3.0186(6) (2x) and 3.0342(6) (2x) A (2x) form a larger square twisted 45° relative to 

the first square. A ninth site (A(l)) completes the unit by “capping” the larger square at a 

distance of 2.9389(8) A. It is noteworthy that the capping atom is tilted in ZrSno.4Sbi.6 

but is directly above the metal in ZrSio.7Sbu and ZrGeSb. The capping atom in such 

units can often be found with varying tilt angles.32 If the “capping” atom is again 

designated as the “head”, then the structure of ZrSno.4Sbi.6 can be built up from these 

units, aligned in a head-to-tail fashion along the c axis.

The displacement of the capping atom in ZrSno.4Sbi.6  affects the manner in which 

the building units are connected and accounts for the differences between the two 

structures. When undistorted capped square antiprisms are connected together, parallel 

square nets are aligned in ZrSiojSbo and ZrGeSb. Figure 7-4a illustrates the
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connectivity about a plane of A atoms in ZrSiojSbi j  and ZrGeSb, showing the tail-to-tail 

orientation of the building units. The “head” of the building units points in either 

direction along the c axis. In contrast, the tilting of the capping atom in the square 

antiprisms in ZrSn<uSbi.6 reduces the symmetry to an orthorhombic structure. As shown 

in Figure 7-4b, the building units are connected in a head-to-tail fashion, and they no 

longer point along the c axis but in several directions. The structure no longer consists of 

parallel square nets, but rather staggered “ribbons” that are four atoms wide (Figure 7-3).

IMPLICATIONS

The discontinuity of structure type upon substitution of Sn may be rationalized by 

the size differences of the Group 14 atoms. Haneveld and Jellinek provided a useful 

index for predicting the occurrence of the PbFCI structure type in MAB compounds, 

based on the ratio of the radii of the metal M and the elements A and B?° As shown in 

Table 7—1, the M-4B distances are always larger than the A-A distances and in instances 

in which this is not true, the resulting compound either does not exist or adopts a different 

structure type. When the condition is met, the resulting compound adopts either the 

PbFCl/ZrSiS structure type (in most cases) or the closely related tetragonal (14/mmm) 

UGeTe structure type.30 In the present case, if we accept that most regular Sn-Sn single 

bond distances in the solid state lie in the range 2.804-2.891 A,33-35 with a few examples 

of slightly longer distances such as 2.984 A,36 then it is reasonable that ZrSno.-tSbu 

prefers not to crystallize in the space group P4/nmm since the Zr-4Sb distances for a 

hypothetical ZrSiS-type compound “ZrSnSb” are expected to be at least 2.96 A. Thus, 

ZrSno.4 Sb[ .6  appears to be at the limit for the formation of the MAB structure type. The
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fact that similarities can be drawn between the two structure types (ZrSiS and /J-ZrSbi) is 

probably an indication that ZrSno.4 Sbi.6 lies at the border between the two types. It is 

interesting to note that if Sb is substituted by Te, which has a similar atomic radius, the 

MAB member ZrSnTe2 exists with Zr-4Te and Sn-Sn distances of 3.038(1) A and 

2.867(1) A, respectively. We believe Haneveld and Jellinek’s model accounts for most 

observations but is not applicable in all cases.

The preparation of this series of compounds illustrates the great versatility of the 

PbFCl or ZrSiS structure type. The physical properties of these compounds, which are 

expected to be metallic conductors,2,4’31’37 are being investigated. A band structure 

calculation will help clarify the factors involved in their stability. It would be interesting 

to see if ZrSiS-type “TiSnSb” or “HfSnSb” compounds can be made, if "ZrSnSb" has 

not. The transition metal and main group elements can also be substituted to probe the 

limits of this diverse structural class.
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Table 7-1. Representative Ternary Compounds That Adopt the ZrSiS-Type (or PbFCl-

Type) Structure

MAB da M-4B (A) M-B (A) A-A  (A) Aa Reference

UOTe 1.871 3.20 3.42 2.83 0 4

ZrAs1.15Seo.575 2.17 2.81(1) 2.886(5) 2.647(4) 0.6 8

LaTei 2.025 3.293(7) 3.260(7) 3.187(4) 1 9

ZrSiSe 2.30 2.76 3.01 2.57 2 5

ZrSiTe 2.572 b 2.918(1) 3.957(1) 2.614(1) 2 5,10

ZrGeTe 2.224 2.93(1) 3.26(4) 2.734(1) 2 6

ZrSnTe 2.148 3.038(1) 3.086(1) 2.868(1) 2 2

NbSiAs 2.263 2.681(1) 2.811(1) 2.468(1) 2 7

ZrSio.7Sbi.3 2.266 2.9460(3) 3.1085(7) 2.6934(1) 2.7 this work

ZrGeSb 2.245 2.9595(9) 3.094(2) 2.7189(5) this work

a A is defined as the deficiency of electrons available to the anions A and B with respect

to satisfying the 8-n rule.4 For normal valence compounds, A = 0. For ZrGeSb. a

polyanionic compound, A = ((8-4) + (8-5)) - 4  = 3.

b High values of da  (~ 2.6) correspond to layered compounds.1'2'5'6
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Table 7-2. Crystallographic Data for ZrSiojSbu, ZrGeSb, and ZrSno.4Sbi.6

Formula ZrSio.74a)Sbi i6(i) 2W3eSb &Sno.4Sbi.6

Formula mass, amu 264.80 285.56 330.50

Space group Dlh ~ P4/nmm 
(No. 129)

Dlh~ P^lnmm 
(No. 129)

D \bh -  Pnma 
(No. 62)

a, A 3.8091(2)“ 3.8451(7)“ 7.3187(6) b

b, A — — 3.9618(4)6

c, A 8.630(1) “ 8.634(2)“ 9.7076(7) b

F, A3 125.22(2) 127.66(4) 281.47(4)

Z 2 2 4

uot-r -50 -50 -50

Diffractometer Enraf-Nonius CAD4

Pcalc» § Cm 7.023 7.429 7.870

Crystal dimensions, mm 0.17x0.14x0.05 0.14 x 0.12 x 0.05 0.07 x 0.24 x 0.06

Radiation Graphite-monochromated MoAa, k  = 0.71073 A

p(MoATa), cm-1 175.8 258.0 220.4

Transmission factors c 0.122-0.408 0.080-0.301 0.194-0.308

Scan type 0-20 0-20 0-20

Scan speed, deg. min“l 1.7-6.7 2.0-6.7 1.5-6.7

Scan range, deg. 0.8 + 0.344 tan 0 0.8+ 0.344 tan 0 0.6 + 0.344 tan 0

26 limits 4° < 20(Mo£a) < 
70°

4° < 20(MoAa) < 
70°

6°<20(MoAd)<
70°

Data collected - 6  < h< 6 > 
- 6 < k< 6 ,

—6 < h < 6 , 
- 6 < k< 6 ,

-11 <A<10, 
- 6 <k<  6,

-13 < /<  13 -13 < /<  13 -13 < /<  15
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Table 7—2. Crystallographic Data for ZrSio.ySbu, ZrGeSb, and ZrSno.4 Sbi.6 (continued)

No. of data collected 2138 2158 2484

No. of unique data, 
including F 2 < 0

203 (Rm = 0.068) 203 (& , = 0.269) 690 (Rm = 0.127)

No. of unique data, with 
F 2 > 2<s(F2)

202 197 663

No. of variables 12 10 20

Extinction coefficientd 0.122(6) 0.10(2) 0.038(3)

R(F) for F02 > 2a(F02) e 0.015 0.062 0.048

R*(F2)f 0.039 0.144 0.107

Goodness of fitg 1.38 1.25 1.16

(Ap)max, (Ap)mtn> ® A 0
 

* 1 5.8,-1 1.3 4.4, -4.9

a Obtained from a refinement constrained so that a = b and a  = (3 = y = 90°.

b Obtained from a refinement constrained so that a  = (3 = y = 90°.

c A Gaussian-type absorption correction was applied, with the use of programs in the 

SHELXTL package (Sheldrick, G. M. SHELXTL Version 5.0, Siemens Analytical X- 

Ray Instruments, Inc., Madison, WI, 1994).

d An extinction parameter x was refined, where Fc is multiplied by: &[l + 0.001 * .t * F 2 

* k* / sin(20)]"l/4.

* w > I | f . | - | F , | / 2 K | .

f  «'■' ■ V t f . V f A ? ) 1 + BP] where

P = [max(F; ,0) + 2Fc2]/3 , A = 0.0029,0.0601,0.0600, and B = 0.34,236,1.71 for 

ZrSiojSbu, ZrGeSb, and ZrSno.4 Sbt.6, respectively.
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g GooF = S  = [X[w(F02 -  Fc2)2]/(n -p )]‘/2 where n is the number of reflections and p  is 

the total number of parameters refined.
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Table 7-3. Atomic Coordinates, Occupancies, and Equivalent Isotropic Displacement

Parameters (A2) for ZrSiojSbi3 , ZrGeSb, and ZrSno.4Sbi.6

Atom

Wyckoff 
position, site 

symmetry X y 7 Occupancy II a

Zr 2c Amm lA

ZrSio.7Sbu

Va 0.25076(6) 1 0.0054(2)

A b 2 a 4 m2 3A Va 0 I 0.0080(3)

Sb(2) 2 c A mm lA Va 0.61095(4) 1 0.0056(2)

Zr 2 c Amm lA

ZrGeSb

Va 0.2532(2) 1 0.0049(6)

Ge 2 a A m 2 'A Va 0 I 0.0052(5)

Sb 2 c Amm V* Va 0.6115(1) 1 0.0051(5)

Zr 4c . m . 0.26110(9)

ZrSno.4Sbi.6

Va 0.16278(6) 1 0.0047(2)

m c 4c . m . 0.86981(6) Va 0.04578(4) 1 0.0057(2)

X(2)c 4c . m . 0.92828(6) Va 0.64836(4) 1 0.0053(2)

a Ueq is defined as one-third of the trace of the orthogonalized U-,j tensor. 

6 A contains 74(2)% Si and 26(1)% Sb(l). 

c Each site is occupied by 20% Sn and 80% Sb.
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Table 7-4. Selected Interatomic Distances (A) and Angles (°) in ZrSiojSbu and ZrGeSb

ZrSio.74(2)Sbî 6(i) ZrGeSb

Zr-Sb(2) 2.9460(3) (x4) 2.9595(9) (x4)

Zr-Sb(2) 3.1085(7) 3.094(2)

Zr-A 2.8829(4) (x4) 2.911(1) (x4)

A-A 2.6934(1) (x4) 2.7189(5) (x4)

Sb(2)-Sb(2) 3.3049(4) (x4) 3.331(1) (x4)

A-Zx-A 55.699(9) 55.68(3)

A-Zx-A 82.70(2) 82.66(4)

A-Zx-Sb{2) 136.99(1) 136.52(3)

4-Zr-Sb(2) 82.936(8) 82.39(2)

Sb(2)—Zr-Sb(2) 80.554(8) 81.03(2)

Sb(2)-Zr-Sb(2) 132.20(2) 133.48(7)

Sb(2)-Zr-/1 138.651(7) 138.67(2)

Sb(2)-Zr-Sb(2) 66.10(1) 66.74(3)

Zr-Sb(2)-Zr 132.20(2) 133.48(7)

Zr-Sb(2)-Zr 80.554(8) 81.03(2)

Zr-Sb(2)-Zr 113.90(1) 113.26(3)

A-A-Zr 117.849(4) 117.84(1)

A-A-Zr 62.151(4) 62.16(1)

Zx-A-Zx 124.301(9) 124.32(3)

Zx-A-Zx 82.70(2) 82.66(4)
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Table 7-5. Selected Interatomic Distances (A) and Angles (°) in ZrSno..tSbi.6

Zr-X(l) 2.9389(8) X(iyX(l) 2.8888(7) (2x)

Zx-X(l) 2.9902(6) (2x) X (iyx(2) 3.1105(5) (2x)

Zr-X(2) 3.0186(6) (2x)

Zr-X(2) 3.0342(6) (2x)

Zx-X(l) 3.0808(9)

Zx-X(2) 3.2588(8)

X{\)-Zv-X{\) 137.61(1) x a y x a y x a ) 86.58(3)

X(iyZx-X(l) 82.98(2) x ( \ y x a y x ( 2) 176.25(2)

X{\yzx-X{2) 80.84(2) x ( \ y x ( i y x ( 2) 97.15(1)

X(iy-Zr-X(2) 130.14(3) x(2y x ( i y x ( 2) 79.11(2)

X{\)-Zt-X{2) 77.01(1) x ( \y x ( 2y x ( i ) 79.11(2)

X(2)-Zr-X(2) 82.03(2)

X(l)-Zr-X(2) 62.74(2)

X{1)-Zt-X(2) 134.05(3)

X(iyzx-X(2) 80.23(1)

X(2yZr-X(2) 86.77(1)

X(2yZr-X(2) 143.18(2)
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(a) (b)

Figure 7-1. Coordination of Zr atoms in (a) ZrSitnSbi 3 and ZrGeSb and (b) ZrSno.4 Sb|.6, showing the monocapped square 
antiprismatic geometry. The darkened bonds represent planes of bonding atoms within the structures. Site A contains 

74(2)% Si and 26(1)% Sb(l) in ZrSio.7Sb|.3  and 100% Ge atoms in ZrGeSb. Sites A'(l) and A'(2) are occupied by 20% Sn 

and 80% Sb in ZrSno.4 Sb| 6 .
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Zr

Sb

Sb

Zr

- * a

Figure 7—2. ZrSiS-type stucture of ZrSiojSbu and ZrGeSb, as viewed down the b 

axis, with the unit cell outlined. Note the stacking order of the different layers 

of atoms. Site A is disordered for ZrSiojSbu, containing a mixture of 74(2)% 

Si and 26(1)% Sb(t), and ordered for ZrGeSb, containing only Ge atoms.
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c

Figure 7—3. View down the b axis of ZrSno.4 Sbi.6 with the unit cell outlined. The solid 

circles are Zr atoms, while the two disordered sites are represented by the open 

(X(2)) and lightly shaded (A!(l)) circles, each occupied by 20% Sn and 80% Sb.
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(a) (b)

Figure 7-4. Connectivity of monocapped square antiprismatic building blocks in (a) ZrSiojSbjj and ZrGeSb and (b)

ZrSno.4 Sb| 6. Note the tail-to-tail (and head-to-head) orientation of the building units in the Si and Ge compounds in
contrast to the head-to-tail orientation in the Sn compound. _

3
Os
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CHAPTER 8 

Conclusion

STRUCTURAL DIVERSITY

A series of new compounds containing a combination of electropositive (M = Ba, 

RE, Zr, Hf) and electronegative elements (A = Si, Ge, Sn; B = As, Sb) have been 

synthesized and structurally characterized (Table 8-1), and their resistivity determined. 

Exploration of these polar intermetallic compounds provides a unique opportunity for 

studying bonding between main-group atoms (A-A, A-B, and B-B) as well as examining 

the extent to which they adhere to the Zintl concept. Furthermore, the use of less 

electropositive cations from the rare-earth series and the group 4 transition metals has led 

to the discovery of new compounds which serve to test the validity of the Zintl concept.

As shown in Table 8-1, the heavy pnicogens As and Sb have the propensity to 

form homoatomic (A-A, B-B) and heteroatomic bonds (A-B) when in combination with 

electropositive elements. The condensation of these heavy elements with the group 14 

atoms in the present study has resulted in the formation of elaborate as well as lower

dimensional polyanionic networks. We observe a diverse collection of structural 

features, including isolated atoms, zigzag chains, ribbons of various widths, and two- 

dimensional square and corrugated nets. The occurrence of large channels (spanning 30
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atoms) of different shapes in EuSn3Sb4  and Ba2 Sn3Sb6 , as well as the intricate network of 

walls in RE^Gey-xSbn+x (RE = Lar-Nd, Sm, Gdr-Dy), represent the versatility of the main- 

group atoms to form bonds with each other when provided with enough electrons by the 

cationic matrices.

The types of frameworks that are constructed occupy the whole spectrum of 

dimensionality. For instance, the compounds BaagHfuAsnj, ZrGeSb, and ZrSno.4Sbi.6  

display one-dimensional networks of ribbons and atoms. Two-dimensional nets are 

observed in Ba3Sn4As6 and ZrSiojSbu, while three-dimensional channels and 

interconnecting walls are found in Ba2Sn3Sb6, EuSn3Sbt, and RE^Ges-xSbu+x (RE = La- 

Nd, Sm, Gd-Dy).

The remarkable versatility of As and Sb in forming polyanionic networks is 

attributed to their ability to form classical as well as nonclassical structural geometries. 

The present investigation supports Papoian and Hoffinann’s conclusion1 that hypervalent 

bonding becomes more prevalent as one goes down a group in the p-block. This is 

attributed to reduced s-p mixing of the valence orbitals in the heavier atoms, giving rise 

to unique atomic arrangements such as undistorted metallic networks. Table 8-1 also 

shows the kinds of geometries adopted by As and Sb in the current group of compounds. 

We see that, in the structures of arsenides and antimonides, classical geometries 

(nonbonded isolated atoms, bent, and trigonal pyramidal) occur as frequently as 

nonclassical types (square planar and square pyramidal). This is consistent with the vast 

number of other arsenide and antimonide structure types.
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LIMITS OF ZINTL CONCEPT

Traditionally, the Zintl concept2 has provided a deceptively simple and 

convenient approach for understanding and rationalizing the structure and bonding of a 

multitude of solid state compounds that consist of a combination of electropositive and 

electronegative elements. Effectively, it accounts for the tendency for electronegative 

main-group atoms to form localized covalent bonding when provided with electrons from 

electropositive cations. The existence of a vast number of structurally and 

compositionally diverse phases1-9 that adhere to this set of valence rules is evidence of 

the usefulness of the scheme. However, there are limitations to the Zintl concept. 

Exceptions exist of compounds having seemingly Zintl-like compositions but which do 

not follow the octet rule. An example is provided by the compound Ba7Ga4 Sb9 I0 n which 

appears that it should be a Zintl compound but in actuality, the concept fails to account 

for its structure. Theory points to the possibility of a pairing distortion in a part of the 

structure which effectively opens up a gap at the Fermi level, and induces a metal-to- 

insulator transition. Experimental results are being sought to confirm the suggestion of a 

change of bonding type in the compound.

In spite of the success that the Zintl concept has in establishing a correlation 

between the electronic and geometric structures of a large class of polar intermetallics, it 

tends to be overly simplistic. Although it serves well as a post-hoc method for 

rationalizing the bonding in numerous structures or as a “litmus test”12 for evaluating the 

soundness of a crystal structure determination, the Zintl concept still lacks predictive 

value. This is partially due to the neglected consideration of the cations, which are often 

ignored since they merely act as spacers or fillers in Zintl structures. Furthermore, the
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extent of charge transfer from cations to anions is often overestimated, which is not an 

unreasonable claim given the polarizing abilities of small, highly charged cations. Owing 

to these effects, the Zintl concept is limited in its ability to be used as a tool to predict 

global structures. For example, one can make an accurate prediction as to the types of 

bonds Si will form locally in the structures of the series /LESii (AE = Ca, Sr, Ba).2 but 

their crystal structures, showing the arrangement of all polyanionic units, can only be 

determined by a structure determination. In fact, the structures of the three binary 

compounds differ from each other. Thus, the importance of cation-anion interactions, 

which have structure-determining effects in crystal structures, cannot be overlooked.

Table 8-1 shows that the structures of the compounds Ba3 SruAs6 , Ba2Sn3Sb6, and 

EuSn3Sb4  can be rationalized by the Zintl set of rules. This confirms our original 

suspicion that these should form Zintl phases given the electronegativity difference 

between Ba (or Eu) and the other main-group atoms. EuSn3Sb4 , which has the SrSn3Sb4 

structure type, contains the same channels as observed in the related compound 

Ba2Sn3 Sb6 . However, the size difference between Ba and Eu atoms has the effect of 

forming wide or narrow versions of the channels, respectively, in their respective 

structures. As less electropositive cations are used, such as those from the rare-earth 

series or group 4 transition metals, we see that the remaining compounds in Table 8-1 

fail to follow the Zintl convention, even though examples exist of Zintl phases containing 

these cations.

The expectation that Zintl compounds are semiconducting is not realized with the 

present group of compounds, as BasSntAse, Ba2 Sn3Sb6, and EuSn3Sb4  all show metallic 

behaviour. The phenomena in the latter two have been determined to be a result of
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additional bonding interactions that arise from the joining of the channels, leading to 

band broadening and the disappearance of the band gaps in the two compounds.

FUTURE DIRECTIONS

It has been shown that the anionic substructures of Zintl-type compounds are 

highly sensitive to the types of cations used. Thus, it is natural to extend the current 

restriction to ternary systems to include more complicated quaternary combinations. Of 

interest will be the effect of reacting two vastly different cations with two main-group 

elements from the p-block. Their structures are expected to be highly complex, and will 

serve to further test the applicability of the Zintl concept. Owing to the greater number of 

components, these systems are expected to provide fertile ground for the discovery of 

novel compounds. A preliminary search of the system (alkali metal / rare-earth metal / 

group 14 / group 15), for example, revealed that there are currently no known 

compounds. Incorporation of a rare-earth component will make these systems ideal for 

electronic and magnetic property studies.

The systems (Ti, Zr, Hf /  Si, Ge, Sn / P, As, Sb, Bi), which yielded the ZrSiS-type 

compounds ZrSio.7Sbu and ZrGeSb as well as the compound ZrSno.4Sbi.6, deserve 

greater attention owing to the potential for these systems to be structurally rich. 

Resistivity measurements of the series can give interesting results considering that the 

compounds ZrSiojSbu and ZrGeSb contain one of the lowest valence electron counts in 

the large class of ZrSiS-type and PbFCl-type structures.
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It will be worthwhile to measure the magnetic susceptibilities of the rare-earth 

series ftE6Ge5_*Sbn+x (RE = Lar-Nd, Sm, Gd-Dy) and then complement those studies 

with neutron diffraction experiments. The extensive substitution range of these materials, 

whose structures contain stackings of trigonal prisms of rare-earth atoms, provide a 

curious system for studying magnetic interactions. The results from resistivity 

measurements already hint at potentially intriguing behaviour of these compounds in a 

magnetic field, showing transitions in the resistivity vs. temperature plots.
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Table 8-1. Summary of Structural Features of Selected Arsenides and Antimonides

Compound Anionic Network Features Geometry of As/Sb " Zintl Concept Property

BasSatAse 2D corrugated nets 3b-trig. pyr. Zintl compoundb metallic

Bao,gHf|2Asi7.7 isolated atoms, 
six-atom wide ribbons

Ob-atom, 2b-bent, 
4b-sa. Dlanar

fail metallic

Ba2Sn3Sb6 zigzag chains, 
large open channels

2b-bent, 3b-trig. pyr. (Ba2+)2 [(Sn,-)2(Sn0)(Sb°)4(Sb,-)2]4- metallic

EuSn3Sb4 large narrow channels 3b-trig. pyr. ( E u2+) [(S n1 ~)2(Sn°)(S b°)4]2~ metallic

REb Gej_^Sb| |+, (RE = 
La-Nd, Sm, Gd-Dy)

interconnecting walls, 
isolated atoms

Ob-atom. 2b-bent. 3b-Dlanar. 
4b-sq. planar. 5b-sq. pvr.

fail metallic

ZrSio,7Sb|,3 isolated atoms, 
2D square nets

Ob-atom. 4b-sa. planar fail n/a

ZrGeSb isolated atoms Ob-atom fail n/a

ZrSno.4Sb|,6 four-atom wide ribbons 2b-bent. 4b-sa. planar fail n/a

a “Nonclassical” geometries are underlined.

b Chemical formulation for Ba3 Sn4As(,: f(Ba2+)o i5(Ba2,)()85(Ba2̂ )2 ]|(Snl")o«5(Snl“)oi.s(SnH)4(AsHl5')(As085~)(As'")4]6~
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Table A—1. Powder X-Ray Diffraction Data for BaiSnsSbe a

hU ^obs (A ) l/calc (A ) Illab hkl ^obs (A ) (fcalc (A ) l/l0b

0 13 3.887 3.889 10 3 1 6 2.490 2.489 17

1 1 3 3.733 3.735 32 0 0 10 2.450 2.451 11

107 3.386 3.387 46 0 2 0 2.212 2.211 82

2 1 3 3.357 3.362 10 5 0 7 2.126 2.126 10

4 0 0 3.343 3.344 14 0 0 12
f  2.043

2.043 12

40 1 3.312 3.313 41 2 I 10 J 2.041 32

3 0 5 3.299 3.298 54 6 1 2 1.967 1.965 36

1 1 5 3.191 3.189 84 2 1 11 1.908 1.907 13

2 1 4 3.159 3.160 32 127 1.850 1.852 16

3 12 3.041 3.041 62 42  1
f  1.839

1.839 15

2 1 5 2.947 2.948 53 3 2 5 1.837 20

4 0 4
f  2.932

2.935 11 7 1 2 1.738 1.736 10

3 13 j 2.931 82 4 2 5 1.727 1.726 20

3 14 2.795 2.794 47 5 2 2 1.688 1.688 11

4 0 5 2.763 2.762 39 7 1 5 1.652 1.651 11
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Table A -l. Powder X-Ray Diffraction Data for BajSnsSbg a (continued)

0 I 7
f  2.739

2.745 19 3 I 13 1.617 1.616 15

2 1 6 J 2.738 100 61 10 1.547 1.545 10

109
f  2.668

2.669 12 3 0 15 1.535 1.534 10

4 1 0 J 2.667 12 236 1.358 1.358 13

5 0 2 2.612 2.613 20 3 2 15 1.261 1.261 12

5 0 3  ^ 2.542 10
f  2.541

2 1 7 2.540 12

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 13.374(3) A, b = 4.423(1) A, c = 24.510(5) A, V= 1449.7(4) 

A3.

6 The intensities were calculated from the crystal structure of Ba2SnjSb6 with the use of 

the program LAZY-PULVERIX (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appl. 

Crystallogr. 1977,10, 73-74).
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Table A-2. Anisotropic Displacement Parameters a (A2) for Ba2Sn3Sb6

Atom Un C/2 2 C/3 3 C/1 2 Un C/2 3

Ba(l) 0.012(1) 0.007(1) 0.012(1) 0 0.0014(8) 0

Ba(2) 0.013(1) 0.005(1) 0.016(1) 0 0.0000(8) 0

Sn(l) 0.012(1) 0.008(1) 0.011(1) 0 0.0021(9) 0

Sn(2) 0.011(1) 0.008(1) 0.014(1) 0 0.000(1) 0

Sn(3) 0.013(1) 0.010(1) 0.018(1) 0 0.000(1) 0

Sb(l) 0.011(1) 0.007(1) 0.019(1) 0 -0.001(1) 0

Sb(2) 0.015(1) 0.009(1) 0.015(1) 0 0.004(1) 0

Sb(3) 0.016(1) 0.010(1) 0.010(1) 0 -0.002(1) 0

Sb(4) 0.013(1) 0.008(1) 0.014(1) 0 -0.001(1) 0

Sb(5) 0.015(1) 0.009(1) 0.013(1) 0 -0.001(1) 0

Sb(6) 0.012(1) 0.008(1) 0.015(1) 0 -0.000(1) 0

a The form of the anisotropic displacement parameter is: exp[-2K2(h2a*2Uu + +

l2c*2 U33 + 2hka*b*U, 2 + 2hla*c*Ul3  + 2 klb*c*U23)\.
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Table A—3. Anisotropic Displacement Parameters a (A2) for EuSn3Sb4

Atom Un U22 Ux Un Un U23

Eu 0.0153(4) 0.0133(4) 0.0193(3) 0 0.0005(3) 0

Sn(l) 0.0170(5) 0.0168(5) 0.0237(4) 0 -0.0013(4) 0

Sn(2) 0.0229(5) 0.0211(5) 0.0256(5) 0 -0.0012(4) 0

Sn(3) 0.0148(5) 0.0132(5) 0.0227(4) 0 -0.0007(3) 0

Sb(l) 0.0195(5) 0.0132(5) 0.0186(4) 0 0.0015(3) 0

Sb(2) 0.0131(4) 0.0158(5) 0.0258(5) 0 0.0004(3) 0

Sb(3) 0.0144(5) 0.0141(5) 0.0254(5) 0 -0.0013(3) 0

Sb(4) 0.0197(5) 0.0137(4) 0.0248(4) 0 0.0061(4) 0

“ The form of the anisotropic displacement parameter is: exp[-2it\h2a*2Uu + Jcb*2 U22 + 

l2c*2 Un  + 2hka*b*Ul2  + 2 hla*c*Ut3  + 2 ktb*c*U23)].
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Table A-4. Anisotropic Displacement Parameters a (A2) for BajSatAsg

Atom Uxx C/22 C/3 3 C/1 2 C/1 3 C/23

Ba(l) 0.0093(4) 0.0128(4) 0.0142(4) 0.0017(3) —0.0007(5) -0.0006(5)

Ba(2) 0.0093(4) 0.0128(4) 0.0142(4) 0.0017(3) —0.0007(5) -0.0006(5)

Ba(3) 0.0115(4) 0.0143(4) 0.0218(4) 0.0021(3) -0.0007(6) -0.0007(5)

Ba(4) 0.0105(4) 0.0171(4) 0.0263(5) 0.0035(3) -0.0046(7) -0.0016(6)

Sn(i) 0.0082(4) 0.0121(4) 0.0114(4) -0.0014(3) 0.0001(6) 0.0005(5)

Sn(2) 0.0082(4) 0.0121(4) 0.0114(4) -0.0014(3) 0.0001(6) 0.0005(5)

Sn(3) 0.0101(4) 0.0116(4) 0.0128(4) 0.0005(3) -0.0011(6) -0.0002(5)

Sn(4) 0.0128(5) 0.0115(4) 0.0146(4) -0.0002(3) 0.0001(6) 0.0001(5)

Sn(5) 0.0088(4) 0.0081(4) 0.0135(4) 0.0010(3) -0.0005(6) 0.0000(5)

Sn(6) 0.0088(4) 0.0081(4) 0.0135(4) 0.0010(3) -0.0005(6) 0.0000(5)

As(l) 0.0090(5) 0.0140(6) 0.0149(6) 0.0010(5) 0.0001(10) 0.0010(7)

As(2) 0.0087(6) 0.0255(7) 0.0146(6) -0.0054(6) -0.0012(10) 0.0016(8)

As(3) 0.0116(6) 0.0142(6) 0.0131(6) -0.0003(5) -0.0013(11) -0.0007(9)

As(4) 0.0111(6) 0.0127(6) 0.0152(6) 0.0002(5) -0.0022(11) 0.0023(9)

As(5) 0.0131(6) 0.0114(6) 0.0155(6) 0.0000(5) -0.0016(12) 0.0002(10)

As(6) 0.0135(6) 0.0110(6) 0.0178(7) -0.0009(5) -0.0008(12) -0.0017(10)

a The form of the anisotropic displacement parameter is: exp[-2K2(h2a*zUu + krb*2U22 + 

Pc*2U33 + lhka*b*U,2  + 2hla*c*Uis + 2klb*c*U23) l
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Table A-5. Crystallographic Data for Ba3Sn4As6 (subcell)

Formula

Formula mass, amu 

Space group

a, A

b, A

c, A 

f; A3 

Z

T,° C

Diffractometer

Pcalc» 8  ^m

Crystal dimensions, mm 

Radiation

p(MoATa), cm-1 

Transmission factors 6 

Scan type

Scan speed, deg. min-1 

Scan range, deg.

26 limits

Data collected

No. of data collected

No. of unique data, including F02 < 0

Ba3SntAs6  (subcell)

1336.30

Dll -Pnma (No. 62)

9.7192(11)a 

4.3177(5)“

18.3541(15)“

77022(14)

2

22

Enraf-Nonius CAD4 

5.760

Dark grey needle, 0.45 x 0.11 x 0.06 mm

Graphite monochromated MoATa, k  = 
0.71073 A

266.6

0.158-0.300

6-20

1.7

0.5+ 0.344 tan 0 

4° < 20(MoAa) < 70°

-15 < h < 15, -6 < k < 6, -29 < I < 29 

11023

1826 C-̂ uit = 0.0987)
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Table A-5. Crystallographic Data for BajSn+Ase (subcell) (continued)

No. of unique data, with F02 > 2<j(Fa2) 1540

No. of variables 50

Extinction coefficientc 0.0023(2)

R(F) for F02 > 2o(F02) d 0.034

FW(F02) e 0.074

Goodness of fit-̂  1.06

(Ap)max, (Ap)min> C A  J .2 ,  — 2 .2

a Obtained from a refinement constrained so that a  = (3 = y = 90°.

6 A Gaussian-type absorption correction was applied, with the use of programs in the 

SHELXTL package (Sheldrick, G. M. SHELXTL Version 5.0, Siemens Analytical X- 

Ray Instruments, Inc., Madison, WI, 1994).

c An extinction parameter x was refined, where Fc is multiplied by: &[1 + 0.001 * x * Fc2 

* X3 / sin(20)r,/4.

* K  (K ' ) = ]l,!; =[o-! (Fo! ) + (0.0206P)! +3.8995P]

where P = [max(F02,0) + 2FC2 ] / 3.

f  GooF = S  = ^  [w(F02 -  Fc2)2]/(n -  p)]1'2 where n is the number of reflections and p is 

the total number of parameters refined.
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Table A-6. Atomic Coordinates, Occupancies, and Equivalent Isotropic Displacement 

Parameters (A2) for Ba3Sn4As6  (subcell)

Atom

Wyckoff 
position, site 

symmetry X y r Occupancy I I  a'-'eq

Ba(a) 4c . m . 0.44160(8) XA 0.21232(4) 0.50 0.0148(1)

Ba(6) 4c . m . 0.74331(4) l/4 0.54446(2) 1 0.0187(1)

Sn(c) 4c . m . 0.00485(8) '/4 0.37447(5) 0.50 0.0140(2)

Sn(d) 4c . m . 0.34661(4) ‘/4 0.63988(2) I 0.0152(1)

Sn(e) 4c . m . 0.36070(9) Va 0.26275(5) 0.50 0.0136(2)

As {f) 4c . m . 0.00171(7) Va 0.10513(5) I 0.0200(2)

As (g) 4c . m . 0.11931(7) Va 0.56658(4) 1 0.0143(1)

As(A) 4c . m . 0.29501(7) Va 0.77833(3) 1 0.0146(1)

a Ueq is defined as one-third of the trace of the orthogonalized U\\ tensor.
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Table A—7. Anisotropic Displacement Parameters a (A2) for BajSaiAss (subcell)

Atom Un Utz u33 Un Un Un

Ba(a) 0.0153(3) 0.0119(3) 0.0171(3) 0 -0.0013(2) 0

Ba(6) 0.0266(2) 0.0120(2) 0.0175(2) 0 0.00417(14) 0

Sn(c) 0.0127(3) 0.0128(4) 0.0165(3) 0 -0.0014(3) 0

Sn(d) 0.0148(2) 0.0180(2) 0.0127(2) 0 0.00004(14) 0

Sn(e) 0.0159(3) 0.0119(4) 0.0129(3) 0 -0.0008(3) 0

As(/) 0.0147(3) 0.0101(3) 0.0352(4) 0 -0.0025(3) 0

As(g) 0.0151(3) 0.0124(3) 0.0153(3) 0 0.0003(2) 0

As(h) 0.0179(3) 0.0137(3) 0.0122(3) 0 -0.0008(2) 0

a The form of the anisotropic displacement parameter is: exp[-2n\h2a* 2 Un + lcb*2U22 + 

l2c*2U33 + 2 hka*b*Ui2 + 2hla*c*U,3 + 2klb*c*U33)].
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Table A-8. Powder X-Ray Diffraction Data for BaasHfuAsnj a

hkl dobs (A ) dcaic (A ) I/I0b hkl dobs (A ) dcalc (A ) I/I0b

100 12.976 12.990 28 411 2.216 2.215 100

2 0 0 6.514 6.495 10 2 5 0 2.080 2.080 17

2 1 0 4.904 4.910 6 3 5 0 1.856 1.856 8

3 0 0 4.332 4.330 4 2 6 0 'I 1.801 8

3 10 3.607 3.603 42 6 2 0
J  1.802

1.801 4

1 0 1 3.428 3.424 18 0 0 2 1.776 1.775 18

I 1 I 3.206 3.209 8 3 6 0 1.637 1.637 15

20 1 3.117 3.115 J 26 1 “I 1.606 J

2 I 1 2.878 2.877 14 62 1
J  1.606

1.606 •\J

4 1 0 2.837 2.835 28 3 12 1.592 1.592 8

5 0 0 2.596 2.598 4 7 t 1 1.547 1.548 6

22 1 2.577 2.578 6 4 1 2 1.504 1.504 12

1 3 1 2.529 10 7 3 0 1.462 1.462 5

3 1 1
/  2.529

2.529 16 721 1.448 1.449 16

4 2 0 2.455 4 2 5 2 1.350 1.350 10

2 4 0
)  2.456

2.455 3 821 1.315 1.316 8

40 1 2.398 2.396 19 3 5 2 1.283 1.283 8

150 2.332 2.333 8 2 6 2 1.263 1.264 8

32 1 2.284 2.283 21 3 6 2 1.203 1.203 14

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 15.000(2) A , c = 3.550(1) A, V= 691.8(2) A3.
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Table A-8. Powder X-Ray Diffraction Data for Bao.gHfeAs^j a (continued)

6 The intensities were calculated from the crystal structure of Bao.8Hf[2Asi7 .7 with the use 

of the program LAZY-PULVERDC (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appl 
Crystallogr. 1977,10, 73).
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Table A-9. Anisotropic Displacement Parameters a (A2) for Bao gHfoAst^

Atom Un U22 t /3 3 C/1 2 Un U22

Ba 0.015(3) 0.015(3) 0.07(2) 0.008(2) 0 0

Hf(l) 0.0042(4) 0.0033(4) 0.0052(4) 0.0020(4) 0 0

m 2 ) 0.0039(4) 0.0038(4) 0.0051(4) 0.0020(4) 0 0

As(l) 0.004(2) 0.004(2) 0.011(2) 0.002(2) 0 0

As(2) 0.002(1) 0.006(1) 0.007(1) 0.0009(9) 0 0

As(3) 0.002(1) 0.003(1) 0.0030(9) 0.0007(9) 0 0

As(4) 0.007(3) 0.008(3) 0.006(3) 0.005(3) 0 0

a The form of the anisotropic displacement parameter is: exp[-2TC(h2a*2Uu + Jcb*2U22 + 

l2c*2Un  + 2hka*b*Ui2 + 2hla*c*Ul3 + 2klb*c*U23)].
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Table A-10. Powder X-Ray Diffraction Data for LasGezsojSbu i(i) a

hkl ôbs (A) dale (A) I/Iob hkl dobs (A) dale (A) mQb
101 4.287 4.275 3 1 3 12 1.752 1.751 2

1 1 0 4.030 4.021 2 I I 14 1.743 1.743 2

0 1 7 3.648 3.644 2 2 1 9 1.735 1.734 2

03 1 3.591 3.587 4 2 4 0 1.692 4

1 14 3.462 3.457 4 2 0 10
J  1.692

1.691 2

0 0 8 3.387 3.385 6 16 1 1.666 nJ

033 3.364 3.359 29 1 0 15
J  1.667

1.666 J

123 3.173 3.169 37 2 4 4 1.642 1.642

03 5 3.013 3.009 24 0 2 16 1.616 1.616 3

0 1 9 2.896 2.899 6 2 2 10 1.614 1.614 13

107 2.884 2.884 too 2 4 6 1.584 1.585 I

125 2.870 2.870 5 I 5 10 1.578 1.577 2

132 2.722 2.720 9 14 13 1.542 1.544 3

04 0 2.717 2.714 8 167 1.533 1.533 7

0 0 10 2.706 2.708 3 25 1 1.531 1.530 5

1 1 8 2.589 2.589 12 0 5 13 1.502 1.503 3

134 2.568 2.569 97 0 7 5 1.490 1.491 2

0 4 4 2.518 2.519 5 23 11 1.482 1.483 18

109 2.470 2.470 9 2 5 5 1.475 1.475 2

0 210 2.422 2.423 18 15 12 1.471 1.471 4

136 2.366 2.365 5 169 1.459 1.460 2

0 4 6 2.326 2.326 2 172 1.451 1.452 2
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Table A-10. Powder X-Ray Diffraction Data for La6Ge2.8(i)Sbi3̂ (i) a (continued)

141 2.292 2.291 3 1 3 16 1.444 1.445

0 0 12 2.257 2.256 2 2 0 14 1.443 1.442

143 2.229 2.228 2 1 2 17 1.441 1.441

2 0 0 2.164 37 1 74 1.427 1.427

05 1
J  2.166

2.164 7 2 5 7 1.425 1.425

138 2.147 2.147 2 1 76 'I 1.389

03 11 2.036 2.035 20 2 6 0
J  1.388

1.388

0 5 5 2.013 2.015 2 323 1.378 1.378

147 1.978 1.977 5 2 1 15 1.375 1.375

1 1 12 1.968 1.968 J 1 5 14 1.370 1.370

150 1.942 1.941 nJ 0 0 20 1.354 1.354

1 3 10 1.939 1.938 6 3 0 7 1.352 1.352

0 0 14 1.935 1.934 9 178 1.340 1.341

0 5 7 1.894 1.893 10 3 3 2 1.332 1.334

23 1 1.854 1.853 2 2 6 6 1.327 1.327

2 0 8 1.823 1.823 2 1 3 18 1.322 1.323

233 1.820 1.819 12 3 3 4 1.314 1.315

0 6 0 1.810 1.810 6 12 19 1.313 1.313

156 1.783 1.783 to 07 11 1.313 1.312

0 1 15 1.781 1.781 2 1 613 1302 1.303

1213 1.773 1.774 3 2 216 1.295 1.295

2 3 5 1.757 1.757 10 183 1.282 1.282

2

8

15

9

8

•>
J

6

3

2

16

2

14

2

2

2

8

15

2

3

2

j

9
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Table A-10. Powder X-Ray Diffraction Data for LafiGe^sdjSbu^d) a (continued)

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 4.3289(7) A, b = 10.857(1) A, c = 27.076(3) A, and V = 

1272.6(2) A3.

b The intensities were calculated from the crystal structure of La$Gezsd)Sbt3 .2d) with the 

use of the program LAZY-PULVERIX (Yvon, K..; Jeitschko, W.; Parthe, E. J. Appl. 

Crystallogr. 1977,10, 73-74).
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Table A—II. Powder X-Ray Diffraction Data for Ce6Ge5_*Sbu+x “

hkl dobs (A) dale (A) I/I0b

1 0 1 4.254 4.243 3

I 1 0 3.999 3.990 2

0 1 7 3.611 3.605 2

03 1 3.556 3.548 4

1 14 3.435 3.428 4

105 'i 3.352 2

0 0 8
J  3.354

3.349 6

0 3 3 3.329 3.323 28

123 3.146 3.141 37

0 3 5 2.979 2.977 24

0 1 9 2.869 2.869 6

107 2.860 2.858 100

125 2.844 2.844 5

132 2.695 2.694 10

0 4 0 2.686 2.685 8

0 0 10 2.679 2.679 3

1 1 8 2.566 2.565 12

134 2.546 2.544 97

0 4 4 2.493 2.492 5

109 2.448 2.447 10

0 2 10 2.398 2.397 18

136 2.342 2.342 5

hkl dQbs (A) i/calc (A) ///0*

2 3 5 1.743 1.742 10

1 3 12 1.734 1.733 2

1 1 14 1.726 1.725 2

2 1 9 1.719 1.720 3

2 4 0 1.678 4

2 0 10
J  1.677

1.676 2

0 6 6 1.662 1.661 I

1 0 15 1.649 j

16 1
J  1.649

1.649 j

2 4 4 1.626 1.627 j

22  10 1.600 13

0 2 16
J  1.599

1.599 j

2 4 6 1.570 1.570 2

I 5 10 1.559 1.561 2

1 4 13 1.527 1.528 j

167 1.517 7

25 I
J  1.517

1.517 5

0 5 13 1.487 1.487 3

0 7 5 1.474 1.475 2

23 11 1.469 1.469 18

2 5 5 1.462 1.461 2

1 5 12 1.456 1.456 4
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Table A -ll . Powder X-Ray Diffraction Data for CesGes-^Sbi i+x a (continued)

0 4 6 2.303 2.301 2 169 1.444 1.445 2

141 2.270 2.269 3 172 1.436 1.437 2

0 0 12 2232 2.233 2 2 0 14 1.429 1.429 8

143 2.208 2.206 2 I 2 17 1.426 1.426 15

2 0 0 2.150 2.149 37 1 74 1.412 9

05 1 2.142 2.141 7 2 5 7
J  1.412

1.412 8

138 2.128 2.126 2 260 'I 1.375 6

03 11 2.015 2.014 20 176
/1.374

1.375 j

147 1.958 1.957 5 323 1.367 1.368 j

1 I 12 1.948 1.948 3 2 I 15 1.362 1.362 2

150 1.922 1.921 3 1 5 14 1.356 1.356 16

1 3 10 1.920 1.919 6 307 1.342 1.342 14

0 0 14 1.914 1.914 9 0 0 20 1.338 1.340 2

0 5 7 1.873 1.873 10 332 1.323 1.323 2

23 1 1.838 1.838 2 266 1.314 1.314 2

2 0 8 1.807 1.808 2 I 3 18 1.308 1.309 8

2 33 1.805 1.804 12 334 1.305 1.304 15

0 6 0 1.790 1.790 6 0711 1.298 1.298 3

156 1.765 1.765 10 1 6 13 1.288 1.289 2

0 I 15 1.762 1.762 2 2216 1.281 1.283 •yJ

1213 1.756 1.756 3 183 1.268 1.268 9

“ The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a — 4.2972(7) A, b  = 10.740(1) A, c = 26.791(4) A, and V = 

1236.4(2) A3.
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Table A -ll. Powder X-Ray Diffraction Data for Ce6Ges_xSbi i+I a (continued)

b Theoretical intensity calculations were based on positional parameters obtained from 

the crystal structure of La6 Ge2 .8(i)Sbu.2 (i) with the use of the program LAZY- 

PULVERDC (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appl. Crystallogr. 1977, 10, 73- 

74).
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Table A—12. Powder X-Ray Diffraction Data for PrgGej-xSbi i+x “

hkl ôbs (A.) f/calc (-A.) I/I0b hkl dobs (A.) dale (A.) m 0b

101 4.226 4.214 4 23 1 1.826 1.826 2

110 3.975 3.963 2 2 08 1.796 1.796 2

0 1 7 3.590 3.583 2 233 1.793 1.792 11

03 1 3.536 3.527 4 0 6 0 1.780 1.779 6

1 14 3.412 3.405 4 156 1.754 1.754 10

105 3.330 2 12 13 1.745 1.745 4

0 08
J  3.334

3.328 6 23 5 1.731 1.731 11

033 3.309 3.303 28 1 3 12 1.722 1.723 2

123 3.124 3.120 43 1 I 14 1.714 1.715 2

035 2.961 2.959 26 2 I 9 1.709 1.708 J

0 19 2.852 2.851 6 2 40 1.665 1.667 4

107 2.839 2.839 100 16 1 1.639 4

125 2.830 2.825 6 10 15
/1.638

1.639 J

132 2.678 2.677 12 2 4 4 1.616 1.617 nJ

0 40 2.671 2.669 9 2 210 1.588 1.590 15

0 0 10 2.664 2.663 J 0 2 16 1.587 1.589 j

1 1 8 2.550 2.549 14 I 5 10 1.550 1.552 2

134 2.529 2.528 99 14 13 1.518 1.519 2

0 4 4 2.479 2.477 6 167 1.508 7

109 2.433 2.431 9 25 1
J  1.507

1.507 5

0 210 2.384 2.383 21 0 5 13 1.478 1.478 3

136 2.328 2327 5 0 75 1.466 1.466 2
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Table A.—12. Powder X-Ray Diffraction Data for Pr^Ges-jSba-tx a (continued)

141 2.256 2.255 3 23 11 1.459 1.460 17

0 012 2.220 2.219 2 2 55 1.451 1.452 2

143 2.194 2.193 2 I 5 12 1.447 1.447 5

2 0 0 2.135 2.134 38 169 1.435 1.436 J

05 1 2.131 2.128 7 172 1.428 1.428 2

138 2.113 2.112 2 1 3 16 1.421 2

10 11 2.106 2.105 2 2 0 14
J  1.421

1.420 8

03 11 2.002 2.001 19 12 17 1.417 1.418 17

0 5 5 1.983 1.982 2 I 74 1.404 9

147 1.945 1.945 5 2 5 7
)  1.403

1.403 9

I 1 12 1.936 1.936 4 260 1.367 6

150 1.910 1.910 2 1 76
f  1.366

1.366 j

1 3 10 1.907 1.907 6 323 1.358 1.358 4

0 0 14 1.902 1.902 9 21 15 1.353 1.354 j

0 5 7 1.862 1.862 10 1 5 14 1.347 1.348 17

3 0 7  1.332 1.332 14

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 4.2674(9) A, 6 = 10.677(2) A, c = 26.626(5) A, and V = 

1213.1(3) A3.

6 Theoretical intensity calculations were based on positional parameters obtained from 

the crystal structure of Nd6Ge3 .6(i)Sbi2.4(i) with the use of the program LAZY- 

PULVERBC (Yvon, K.; Jeitschko, W.; Parthe, E. J. AppL Crystallogr. 1977, 10, 73- 

74).
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Table A-13. Powder X-Ray Diffraction Data for NcUGe3.6(i)Sbi2.4(i)a

hkl ôbs (A) t/calc (A) ///„* hkl dobs (A) ĉalc (A) l/l0b

1 0 1 4.199 4.188 4 1 3 12 1.715 1.717 2

1 10 3.949 3.940 2 2 1 9 1.699 1.700 J

0 1 7 3.578 3.573 2 240 1.658 4

03 1 3.522 3.514 4 2 0 10
J  1.657

1.657 2

1 14 3.394 3.388 4 0 6 6 1.646 1.646 2

0 0 8 3.323 3.319 6 I 0 15 'I 1.634 J

033 3.296 3.291 28 1 6 I
J  1.632

1.633 4

123 3.108 3.105 42 2 4 4 1.608 1.609 ->3

0 3 5 2.950 2.949 26 0 2 16 1.584 1.584 3

0 I 9 2.840 2.843 7 2 2 10 1.582 1.582 15

107 2.826 2.827 100 1 5 10 1.545 1.546 2

125 2.816 2.813 6 1 4 13 1.513 1.513 2

132 2.666 2.665 12 167 1.502 1.502 7

0 4 0 2.661 2.659 9 25 1 1.499 1.499 5

0 0 10 2.656 2.655 4 0 5 13 1.473 1.473 j

1 1 8 2.539 2.538 14 075 1.461 1.461 2

134 2.518 2.517 99 23 11 1.453 1.453 17

0 4 4 2.470 2.468 6 1 5 12 1.442 1.442 5

109 2.422 2.422 9 169 1.430 1.431 3

0 210 2.376 2.376 21 172 1.422 1.422 2

136 2.319 2317 5 2 014 1.414 8

141 2247 2245 3 1217
/1 .413

1.413 17
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Table A—13. Powder X-Ray Diffraction Data for Nd$Ge3 .6(i)Sbi2.4(t)a (continued)

0 0 12 2.213 2.213 2 1 74 1398 1.398 9

143 2.185 2.183 9 2 5 7 1.396 1.396 8

05 1 2.121 7 176 1.361

2 0 0
/  2.124

2.121 38 0 5 15 }  1.360 1.361 2

138 2.106 2.104 2 2 6 0 1.360 6

I 0 11 2.099 2.098 2 323 1.350 1.350 4

03 11 1.996 1.995 20 2 1 15 1.348 1.348 J

0 5 5 1.976 1.975 2 1 5 14 1.342 1.343 17

147 1.938 1.937 5 3 0 7 1.325 1.325 14

1 1 12 1.929 1.929 4 178 1.313 1.314 2

150 1.902 2 3 3 2 1.306 1.307 2

1 3 10 }  1.899 1.900 6 2 6 6 1.300 1.300 2

0 0 14 1.897 9 1 3 18 1.297 1.297 7

0 5 7 1.856 1.855 10 3 3 4 1.288 16

23 1 1.817 1.816 2 1219
J  1.288

1388 2

2 3 3 1.784 1.783 11 0711 1.285 1.286 **

0 6 0 1.774 1.773 6 16 13 1.276 1.277 2

156 1.747 10 2 216 12268 1.269

0 1 15
J  1.747

1.746 2 183 1.256 8

1213 1.739 1.739 4 0 121
j  1355

1356 3

2 3 5 1.722 1.722 11

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 4.2412(8) A, b = 10.637(2) A, c = 26.552(4) A, and V = 

1197.8(3) A3.
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Table A-13. Powder X-Ray Diffraction Data for Nd6Ge3.6(i)Sbiz4(t)a (continued)

b The intensities were calculated from the crystal structure of Nd6 Ge3 .6<i)Sbi2.4<i) with the 
use of the program LAZY-PULVERIX (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appl. 

Crystallogr. 1977,10,73-74).
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Table A-14. Powder X-Ray Diffraction Data for Sm^Ges-xSbi

hkl ôbs (A.) dcalc (A) I/I0b hkl dobs (A) dcalc (A) I/IQb

101 4.149 4.142 4 2 3 5 1.704 11

1 10 3.897 3.897 2 I 3 12
J  1.704

1.702 2

0 1 7 3.547 3.545 2 I 1 14 1.694 1.695 2

03 1 3.485 3.482 4 2 1 9 1.685 1.683 j

1 14 3356 3.354 4 2 010 1.641 2

0 0 8 3.295 3394 6 2 4 0
J  1.640

1.641 4

105 3381 3.282 2 0 6 6 1.631 1.631 2

033 3363 3361 28 1 0 15 1.620 1.620 *>j

123 3.074 3.074 42 1 6 1 1.617 1.617 4

0 3 5 2.923 2.923 26 2 4 4 1.592 1.592 •>

0 1 9 2.821 2.821 7 0 2 16 1.572 1.572 3

107 2.802 2.801 100 2 2 10 1.566 1.567 15

125 2.786 2.786 7 1 5 10 1.532 1.532 2

132 2.638 2.638 12 1 4 13 1.500 1.500 2

0 0 10 'I 2.635 4 167 1.488 1.488 7

0 4 0
J  2.634

2.634 9 25 1 1.485 1.484 5

1 1 8 2.516 2.516 14 0 5 13 1.461 1.461 3

134 2.493 2.493 99 0 7 5 1.448 1.447 2

0 4 4 2.447 2.446 6 23 11 1.439 1.439 17

109 2.402 2.401 9 1512 1.430 1.429 5

0 210 2.359 2.357 22 169 1.417 1.417 3

136 2.297 2396 5 172 1.408 1.409 2
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Table A-14. Powder X-Ray Diffraction Data for SmsGes-xSbu+x" (continued)

141 2.225 2.223 3 13 16 1.405 1.405

0 012 2.197 2.196 2 1217 'i 1.402

143 2.164 2.162 2 2 0 14
j  1.401

1.401

05 1 2.101 2.101 7 1 74 1.385 1.385

2 0 0 2.099 2.097 38 2 5 7 1.382 1.383

138 2.085 2.085 2 0 5 15 'I 1.349

I 0 11 2.080 2.080 2 176
J  1.348

1.348

03 11 1.980 1.979 20 2 6 0 1.346 1.346

0 5 5 1.958 1.957 2 2 1 15 1.336

147 1.920 1.919 5 323
J  1.335

1.336

1 1 12 1.914 1.913 4 1 5 14 1.331 1.331

1 3 10 1.883 6 0 0 20 1.317 1.317

150 }  1.884 1.883 2 3 0 7 1.310 1.311

0 0 14 1.882 9 178 1.301 1.302

0 5 7 1.840 1.839 10 3 3 2 1.292 1.293

23 1 1.796 1.796 2 1 3 18 1.285 1.286

2 08 1.770 1.769 2 1219 1.276 1277

233 1.764 1.764 11 0711 1.275

060 1.756 1.756 6 3 3 4
)  1.274

1.274

0 1 15 1.735 1.733 2 2 216 1.257 1.258

156 1.730 1.731 10 0 121 1.246 1.246

1213 1.725 1.724 4 183 1.243 1.244

0 5 9 1.711 1.710 2

2

17

8

9

9

2

J

6

j

4

18

2

14

2

2

7

2

3

16

3
•>->

8
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Table A-14. Powder X-Ray Diffraction Data for Sm6Ge5_xSbu+Ia (continued)

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 4.1942(7) A, 6 = 10.537(1) A, c = 26.350(3) A, and V = 

1164.5(2) A3.

6 Theoretical intensity calculations were based on positional parameters obtained from 

the crystal structure of Nd6Ge3 .6<i)Sbi2.4(i) with the use of the program LAZY- 

PULVERIX (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appl. Crystallogr. 1977, 10, 73- 

74).
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Table A—15. Powder X-Ray Diffraction Data for GdsGe^uSbi ud) °

hkl dobs (A.) dcaic (A) I/I0b hkl ôbs (A) doaic (A) I/I0b

101 4.106 4.100 5 2 19 1.668 1.669 j

110 3.863 3 857 2 2 010 1.628 1.628 2

103 3.756 3.750 I 240 1.625 1.625 5

0 1 7 3.531 3.527 3 158 1.621 1.621 2

03 1 3.455 3.450 4 1 0 15 1.611 1.611 j

1 14 3.328 3.325 4 I 6 I 1.601 1.602 4

0 0 8 3.283 3.278 7 24 4 1.577 1.577 4

033 3.236 3.233 27 0 2 16 1.563 1.564 J

123 3.046 3.046 49 2 2 10 1.553 1.554 15

03 5 2.900 2.900 28 I 5 10 1.521 1.520 2

0 1 9 2.806 2.807 6 14 13 1.489 1.490 2

107 2.780 2.781 98 167 1.474 1.475 7

125 2.763 2.762 7 25 1 1.469 1.470 4

0 0 10 2.623 2.623 4 0 5 13 1.451 1.451 2

132
f  2.613

2.613 12 075 1.434 1.435 2

0 4 0 j 2.610 10 23 11 1.427 1.428 16

1 1 8 2.498 2.498 16 1 5 12 1.418 1.419 5

134 2.470 2.470 100 255 1.416 1.417 2

0 4 4 2.426 2.425 7 169 1.406 1.406 3

109 2.386 2.385 10 13 16 1.397 1.397 2

0 210 2.345 2344 24 1217 1.393 1.394 18

136 2.277 2277 5 2 014 1.391 1.391 8
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Table A-15. Powder X-Ray Diffraction Data for Gd6Geo{i)Sbu.7(i)a (continued)

141 2.200 2.202 2

143 2.142 2.142 2

05 1 2.083 2.081 6

2 0 0 2.076 2.076 39

138 2.069 2.069 2

I 0 11 2.066 2.068 2

03 11 1.967 1.967 19

0 5 5 1.940 1.940 J

147 1.903 1.903 6

I 1 12 1.901 1.902 3

0 0 14 1.873 1.873 8

1 3 10 1.870 1.870 6

150 1.865 1.865 2

152 1.848 1.847 1

0 5 7 1.824 1.824 10

2 0 8 1.754 1.754 2

2 3 3 1.747 1.747 10

0 6 0 1.740 1.740 7

0 1 15 1.724 1.725 3

156 1.715 1.716 9

1213 1.714 1.714 5

1 3 12 1.692 1.690 2

2 3 5 1.687 1.688 13

1 1 14 1.684 1.685 3

I 74 1.372 1.373 10

2 5 7 1.370 1.370 9

0 5 15 1.341 1.341 2

1 76 1.336 1.336 *>J

2 6 0 1.333 1.333 7

2 1 15 1.327 1.326 3

323 1.323 1.322 5

1 5 14 1.322 1.322 18

259 1.313 1.314 2

0 0 20 1.312 1.311 2

24 12 1.304 1.304 2

3 07 1.298 1.298 13

178 1.291 1.290 3

332 1.280 1.280 2

13 18 1.278 1.279 6

1219 1.272 1.270 2

3 1 8 1.265 3

0711
J  1.265

1.264 -VJ

3 3 4 1.261 1.262 17

309 1.250 2

2216
J  1.249

1.249 3

I 8 1 1.243 1.244 2

0121 1.240 1.240 -VJ

183 1.232 1.233 7
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Table A-15. Powder X-Ray Diffraction Data for GckGe^DSbj i.7(i)a (continued)

0 4 12 1.675 1.676 2

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 4.1511(6) A, b  = 10.440(1) A, c = 26.228(3) A, and V = 

1136.7(2) A3.

b The intensities were calculated from the crystal structure of Gd6 Ge4 .3(i)Sbu.7(i) with the 

use of the program LAZY-PULVERDC (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appl. 
Crystallogr. 1977,10, 73-74).
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Table A-16. Powder X-Ray Diffraction Data for Tb6Ges_xSbu+xa

m ôbs (A.) rfcalc (-A.) I/I0b hkl ôbs (A.) ĉalc (A) I/I0b

10 1 4.086 4.080 5 156 1.708 9

1 1 0 3.845 3.838 2 1 2 13
J  1.707

1.707 5

103 3.736 3.732 I 2 3 5 1.679 1.680 13

0 1 7 3.520 3.514 3 1 I 14 1.678 1.679 j

03 I 3.439 3.434 4 0 4 12 1.670 1.669 2

1 14 3.311 3.310 4 2 I 9 1.661 1.661 **j

0 0 8 3.270 3.267 7 2 0 10 1.620 1.620 2

105 3.244 3.241 I 2 4 0 1.616 1.617 5

0 3 3 3.221 3.219 26 158 1.614 1.614 2

123 3.034 3.031 48 I 0 15 1.605 1.606 j

0 3 5 2.889 2.888 28 1 6 I 1.594 1.594 4

0 1 9 2.799 2.797 6 2 4 4 1.569 1.569 4

107 2.772 2.770 97 0 2 16 1.558 1.558 J

125 2.753 2.750 7 2 2 10 1.547 1.547 15

0 0 10 2.615 2.614 4 1 5 10 1.514 1.514 2

132 2.601 12 167 1.468 1.469 7

0 4 0
/  2.602

2.598 10 25 1 1.462 1.463 4

1 1 8 2.490 2.488 16 0 5 13 1.445 1.445 2

134 2.461 2.459 100 0 7 5 1.427 1.428 2

0 4 4 2.416 2.414 7 23 11 1.421 1.422 16

109 2.378 2.376 10 1 5 12 1.413 1.413 5

0 210 2.338 2.335 24 2 5 5 1.410 1.411 2
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Table A-16. Powder X-Ray Diffraction Data for TbeGes-xSbi i+xa (continued)

136 2.268 2.267 5 169 1.399 1.400 **j

0 0 12 2.178 2.178 1 I 3 16 1.391 1.391 2

143 2.134 2.132 2 1217 1.388 1.389 18

05 1 2.073 2.072 6 2 0 14 1.385 1.385 8

2 00 2.066 2.065 38 1 74 1.365 1.366 10

138 2.060 2 2 5 7 1.363 1.364 9

10 11
/  2.062

2.060 2 176 1.329 1.330 *■*J

03 11 1.961 1.960 19 2 6 0 1.327 1.327 7

055 1.932 1.932 3 2 1 15 1.320 1.321 •>j

147 1.895 6 1 5 14 1.317 18

1 1 12
f  1.896

1.894 3 323
J  1.316

1.316 5

0 0 14 1.868 1.867 8 0 0 20 1.306 1.307 2

1 3 10 1.864 1.862 6 2 4 12 1.299 1.298 2

152 1.841 1.838 I 3 0 7 1.291 1.292 13

057 1.816 1.816 10 178 1.284 1.285 j

208 1.744 1.746 2 1 3 18 1.273 1.274 6

233 1.738 1.738 10 1219 1266 1.266 2

060 1.731 1.732 7 3 1 8 1.259 3

01 15 1.717 1.719 3 0711
/1.259

1.259 j

3 34  1J255 1256 17

“ The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 4.1305(8) A, b = 10.393(2) A, c = 26.139(4) A, and V = 

1122.1(2) A3.
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Table A-16. Powder X-Ray Diffraction Data for TbgGes-xSbi i+xa (continued)

6 Theoretical intensity calculations were based on positional parameters obtained from 

the crystal structure of Gd^GeodjSbnjd) with the use of the program LAZY- 

PULVERDC (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appl. Crystallogr. 1977, JO, 73- 
74).
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Table A—17. Powder X-Ray Diffraction Data for DygGes-xSbi i+x“

240

hkl dobs (A) Jcalc (A) III0b

101 4.066 4.053 3

I I 0 3.825 3.814 3

103 3.712 3.709 4

0 1 7 3.504 3.497 2

03 1 3.424 3.418 6

1 14 3.290 3.290 8

0 0 8 3.257 3.252 8

105 3.223 3.222 3

033 3.210 3.204 28

123 3.019 3.014 38

0 3 5 2.878 2.874 24

0 1 9 2.785 2.784 4

107 2.754 95

0 2 8
/  2.757

2.753 2

125 2.736 2.735 4

0 0 10 2.602 2.601 5

132 2.587 9

0 4 0
J  2.588

2.586 11

1 1 8 2.477 2.475 18

134 2.448 2.446 100

0 4 4 2.404 2.403 7

109 2.364 2.363 7

hkl dobs (A) Jcalc(A) l/l0b

23 1 1.760 1.759 2

2 0 8 1.735 1.735 3

2 33 1.727 1.728 10

0 6 0 1.724 1.724 7

0 1 15 1.709 1.710 3

156 1.700 7

I 2 13
J  1.698

1.699 4

I 1 14 1.670 2

2 3 5
J  1.669

1.700 11

0 4 12 1.663 1.661 2

2 1 9 1.651 1.652 2

2 0 10 1.612 1.611 j

2 4 0 1.607 6

158
/1.608

1.606 2

10 15 1.596 1.597 ‘yJ

161 1.586 1.587 3

2 4 4 1.559 1.560 4

0 2 16 1.549 1.551 *%J

2 210 1.540 1.538 13

1 5 10 1.506 1.506 2

167 1.461 1.461 7

25 1 1.454 1.455 3
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Table A—17. Powder X-Ray Diffraction Data for DysGes-xSbu+x* (continued)

0 210 2.325 2.324 20 23 11 1.414 1.414 16

1 36 2.255 2.255 7 1 5 12 1.405 1.406 6

143 2.122 2.121 2 2 5 5 1.402 1.403 •>j
05  1 2.064 2.062 4 169 1.391 1.393 •>j

2 0 0 2.054 2.052 37 1 3 16 1.384 1.384 2

138 2.050 2.050 3 1217 1.380 1.382 16

03 11 1.951 1.950 19 2 0 14 1.378 1.377 8

0 5 5 1.922 1.923 3 174 1358 1.360 11

147 \ 1.886
1.885 8 2 5 7 1.356 1.356 8

1 1 12 1.885 4 2 6 0 1.319 1.320 7

0 0 14 1.858 1.858 8 2 1 15 1.313 1.314 3

1 3 10 1.854 1.853 6 1 5 14 1.309 1.310 15

152 1.828 1.829 2 323 1.306 1.307 4

0 5 7 1.808 1.808 8 3 0 7 1.283 1.284 13

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 4.103(1) A, b = 10.345(2) A, c -  26.014(5) A, and V = 

1104.2(3) A3.

b Theoretical intensity calculations were based on positional parameters obtained from 

the crystal structure of Gd$Ge4 .3(i)Sbti.7(t) with the use of the program LAZY- 

PULVERDC (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appi Crystallogr. 1977, 10, 73- 

74).
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Table A—18. Anisotropic Displacement Parameters “ (A2) for La6Ge2.g(i)Sbi3 (̂[),

Nd6Ge3.6(i)Sbi2.4(i), and Gd$Ge4.3(i)Sbn.7(i)

Atom Un Un Un Un Un C/23

La$Ge2.8(t)Sbi3.2(1)

La(l) 0.0165(2) 0.0119(2) 0.0116(2) 0 0 0

La(2) 0.0174(2) 0.0127(2) 0.0121(2) 0.0007(1) 0 0

Sb(l) 0.0157(3) 0.0150(3) 0.0130(3) 0 0 0

Sb(2) 0.0225(2) 0.0134(2) 0.0147(2) 0.0014(1) 0 0

Sb(3) 0.0182(3) 0.0203(3) 0.0124(3) 0 0 0

Sb(4)6 0.0229(8) 0.0147(4) 0.0109(4) 0 0 0

Sb(5) 0.0325(4) 0.0158(3) 0.0260(4) 0 0 0

m y 0.0188(3) 0.0248(4) 0.0146(3) 0.0028(2) 0 0

M(2)d 0.0244(9) 0.0239(7) 0.0164(8) 0 0 0

N d 6 G e 3 .6 ( t)S b i2 .4 ( i)

Nd(l) 0.0137(2) 0.0111(2) 0.0125(2) 0 0 0

Nd(2) 0.0148(2) 0.0118(1) 0.01306(2) 0.0007(1) 0 0

Sb(l) 0.0133(3) 0.0138(2) 0.0138(3) 0 0 0

Sb(2) 0.0188(2) 0.0126(2) 0.0149(2) 0.0008(1) 0 0

Sb(3) 0.0159(3) 0.0210(3) 0.0135(3) 0 0 0

Sb(4) b 0.0205(9) 0.0140(4) 0.0117(4) 0 0 0

Sb(5) 0.0306(4) 0.0154(3) 0.0233(3) 0 0 0

m r 0.0157(3) 0.0197(3) 0.0154(3) 0.0017(2) 0 0

M(2)d 0.024(1) 0.0255(9) 0.0168(9) 0 0 0
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Table A-18. Anisotropic Displacement Parameters a (A2) for La^GeisojSbu^i),

Nd6Ge3.6(i)Sbi2.4(i), and Gd6Ge4j(i)Sbn.7(i) (continued)

G d 6 G e 4 j ( t ) S b i  i.7 (t)

Gd(l) 0.0132(3) 0.0109(3) 0.0121(3) 0 0 0

Gd(2) 0.0146(2) 0.0122(2) 0.0129(2) 0.0006(2) 0 0

Sb(l) 0.0128(4) 0.0130(4) 0.0128(4) 0 0 0

Sb(2) 0.0164(3) 0.0124(3) 0.0136(3) 0.0005(2) 0 0

Sb(3) 0.0157(4) 0.0171(4) 0.0136(4) 0 0 0

Sb(4) 0.042(1) 0.0169(7) 0.0108(6) 0 0 0

Sb(5) 0.0269(6) 0.0174(5) 0.0250(6) 0 0 0

A/(l)c 0.0153(5) 0.0166(5) 0.0157(5) 0.0009(3) 0 0

Ge(2) d 0.019(1) 0.036(4) 0.020(1) 0 0 0

“ The form of the anisotropic displacement parameter is: ejrp[-27t2(/22a*2 £// / + Icb*1U22 + 

fc*2U33 + 2 hka*b*Ui2 + 2 hla*c*Ul3 + 2klb*c*U23)].

b Occupancy fixed at 50%.

6 Site A/(l) contains 61(3)% Ge(l), 39(2)% Sb(6) in LafiGe^nSbn^n; 72(3)% Ge(l), 

28(2)% Sb(6) in Nd6Ge3 .6(i)Sbt2.4(i); and 83(3)% Ge(l), 17(2)% Sb(6) in 

Gd$Ge4.3( i )Sbn ,7( i >.

c Site M(2) contains 19(2)% Ge(2),3l(l)% Sb(7) in LaeGexgdjSbn^i); 36(2)% Ge(2),

14(1)% Sb(7) inNd$Ge3.6(i)Sbi2.4(i); and 50% Ge(2) in Gd6 Ge4 j(i)Sbnj(i). The 

remaining 50% represent vacancies.
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Table A-19. Powder X-Ray Diffraction Data for ZrSiojSbu a

hkl dabs (A) l/calc (A) I/I0b hkl ôbs (A) {/calc (A) ///06

00 1 8.613 8.638 25 105 1.574 1.574 15

0 03 2.878 2.879 16 213 1.468 1.468 55

102 2.858 2.859 66 2 2 0 1.349 1.349 20

1 1 0 2.695 2.697 52 2 0 5 1.281 1.280 14

1 I I 2.572 2.575 76 116 1.271 1.270 21

103 2.298 2.298 100 2 1 5 1.213 1.214 17

1 1 2 2.287 2.288 39 3 I 0 1.206 1.206 12

2 0 0 1.907 1.907 53 3 1 1 1.195 1.195 20

203 1.589 1.590 11 303 1.163 1.163 18

2 1 2 1.587 1.587 25 3 12 1.162 1.162 13

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 3.8146(6) A, c = 8.638(2) A, V= 125.69(4) A3.

6 The intensities were calculated from the crystal structure of ZrSio.7Sbi.3 with the use of 

the program LAZY-PULVERIX (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appl. 

Crystallogr. 1977,10,73-74). Only those reflections with I/I0 > 10 are listed.
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Table A—20. Powder X-Ray Diffraction Data for ZrGeSb a

hkl dobs (A) ĉalc (A) inQb hkl ôbs (A) dale (A) l/l0b

00  1 8.655 8.646 10 105 1.577 1.577 16

0 0 3 2.884 2.882 23 213 1.476 1.477 56

1 02 2.872 2.873 64 2 2 0 1.359 1.359 24

1 10 2.719 2.718 41 2 0 5 1.285 1.286 16

1 I I 2.594 2.593 99 1 1 6 1.273 1.273 25

103
(  2.303

2.306 100 2 23 1.228 1.229 10

1 1 2 2.301 2.301 2 1 5 1.220 1.219 17

2 0 0 1.921 1.922 62 3 1 0 1.216 1.216 10

0 0 5 1.730 1.729 10 3 I 1 1.204 1204 25

1 14 

2 0 3

2 1 2

1.692 

}  1.597

1.692

1.599

1.598

10

17

24

303  

3 12
}  1.171

1.171

1.170

18

18

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 3.8445(6) A, c = 8.646(2) A, V= 127.78(4) A3.

b The intensities were calculated from the crystal structure of ZrGeSb with the use of the 

program LAZY-PULVERDC (Yvon, K.; Jeitschko, W.; Parthe, E. J. AppL Crystallogr. 

1977,10,73-74). Only those reflections with Ul0> 10 are listed.
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Table A-21. Powder X-Ray Diffraction Data for ZrSno.4Sbi.6 “

hkl ôbs (A) *fcalc (A) I/I0b hkl ôbs (A) i/calc (A) I/IQb

103 2.965 2.966 62 3 14 1.580 1.580 10

1 12 2.836 2.834 85 2 I 5 1.577 1.577 18

2 1 0 2.691 2.689 94 124 1.504 1.504 11

2 1 1 2.594 2.592 64 322 1.467 1.467 35

1 I 3 2.375 2.375 100 5 1 1 1.360 1.360 20

30 1 — 2.367 11 5 12 — 1.322 10

2 I 2 2.354 2.354 11 225 1.298 1.299 20

104 2.309 2.309 19 1 I 7 1.291 1.292 10

3 0 2 2.181 2.182 55 415 1.263 1.264 24

0 2 0 1.982 1.982 42 230 1.243 1.243 12

0 I 5 — 1.748 13 133 1.206 1.207 17

205 1.719 1.719 21 1 1 8 — 1.149 10

123 1.648 1.648 23

a The cell parameters refined from the powder pattern, obtained on a Guinier camera at 

room temperature, are a = 7.322(1) A, b = 3.9642(6) A, c = 9.734(1) A, V - 282.53(5) 

A3.

b The intensities were calculated from the crystal structure of ZrSno.4 Sbi.6 with the use of 

the program LAZY-PULVERIX (Yvon, K.; Jeitschko, W.; Parthe, E. J. Appl. 

Crystallogr. 1977,10,73-74). Only those reflections with JVI0 > 10 are listed.
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Table A-22. Anisotropic Displacement Parameters a (A2) for ZrSiojSbu, ZrGeSb, and

ZrSno.4Sbi.6

Atom Un Un U33 Uy2 Uu Un

Zr 0.0058(2)

ZrSio.74(2)Sbi 76{t)

0.0058(2) 0.0045(2) 0 0 0

A b 0.0103(3) 0.0103(3) 0.0035(3) 0 0 0

Sb(2) 0.0055(2) 0.0055(2) 0.0056(2) 0 0 0

Zr 0.0051(6) 0.0051(6)

ZrGeSb

0.0045(8) 0 0 0

Ge 0.0069(6) 0.0069(6) 0.0018(7) 0 0 0

Sb 0.0049(5) 0.0049(5) 0.0057(7) 0 0 0

Zr 0.0059(3) 0.0045(3)

ZrSno.4Sbi.6

0.0037(3) 0 -0.0001(2) 0

X ( \ ) c 0.0078(3) 0.0057(3) 0.0036(3) 0 -0.0002(1) 0

X(2)e 0.0058(3) 0.0049(3) 0.0053(3) 0 0.0004(1) 0

a The form of the anisotropic displacement parameter is: exp[-2n\h2a*2Un + fcb*zU22 + 

l2c*2U33 + 2hka*b*U,2 + 2 hla*c*Ut3 + 2klb*c*U23)].

6 A contains 74(2)% Si and 26(l)% Sb(l).

c Each site is occupied by 20% Sn and 80% Sb.
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