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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 EuSn;Sbs and Ba»Sn3Sbe 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 Ba;SnsAse represents an intermediate structure type
between the hypothetical limiting structures “BasSnyAsg,” containing one-dimensional
corner-sharing chains of Sn-centered tetrahedra and “Ba;SngAss,” 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 Bag gHf},Asi7.7 adopts a structure that is a variant
of the Cr;P;7 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 Sbyj+x (RE =
La-Nd, Sm, Gd-Dy) feature columns of Sb-centered face-sharing REs 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. ZrSigsSb;; 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 ZrSng 4Sb, ¢ adopts a slightly
different structure that is a disordered variant of the known binary compound B-ZrSh.

The Zintl concept is not applicable for the compounds in this second group.

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



To my parents

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



ACKNOWLEDGMENTS

I wish to thank my supervisor and mentor, Professor A. “3-D Eyes” Mar, for his
patience and support during the five years it took to produce this thesis. I am also
grateful for his willingness to share with me his endless knowledge on (and enthusiasm
for) crystal structures and above all, for showing me that there is great beauty beyond the
carbon horizon. Furthermore, his meticulous attention to detail and impeccable writing
style are truly inspirational. I credit my ability to read, write, and speak more effectively
upon completion of this degree to my supervisor’s influence. Future members will
benefit greatly from the high standards already set by Professor Mar.

[ have been fortunate to have had the opportunity to work alongside talented
colleagues who have also become my friends. I wish to extend my gratitude towards the
following members and alumni of the Mar group (in alphabetical order): E. J. “Helium™
Anderson, G. “Monsieur Sure” Bolloré, D. T. *“Chili D” Chow, Dr. L. “Madame
Magneto” Deakin, R. E. “Christmas Time” Ellenwood, J. “Mysterio” Eulert, Dr. M. J.
“Java Beans” Ferguson, R. W. “Plate Techtonics” Hushagen, A. M. “Peanut Butter”
Mills, D. “Ubu’s Heated Centrifuge” Moore, M. J. “Penn State” Sprague, M.
“Brontosaurus Ribs” Wang, and Dr. J. “Eyes of Steel” Zhang. [ appreciate their support,
encouragement, and numerous insightful discussions.

Also, I wish to thank the following individuals who have enriched my graduate
school experience and earned my respect. Professor J. Takats for his friendship and
wisdom. Professor M. Cowie (and Professor Mar) for setting up the Crystallographer’s
Assistant position for me. Professor R. G. Cavell for agreeing to serve on my Ph.D.

Committee on such short notice. Professor N. Branda for his kind words and support.

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



Professor P.-N. Roy for his contagious enthusiasm. Dr. J. Cooke for being an awesome
laboratory coordinator and good friend. J. Jorgensen for her relentlessly cheerful, caring
and thoughtful ways. J. Loiselle and R. Benson for being so nice and helpful. P. Tiege
for his friendship. Q. Major for being himself. S. Trepanier for his sense of humour. Dr.
D. S. A. George and C. Leong for providing additional moral support during Ph.D.
Defense week. And finally, all my students for their making teaching fun.

This work was supported by the Natural Sciences and Engineering Research
Council (NSERC) of Canada and the University of Alberta. I am grateful to the
following individuals for their valuable contributions to this project. Dr. R. McDonald
(Faculty Service Officer, Structure Determination Laboratory) for the X-ray data
collection as well as taking me under his wing during my brief stay in the SDL as his
assistant. H. W. Tan and Professor J. Beamish (Department of Physics) for access to the
resistivity measurement facility and assistance with some of the measurements. Christina
Barker (Department of Chemical and Materials Engineering) for assistance with the EDX
analyses but also for entertaining conversations. Professor J. A. Ibers (Department of
Chemistry, Northwestern University) and Professor F. W. B. Einstein (Department of
Chemistry, Simon Fraser University) for helpful discussions on the structure
determination of Ba;SmyAs¢ and REgGes Sbij+x (RE = La-Nd, Sm, Gd-Dy),
respectively.

Finally, I must thank my family for their support. C. A. Bridges for
encouragement. And D. T. Chow for reminding me to smile and believing in me from

the beginning.

—R. Lam (August, 2000)

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



TABLE OF CONTENTS

Chapter 1: Introduction |
Solid State ChemiStrY .....ccocceveeeeveeeveererrneeereresereeeennenessees 1

The Zintl Concept: Structure and Bonding ........cceeececercrinmneereiccnensnnesineeces 5
Methods of Procedure ..........oveomeocimiiicnirieecrcsneercnecseacsses 11
Synthesis . 11
Characterization 15

Physical PrOPErties .........ccecemmmecnerencessrccnneseeserensscssesscsscssensnes 16
References ceeereenneseene 25

Chapter 2: Synthesis and Structure of Ba;Sn;Sbg, a Zintl Phase Containing

Channels and Chains 28
Introduction 28
Experimental Section 29
Synthesis 29
Structure Determination 30
Results and Discussion 32
Description of the Structure 32
Structural Relationships and Bonding 34
References 45

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



Chapter 3: Ternary Antimonide EuSn;Sh; and Related Metallic Zintl Phases ...... 49

Introduction 49
Experimental Section 50
Synthesis 50
Structure Determination . 51
Electrical Resistivity 52
Band Structure 52
Results and Discussion 53
Description of the Structure 53
Resistivity 54
Band SLIUCIUTE ...t erenese e nsesesssessssssnssesessesesesssesssssns 54
References ...70
Chapter 4: Synthesis and Structure of the Metallic Zintl Phase Ba;SngAsg ............ 72
Introduction 72
EXperimental SECHOM ..ot ee s s ersesesesesssssssessssessosessssasens 74
Synthesis 74
Structure Determination 75
Electrical Resistivity 78
Results and Discussion 79
Description of the Structure 79
Electrical Resistivity 83
Structural Relationships 84
References 99

Chapter 5: The Ternary Arsenide BaysHfj,As;77, a Variant of the Cry,P5
Structure Type with Inserted Arsenic Ribbons 102

Introduction 102

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



Experimental Section 103

Synthesis 103
Structure Determination 104
Electrical Resistivity 105
Band Structure 105
Results and Discussion ....106
Description of the Structure 106
Structural Relationships 108
Electrical Resistivity .. . .109
Bonding .. ....109
References . 126

Chapter 6: Rare-Earth Germanium Antimonides REsGes_,Sb .+ (RE La-Nd,

Sm, Gd-Dy): Syntheses and Structures . ..129
Introduction . 129
Experimental Section ........ccccceeeuereeeererverceereecnrervecsrrernne 131
Synthesis 131
Structure Determination . 132
Transport Measurements 137
Results and Discussion 137
Trends 137
Description of the Structures 138
Structural Relationships 144
Transport Properties 145
References 167

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



Chapter 7: New Ternary Zirconium Antimonides: ZrSigsSb, 3, ZrGeSb, and
ZrSngSb;s. A Family Containing ZrSiS-Type and B-ZrSb>-Type

Compounds 171
Introduction 171
Experimental Section 173
SYNLRESIS .eereeeeeeeeeereieeeneeerereeeete e sernene e e sesse e e sessssssessesessassessmnsnse 173

Structure Determination 175

Results and DiSCUSSION ....c.c.cucecrieernceeererenrerrecnnnaesenssesesecscecesenesesssescsesssssssencsens 178
SYNNESIS .ceeeeiiereeecrecccreeeeeereereeseesee e rersesesersessassessssereseresssesssans 178

Structure of ZrSip.7Sb) 3 AN ZIGESD ....ouveveeeeeneeeeereceerereeeeeeeeneeree s 179

Structure of ZrSNg4SDIg cveeveeercrvecerereeenerecrenreneeeseserescessaescessnssnsscnesesssssseens 182
IMPLCALIONS ...cevuieiririririeircnreienrneeeseete e resessssesssassesssssessssesssnncs 184
References 197
Chapter 8: Conclusion 200
Structural Diversity 200

Limits of Zintl Concept 202

Future Directions 204
References 207
Appendix 208

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



LIST OF TABLES

Table 1-1. Common Geometries of Sb Anionic Networks in Selected Zintl
Compounds

Table 2-1. Crystallographic Data for Ba;Sn3;Sbg

Table 3—1. Crystallographic Data for EuSn3;Sby

Ba25n3$b6 .....

Table 5-3. Extended Hiickel Parameters

Table 5-5. Comparison of Site Occupation

Nd, Sm, Gd-Dy)

20
38
Table 2-2. Atomic Coordinates, Occupancnes, and Equivalent Isotropic
Displacement Parameters (A2) for Ba;Sn3;Sby 40
Table 2-3. Selected Interatomic Distances (A) and Angles (°) for Ba;Sn;Sh ............... 41
58
Table 3-2. Atomic Coordinates, Occupanc1es, and Equivalent [sotropic
Displacement Parameters (A2) for EuSn3;Sb 60
Table 3-3. Selected Interatomic Distances (A) and Angles (°) for EuSn;Sby ........co...... 61
Table 3—4. Comparison of Distances (A) and Angles (°) in SnSby Tetrahedra, SnSb;
Trigonal Pyramids, and Sb—Sb Zigzag Chains in 4Sn;Sb; (4 = Eu, Sr) and o
Table 4-1. Crystallographic Data for BazSnjAse .......cccreeereereereeneeeereenes 87
Table 4-2. Atomic Coordinates, Occupanmes, and Equivalent Isotropic
Displacement Parameters (A?) for Ba;SniAss 89
Table 4-3. Selected Interatomic Distances (A) and Angles (°) for Ba;SniAsg .............. 90
Table 5-1. Crystallographic Data for Bag gHf|2As7.7 112
Table 5-2. Atomic Coordinates, Occupancxes, and Equivalent [sotropic
Displacement Parameters (A) for Bag sHf12As177 114
114
Table 5—4. Selected Interatomic Distances (A) and Angles (°) for Bag gHf2As177 ......1 15
116
Table 6-1. Elemental (EDX) Analyses for Compounds RE¢Ges-.Sbyj+x (RE = La— 47
Table 6-2. Cell Parameters for Compounds REsGes..Sbyj+x (RE = La-Nd, Sm, Gd~ g

Dy)

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



Table 6-3. Crystallographic Data for La(,Gezgu)Sbu, 2(1) NdsGe}_s(l)Sblz,.z(l), and
GdeGes 3nSbira - 149

Table 6—4. Atomic Coordinates, Occupancies, and Equivalent Isotropic
Displacement Parameters (A2) for REsGes_Sbi1+x (RE =La, Nd, Gd) .............. 152

Table 6-5. Selected Interatomic Distances (A) in REgGes-,Sby 1+ (RE = La, Nd, Gd) .154
Table 6-6. Summary of Residual Resistivity Ratios (p3eo k/p2 k) for REgGes . Sbyj+c ..154

Table 7-1. Representative Ternary Compounds That Adopt the ZrSiS-Type (or
PbFCI-Type) Structure 186

Table 7-2. Crystallographic Data for ZrSio ;Sby 3, ZrGeSb, and ZrSng.Sbig .ccove...... 187

Table 7-3. Atomic Coordinates, Occupanc:es and Equivalent Isotropic
Displacement Parameters (A?) for ZrSig 7Sb 3, ZrGeSb, and ZrSngsSbi g ......... 190

Table 7—4. Selected Interatomic Distances (A) and Angles (°) in ZrSiysSb 3 and
ZrGeSb .. . 191

Table 7-5. Selected Interatomic Distances (A) and Angles (°) in ZrSng4Sb ¢

Table 8—1. Summary of Structural Features of Selected Arsenides and Antimonides ..206

Table A-1. Powder X-Ray Diffraction Data for Ba;Sn;Sbg .. 208
Table A-2. Anisotropic Displacement Parameters (Az) for Ba>Sn3Sbg 210
Table A-3. Anisotropic Displacement Parameters (A%) for EuSn;Sby . 211
Table A—4. Anisotropic Displacement Parameters (A7) for Ba;Sn;Ase . 212
Table A-S. Crystallographic Data for Ba;SnyAse (subcell) 213
Table A—6. Atomic Coordinates, Occupancxes, and Equivalent [sotropic

Displacement Parameters (A?) for Ba;SnsAs (subcell) 215
Table A-7. Anisotropic Displacement Parameters (A for Ba;SnsAse (subcell) ......... 216
Table A-8. Powder X-Ray Diffraction Data for Bag gHf}2As17.7 217
Table A-9. Anisotropic Displacement Parameters (A?) for BaggHfi2A817.7 vevverereennees 219
Table A-10. Powder X-Ray Diffraction Data for LagGe; g(1)Sbi32q1) 220
Table A-11. Powder X-Ray Diffraction Data for CesGes-.Sb1+x 223
Table A-12. Powder X-Ray Diffraction Data for PrgGes-,Sby+x 226

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



Table A-13. Powder X-Ray Diffraction Data for Nd¢Ges 6(1)Sbi2.4(1) 228

Table A-14. Powder X-Ray Diffraction Data for Sm¢Ges_.Sby 1+ 231
Table A-15. Powder X-Ray Diffraction Data for GdsGes 31)Sbi1.7q) .- 234
Table A-16. Powder X-Ray Diffraction Data for TbsGes_.Sby 1+ - 237
Table A-17. Powder X-Ray Diffraction Data for DysGes—.Sbi1+x 240
Table A-18. Anisotropic Displacement Parameters (A2 for LagGe2.3(1)Sb1320),

NdsGes 61)Sbi2.4(1), and GdsGes 3¢1ySbir.y 242
Table A-19. Powder X-Ray Diffraction Data for ZrSig7Sbi3 cceevrrerrnencncicnnnnne 244
Table A-20. Powder X-Ray Diffraction Data for ZrGeSb .... 245
Table A-21. Powder X-Ray Diffraction Data for ZrSng4Sbig ...ceeveeeerrecercenes 246
Table A-22. Anisotropic Displacement Parameters (A?) for ZrSio 7Sby 3, ZrGeSb,

and ZrSno 4Sby 6 rerrsesssessnsanrsees s R s sR bR R bbb . 247

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



LIST OF FIGURES

Figure 1-1. Diamond-like lattice of NaT] that inspired Eduard Zintl to formulate a
set of valence rules that later became known as the Zint! concepit. ...................... 21

Figure 1-2. Examples of zero- and one-dimensional “classical” geometries adopted
by Sb: (a) Sb, dumbbell; (b) Sbs square; (c) helical chain; and (d) planar
zigzag chain. 22

Figure 1-3. Examples of two-dimensional “classical” Sb networks in (a) BaSb; and
(b) elemental Sb. 23

Figure 1-4. “Nonclassical” structural features in anionic Sb networks: (a) linear Sb;
segment; (b) one-dimensional linear chain; and (c) two-dimensional square

sheet. " 24
Figure 2-1. View down the b axis of Ba,Sn3;Sbe, with the unit cell outlined. ................ 42
Figure 2-2. Detailed view of part of the anionic framework of Ba,Sn;Sbg. .................. 43
Figure 2-3. Coordination of the (a) Ba(l) and (b) Ba(2) atoms in Ba»Sn3Sbs. .............. 44

Figure 3-1. View down the b axis of the structures of (a) ASn;Sb, (4 = Eu, Sr) and
(b) Ba;Sn;Sbg, with the unit cells outlined. 63

Figure 3-2. Plot of resistivity vs. temperature for 4Sn;Sb, (4 = Eu, Sr) and
BaySnaShe. ceccerciiiencecrnirninte e nststes s ssese s s s asas s e st resaesaan 64

Figure 3-3. Density of states (DOS) for isolated one-dimensional channels
J [Sn[4Sb22] in (a) ASn;Sb4 (A = Eu, Sr) and (b) Bazsn3Sb5 without and (C)
with internal ! [Sb,] zigzag chains included. 65

Figure 3—4. (a) Portion of the one-dimensional channel in ASn3Sb, (4 = 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 SnSb; tetrahedra loses
electrons in the formation of Sn—Sb bonds to avoid repulsive interactions. ......... 66

Figure 3-5. Total density of states (DOS) for the full three-dimensional anionic
substructure of (a) 4Sn;Sbys (4 = Eu, Sr) and (b) Ba;Sn3Sbg. 67

Figure 3-6. Band dispersion curves along special symmetry directions for the full
three-dimensional anionic substructure of (a) 4Sn3;Sb, (4 = Eu, Sr) and (b)
Ba,Sn3Sbe. 68

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



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) 4Sn3Sbs (4 = Eu, Sr) and (b) Ba;Sn;Sb. .................. 69

Figure 4-1. View of BazSnsAss down the g axis with the unit cell outlined. ................. 93

Figure 4-2. Projection down the b axis showing the relative distributions of Ba and
Sn—Sn pairs in planes running along [101]. 94

Figure 4-3. View of the hypothetical limiting structures (a) “BasSn;Ass” and (b)
“Ba,;SngAse”, showing one-dimensional chains of corner-sharing tetrahedra
and two-dimensional corrugated layers with pentagonal channels,
respectively. .. 95

Figure 4-4. Coordination environments around Ba atoms in Ba;SnsAsg. .....ccceueee..e..n. 96

Figure 4-5. Plot of the electrical resistivity of Ba;SnyAss, measured along the needle
axis a. . 97

------

Figure 4-6. Comparison of the structures of (a) GeAs;, (b) BasIngSb,s, (c) Ba3;SisPs,
and (d) BazSngASe. «.oceeeereerenceeeeneeeerrerneereeneseeenersesecseessens 98

Figure 5—-1. View of Bag sHf}2As;77 down the ¢ axis with the unit cell outlined. ........ 117

Figure 5-2. View of the As ribbon in Bag gHf|2As|77 running along ¢ and built up
from As(2), As(4), and As(1). 118

Figure 5-3. Coordination environment around (a) monocapped square antiprismatic
Hf(1), and (b) square antiprismatic Hf(2) in Bay gHfj2As;77. 119

Figure 54. Coordination environment around Ba atom in Bag gHf}2As,77, disordered
among symmetry-equivalent sites along the sixfold axis. 120

Figure 5-5. Comparison of the structures of (a) Cr;2P5, (b) “BaHf)2As,4” (idealized
formula), and (c) HogNiP)3, shown in projection down the hexagonal ¢ axis. 121

Figure 5-6. Plot of the electrical resistivity of Bag gHf},As}77, measured along the
needle axis c. 122

Figure 5-7. DOS curve (and its Hf and As projections) for the [Hf12As4] framework
in idealized “BaHf};As)4.”. 123

Figure 5-8. Crystal orbital overlap population curves for As—As contacts within the
As ribbon of the [Hfj,Asy;] framework. 124

Figure 5-9. Crystal orbital overlap population curve for Hf~As contacts in the
[HquSzd framework. 125

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



Figure 6-1. Plot of unit cell volume for REsGes .Sby+, compounds. 157

Figure 6-2. View of LagGey 3(1)Sbi32(1) down the g axis showing the unit cell outline
and the labeling scheme. 158

Figure 6-3. A schematic diagram illustrating the process of “retrotheoretical
analysis” of the RE¢Ges_,Sby )+, structure. 159

Figure 6—4. Comparison of the symmetrical and asymmetrical three-atom wide Sb
ribbons, built up of Sb(3) and Sb(4), in (a) GdsGes.3¢1)Sb11.70) and (b)
LagGe; g1)Sbi3.2(1), respectively, as viewed perpendicular to the plane of the
strips. 161

Figure 6-5. Comparison of the six-atom wide sections making up the kinked sheets
in (a) Gd(,Ge4 ,3(1)Sbn,7([) and (b) LasGez,x(nSbu 2(1)» respectively, as viewed

perpendicular to the plane of the atoms. ........cccemeveeeccemriinniereececreenenne 162
Figure 6—6. Coordination environments around RE(1) and RE(2) atoms, showing
bicapped trigonal prism and monocapped square antiprism geometries,
respectively. 163
Figure 6-7. Comparison of the structures of (a) LagMnSb,s and (b) REsGes_,Sby+c
shown in projection down the shortest axis. 164

Figure 6-8. Electrical resistivity of RE;Ges_Sby+, 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. 165
Figure 6-9. Electrical resistivity of single crystals of RE¢Ges_.Sby .+, measured along

the a axis between 2 and 300 K. (a) RE =Tb; (b) RE =Dy. 166
Figure 7-1. Coordination of Zr atoms in (2) ZrSio 7Sb; 3 and ZrGeSb and (b)

ZrSny 4Sby ¢, showing the monocapped square antiprismatic geometry. ............ 193
Figure 7-2. ZrSiS-type structure of ZrSiq 7Sb, 3 and ZrGeSb, as viewed down the b

axis, with the unit cell outlined. 194
Figure 7-3. View down the b axis of ZrSng 4Sb, ¢ with the unit cell outlined. ............. 195

Figure 7—4. Connectivity of monocapped square antiprismatic building blocks in (a)
ZrSip7Sb; 3 and ZrGeSb and (b) ZrSny 4Sb 6. 196

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



LIST OF CRYSTALLOGRAPHIC ABBREVIATIONS AND SYMBOLS

ab,c lengths of basis vectors, lengths of cell edges

o, B,y interaxial (lattice) angles between b and c, a and ¢, and a and b axes,
respectively

A angstrém

dhx interplanar distance, or spacing, of neighboring net planes (hk/)

Fe calculated structure factor

Fy observed structure factor

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

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

(hkl) indices of a lattice direction

A wavelength

linear absorption coefficient

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

R residual index

Ry weighted residual index

Rine residual index for averaged symmetry equivalent reflections

p density

c standard deviation

Ueq equivalent isotropic atomic displacement parameter

U elements of anisotropic atomic displacement parameter tensor

14 cell volume of the direct lattice

w weighting factor applied to structure factor

VA number of formula units per unit cell

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



CHAPTER 1

Introduction

SOLID 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,”" 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,” 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.'
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 KNa;, CaLi,, CaMg,, and BaMg,, possessing
the MgZn, structure type, provide good examples.® 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 diagrams* 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 T. superconductivity in the cuprate YBa;Cu3O7.,, catalytic and ion-exchange
properties in the aluminosilicate zeolites (which can also act as molecular sieves),’
ferroelectricity in the barium titanate BaTiOs,’ or superionic conductivity in the iodide
RbAgis? 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 4;sMnPn;; (4 = Eu, Sr; Pn = Sb, Bi),*?
superconductivity in ZrRuP,>'? thermoelectricity in REFe, .CoSbyz (RE = La, Ce),' and
heavy fermions in CeNiSb,."

There exists a large family of polar intermetallic compounds with general

compositions M4, or M.4,B- (M = alkali or alkaline-earth metal; 4, B = p-block
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elements) whose structures and chemical bonding can be rationalized using a set of
electron counting rules known as the Zint/ concept.” Recently considered to be among

“the most important and useful paradigms in solid state chemistry,”"*

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 M4,B: and MM B., where M and M’ represent
electropositive elements (alkaline-earth, rare-earth, or group 4 transition metal) and 4 and
B are electronegative main-group atoms (4 = 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 BONDING"*!*

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 Tl atoms, could be interpreted in terms of an anionic TI™ network and
Na" cations (Figure 1-1)." Using this simple scheme, he proposed that the Na atoms
donate their lone valence electron to the more electronegative Tl 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")2 [TI"], 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-N 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.!>%!

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 (i.e., valence electron concentration (vec) rules for Hume-Rothery
phases). At the other extreme, ionic solids such as Na"CI™ or Ca**(F"), 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."”® 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.” This expectation may have
discouraged the actual measurement of the electronic properties of these intriguing
compounds.?

Recent discoveries of numerous Zintl compounds that display metallic behavior,
such as the ternary transition metal compounds 4;;MnBi;; (4 = Ca, Sr, Ba)*? or the
binary phase Lasins,” have prompted an extension of the classical Zintl concept to
include these species. The modified Zintl-Klemm concept," which sets an upper limit of
2.0 eV for the band gap, can now be invoked to account for Zintl 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.”2 The labels Zint/ 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,' 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 Hoffmann'* 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 1-1, Sb condenses with remarkable versatility into anionic networks
in the structures of Zintl compounds, forming “classical” as well as “nonclassical”
(hypervalent) types of geometries.'* Although the emphasis here is on homoatomic (Sb—
Sb) bonding, it should be expected that similar geometries may be constructed using
heteroatomic (4-B) bonds. The simplest classical geometries that are adopted by Sb are
the isolated atom and the Sb, dumbbell (Figure 1-2a).'* 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 Sb, 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]*" for the two units. Asan
example, the structure of the Zintl compound BasSbs?* (Table 1-1) contains an anionic
sublattice with two isolated Sb atoms and a Sb; pair per formula unit. Therefore, we can
represent its formula as (BaZ*)s[(Sb*)x(Sb;*)], which clearly shows the structural
relationship of the atoms. Another classical geometry observed for Sb is the isolated Sby
square (Figure 1-2b)."* Assigning a closed-shell configuration for each atom in the
square leads to a formal charge of ~1 for each atom, resulting in a net formulation of
[Sb4]"' for this unit. The Zintl compound Caqulozs (Table 1-1) provides an illustration
of a structure that incorporates isolated Sbs squares, as well as Sb, dumbbells and isolated
Sb atoms. Its chemical formulation, adhering to the Zintl model, is
(Ca*)xa[(Sbs")(Sba*)4(Sb>)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 4,Sb; (4 = Sr, Ba, Eu)**8 (Table 1-1) isolated Sbe zigzag
segments.'* 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 of -1.
Thus, the charge-neutral formulation for these compounds is represented by
(Baz*)z[sz‘Sb'Sb'], where half of the Sbs 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 1-2d) that are often observed
in numerous antimonide structures, such as in ASb, (4 = Ca, Eu)®*° (Table 1-1)."* In

this case, each atom in the chain is two-bonded and therefore can be assigned a formal
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charge of —1. There are also examples of one-dimensional helical chains (Figure 1-2c),"*
such as those found in the compound KSb®! (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 —1. The chemical formulations for these

Zint] compounds can be denoted as (4*")", [Sb7]» and (K*)', [Sb7], 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 BaSb;* (Figure 1-3a),
which may be compared to the 3-connected Sb nets encountered in elemental Sb (Figure
1-3b)."* Since two- and three-bonded Sb atoms are given formal charge assignments of —
1 and neutral, respectively, we confirm that the compound (Bal*)[(Sbo)(Sb")z] 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)."* The simplest example of these is offered by
the Zintl compound CaysAlSb;;*® (Table 1-1), which features, in addition to eight other
isolated Sb atoms, a linear Sb; segment (Figure 1—4a). If the Ca®* and AI’* cations
contribute a total of +31 positive charges to the structure, then the Sb; segment must have
a —7 charge since the eight isolated Sb atoms must carry a formal charge of -3 each.
Therefore, the Sbs™~ substructure is isoelectronic with I;~ and XeF»,'* which also feature
the four-electron, three-center bonding motif. The observation of long Sb—Sb bonds
(320 A) within the linear Sb; segment is consistent with the MO picture determined for
these hypervalent species, which involves an electron pair residing in a nonbonding

orbital.'* The Sb; segment may be considered to be derived from one-dimensional linear
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chains (Figure 1-4b) which, in turn, may be thought to be excised from larger two-
dimensional Sb square nets (Figure 1-4c). The former can be found in the Zintl
compound Li;Sb** (Table 1-1) which contains Sb, 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,”” as shown by the discovery of a growing
number of structure types that feature this bonding motif, and exemplified by the Zint
compounds RESb,*** (RE = La, Ce, Sm) (Table 1-1)."* 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 of ~1 for these Sb atoms. These
weaker Sb—Sb bonds have been modeled as one-electron bonds in some of these
compounds.**™** The Zintl chemical notations for Li;Sb and RESb, (RE = La, Ce. Sm)
can be summarized as (Li")[Sb>] and (RE*)[(Sb>)(Sb')], respectively, the latter

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

METHODS OF PROCEDURE

SYNTHESIS'**

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”,' or perhaps disdainfully as “black magic” by

the less appreciative chemical hoi polloi! 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.
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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-furnace 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-crystallized 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
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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.® 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 I, 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.*>** 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 methods’ 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 SroCeOs.*” 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.’

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 PROPERTIES?

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
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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 (7). Briefly, the electronic
conductivity (o), or the ability of a material to convey an electrical current, is given by

the expression

c=—=nZep

1
p
where n is the number of charge carriers, Z e their charge, and p their mobility. For
electronic conductors, the value Z e is thus constant and independent of temperature and
u decreases slightly with increasing temperature as a result of increased interference by
lattice vibrations (ie., phonons). Therefore, materials may be distinguished by the
magnitude of n and their temperature dependence.

For metals, which are good conductors (& ~ 10* - 106 Q! cm™),? 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.
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For insulators (6 < 10°° Q' ecm™)? and semiconductors (o ~ 107° - 10° Q!
cm™),2 the concentration of carriers (7) 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 (i.e., needle-like crystals)
may be measured using a four-probe approach.”** 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
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where p is the resistivity, R is the measured resistance, and A4 and / 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 calculations®® represent the electronic
wavefunctions of solids as linear combinations of valence atomic orbitals using the
extended Hiickel 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
BasSbq SmsGey atoms, dumbbells
Ca;1Sbyo Ho;1Geyp atoms, dumbbells, squares
A>Sbs (4 = Sr, Ba, Eu) SrSbs Sbg zigzag segments
KSb LiAs 1D helical chains
ASb; (A =Ca, Eu) CaSb, 1D zigzag chains
BaSb; BaP; 2D 2,3-connected nets
Ca;AlSby Caj3AlISby; atoms linear Sb; units
Li>Sb Li>Sb Sb; dumbbells 1D linear chains
RESb, (RE =La, Ce, Sm) SmSb; Sb, dumbbells 2D square sheets

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



Figure 1-1. Diamond-like lattice of tetrahedrally connected Tl 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 T anions and the small dark circles are Na" cations.
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(a) (b) (c)

(d)

Figure 1-2, Examples of zero- and one-dimensional “classical” geometries adopted by Sb: (a) Sb, dumbbell; (b) Sb, square;

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



N
W

(b)

Figure 1-3. Examples of two-dimensional “classical” Sb networks in (a) BaSb;
and (b) elemental Sb.
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Figure 1-4. “Nonclassical” structural features in anionic Sb networks: (a)
linear Sb; segment; (b) one-dimensional linear chain; and (c) two-
dimensional square sheet.
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CHAPTER 2
Synthesis and Structure of Ba,Sn3Shg, a Zintl Phase

Containing Channels and Chains’

INTRODUCTION

The Zintl concept continues to serve as a powerful unifying principle to explain
the bonding in many solids classified as polar intermetallic compounds.' 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
A/MJSb, where 4 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.*'® 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 trie/ antimonides are now

* 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,* we were surprised to discover that there were relatively meagre reports of alkali
metal fetrel antimonides (4sSnSbs (4 = Na, K),*” 45SnSb; (4 = Na, K),"® KSnSb,>*"!
NaSn,Sb,,'? and RbsSnSbs %), and only disordered or poorly structurally characterized
examples of alkaline earth fetrel antimonides (Mg/Si/Sb,'*!* Mg/Sn/Sb,'*!” and
Mg/Pb/Sb'8 phase studies). We report here the synthesis and structure of Ba;Sn;Sb, 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 4/M/X (4 = 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 Ba,Sn3Sbe is a mixed-valence compound containing tin(II) and

tin(IV).

EXPERIMENTAL SECTION

SYNTHESIS

Ba,;Sn;Sbs 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 HCI, 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 nor present. Anal.
(mol %) Calcd for Ba,Sn3Sbs: 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
Ba,Sn;Sbe 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 Ba;Sn;Sbe, as revealed by the X-ray powder
pattern obtained on an Enraf-Nonius FR552 Guinier camera (CuKo,; radiation; Si
standard). The cell parameters of this sample were refined from the powder diffraction
data with the use of the program POLSQ.' Table A-1 lists observed and calculated
interplanar distances as well as the intensities calculated with the use of the program

LAZY-PULVERIX® 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+[=2n+ 1;
hkO: h = 2n + 1) consistent with the orthorhombic space groups Dj; — Pnma and
C;, —Pn2,a. Final cell parameters were determined from a least-squares analysis of the

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

Nonius CAD4 diffractometer. Intensity data were collected at ~50 °C with the 620 scan
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technique in the range 3° < 20(MoKa) < 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.>’”*  Conventional atomic scattering factors and anomalous dispersion
corrections were used.> 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 least-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(1), 100.3(6)% for Ba(2), 100.6(7)% for Sn(1), 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 &~ A7), ruling out the possibility that interstitial oxygen
atoms might be present. We thus accept the ordered, stoichiometric model Ba;Sn;Sbe.
The atomic positions were standardized with the use of the program STRUCTURE
TIDY.?* The final cycle of least-squares refinement on F,> of 68 variables (including
anisotropic displacement parameters and an isotropic extinction parameter) and 1443
averaged reflections (including those having F,> < 0) converged to residuals of Ru(F2) of
0.105 and R(F) (for F,’ > 20(F.%)) 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 Ba,Sn3;Sbg 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 Ba®" 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(1) 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 (10 T) 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 corners 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 ¢ direction (Figure 2—
1). Corner-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(1)-Sb(4)-Sa(1)-Sb(3) atoms, and the boat
conformation adopted by the Sn(1)-Sb(4)-Sn(2)-Sb(3)-Sn(2)-Sb(4) atoms (Figure 2-2).

Within each channel reside two zigzag chains of Sb(1)-Sb(2) atoms, extending
infinitely along the 5 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 Ba®* 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(1)-Sn(1)
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, Ba;Sn;Sbe resembles the structure of KMSb,; (M = Al, Ga) in
that they also possess channels defined by smaller 22-membered rings formed by MSb,
tetrahedra. ‘*? Fragments of the Ba;Sn3Sbg structure are reminiscent of features found in
related antimonides. The tetrahedral Sn(2)Sbs unit in Ba;Sn;Sbs 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 NagSnSb, (2.843(1) A)® and KsSnSbs (2.898(1) A),’ the edge-sharing
tetrahedral dimers in KsSnSb; (2.818(1) to 2.886(1) A).® and the infinite corner-sharing
tetrahedral chains in NasSnSb; (2.805(1) to 2.945(1) A).” The Sb-Sn(2)-Sb angles in the
Sn(2)Sby tetrahedron range from 101.89(10)° to 116.11(7)°, slightly distorted from the

ideal tetrahedral angle. The trigonal pyramidal Sn(1)Sb; and Sn(3)Sb; units in Ba>Sn;Sbs
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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 SnSb; trigonal pyramids in
KSnSb.> The Sb-Sn(1)-Sb and Sb-Sn(3)-Sb angles are considerably reduced
(93.10(7)°-98.96(10)° and 94.14(7)°-98.40(9)°, respectively) from the ideal tetrahedral
angles, consistent with the greater p character of the Sn—Sb bonds in such units. All of
these Sn—Sb distances are close to 2.81 A, the sum of the Pauling covalent radii of Sn and
Sb atoms.”

Two kinds of zigzag Sb~Sb chains are present in the structure of Ba>Sn;Sbs. 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(1)-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 CaSb; and SrSb,; these chains have Sb—
Sb distances of 2.915(1)-2.939(1) A and 2.895(2)-2.919(2) A, respectively.’**’ These
values are close to the 2.908 A distance found in elemental antimony.?®

We are now in a position to propose a bonding model for Ba,Sn;Sbs. Applying
the Zintl concept results in the partial formulation (Ba2"),[Sn;Sbe]*™. If we assume that
full two-electron single; Sb-Sb bonds occur in the isolated zigzag chains, the oxidation
states Sb(1)™" and Sb(2)™ 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)™, Sb(4)™, and Sb(6)™. The Sb(5) atom also forms two single Sb-Sb
bonds to symmetry-equivalents of itself, and are assigned as Sb(5)". The assignment of

Sb™ in the zigzag chains is consistent with that of St"(Sb™),,7 for instance. Proceeding
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to the Sn atoms, we conclude that those in the trigonal pyramidal coordination must be
Sn(1)" and Sn(3)", while that in the tetrahedral coordination must be Sn(2)". Again, this
is consistent with the assignment of trigonal pyramidal’ Sn" in K'Sn"Sb™ and tetrahedral
Sn'™ in (KHs(Sn™)(Sb™)s or (Na')s(Snv)(Sb™);.” Note also the slightly longer Sn—Sb
distances in the trigonal pyramids (Table 2-3), in agreement with the larger size expected
for Sn"". The presence of a stereochemically active lone pair on the Sn" atoms is evident,
given that it points inside the channel in an orientation that allows it to interact with the

Ba®" cations. Thus, Ba;Sn;Sb is also interesting in being a mixed-valence compound. It
is convenient to give the crystal chemical formulation as: (Ba®), 2[(Sn™)(Sn™)(Sb

MSbH> ![(Sb))*, 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 Sn'~, 4-bonded Sn°, 2-bonded Sb'",
and 3-bonded Sb°. When different isosteric combinations are considered for the anionic
substructure,' the same conclusion is reached for the distribution of Sn and Sb atoms as
before.

In conclusion, the preceeding arguments strongly support an ordered,

stoichiometric model for the structure of the novel compound Ba,;Sn3Sbg, which provides
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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. MGdssbauer 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.? 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 Ba,Sn3Sbs

Formula

Formula mass, amu
Space group

a, A

b A

c,A

v, A

A

T,°C
Diffractometer

=3
Peale, & CM

Crystal dimensions, mm

Radiation

u(MoKa), cm™
Transmission factors °
Scan type

Scan speed, deg. min™!
Scan range, deg.

20 limits

Data collected

No. of data collected

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

Ba;Sn3;Sbs

1361.25

D;: ~ 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 MoKa,
A=0.71073 A

214.9

0.666-0.780

8-29

2.0

0.8 +0.344 tan 6

3° < 20(MoKa) < 50°
21<h<21,-T<k<7,0<[<39
4949

1443 (Rige = 0.191)
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Table 2-1. Crystallographic Data for Ba,;Sn;Sbs (continued)

No. of unique data, with F> > 26(F,2) 977

No. of variables 68
Extinction coefficient 0.00003(4)
R(F) for F,2 > 20(F ) ¢ 0.056
RuFDH* 0.105
Goodness of fit/ 1.02
(AP)maxs (AP)min, €A™ 32,-24

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

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).

€ An extinction parameter x was refined, where F. is multiplied by: k[1 + 0.001 * x * F.
* A3 / sin(20)]"4.

“RF)=Y

[F.l -7

/ZIF|-

‘R, (F}) =[Z[W(F°2 - Ff)l]/ZwF:‘]“z; w! =[c?(F}) +(0.0042P)* + 0.00P] where
P =[max(F?,0) +2F2}/3.

/ GooF =S = [Z[W(F:,2 -FH?*/(n- p)]”2 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 (A%) for Ba,Sn3Sbg

Wyckoft
position, site

Atom  symmetry x y z Occupancy Uy”

Ba(l) 4c .m. 0.1312Q0) Ya 0.10924(8) 1 0.0104(5)
Ba(2) 4c .m. 0.0484(2) Ya 0.42043(8) 1 0.0113(5)
Sn(l) 4c .m. 0.0417(2) Ya 0.24939(9) 1 0.0104(5)
Sn(2) 4c .m. 0.1948(2) Ya 0.76595(9) l 0.0109(5)
Sn(3) 4c .m. 0.32052) Ya 0.40239(10) l 0.0135(5)
Sb(1) 4c .m. 0.1609(2) Ya 0.57758(9) 1 0.0123(3)
Sb(2) 4c .m. 03017Q2) Ya 0.00171(9) 1 0.0132(5)
Sb(3) 4c .m. 0.3487(2) Ya 0.19674(9) 1 0.0120(5)
Sb(4) 4c .m. 0.3838(2) Y 0.81486(9) 1 0.0119(5)
Sb(5) 4c .m. 04297(2) Ya 0.50378(9) 1 0.0124(5)
Sb(6) 4c .m. 0.5653(2) 4 0.64425(9) l 0.0116(5)

? Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Table 2-3. Selected Interatomic Distances (A) and Angles (°) for Ba;Sn;Sbs

Sn(1)-Sb(3)
Sn(1)-Sb(4)
Sn(2)-Sb(4)
Sn(2)-Sb(6)
Sn(2)-Sb(3)
Sn(3)-Sb(5)
Sn(3)-Sb(6)
Sb(1)-Sb(2)
Sb(5)-Sb(5)
Ba(1)-Ba(1)
Ba(2)-Ba(2)

Sb(3)-Sn(1)-Sb(4)
Sb(4)-Sn(1)-Sb(4)
Sb(3)-Sn(2)-Sb(3)
Sb(4)~Sn(2)-Sb(3)
Sb(6)-Sn(2)-Sb(3)
Sb(4)-Sn(2)-Sb(6)
Sb(5)-Sn(3)-Sb(6)
Sb(6)-Sn(3)-Sb(6)

2.894(3)
2.901(2) (2x)
2.793(3)
2.794(3)
2.840(2) (2x)
2.876(3)
2913(2) (2x)
2.9242) (2x)
2.9023) (2x)
4.4100(5) (2x)
4.4100(5) (2x)

93.10(7) (2x)
98.96(10)

1101.89(10)

116.11(7) (2x)
109.99(7) (2x)
102.85(10)
94.14(7) (2x)
98.40(9)

Ba(1)-Sb(2)
Ba(1)-Sb(5)
Ba(1)-Sb(6)
Ba(1)-Sb(3)
Ba(1)-Sb(1)
Ba(1)-Sb(5)
Ba(1)-Sn(1)
Ba(2)-Sb(4)
Ba(2)-Sb(1)
Ba(2)-Sb(2)
Ba(2)-Sb(2)
Ba(2)-Sb(3)
Ba(2)-Sn(3)

Sb(2)-Sb(1)-Sb(2)
Sb(1)-Sb(2)-Sb(1)
Sn(2)-Sb(3)-Sn(2)
Sn(2)-Sb(3)-Sn(1)
Sn(2)-Sb(4)-Sn(1)
Sn(1)-Sb(4)-Sn(1)
Sn(3)-Sb(5)-Sb(5)
Sb(5)-Sb(3)-Sb(5)
Sn(2)-Sb(6)-Sn(3)
Sn(3)-Sb(6)-Sn(3)

3.478(3)
3.489(2) (2x)
3.533(2) (2x)
3.607(3)
3.628(2) (2x)
3.857(3)
3.629(3)
3.513(2) (2%)
3.560(2) (2x)
3.580(2) (2x)
3.804(3)
3.913(3)
3.659(3)

97.87(10)
97.87(10)
101.89(10)
84.89(7) (2x)
94.21(7) (2x)
98.96(10)
105.85(10) (2x)
98.9(1)
89.08(7) (2x)
98.40(9)
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Figure 2-1. View down the b axis of Ba;Sn3Sbs, 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.

[ad
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tet.

tet.

Figure 2-2. Detailed view of part of the anionic framework of Ba;Sn;Sbs, showing
the labeling of the Sn and Sb atoms. For clarity, only two sides making up the

four-sided lozenge-shaped channels in Figure 21 are shown.
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3.533(2) Sn(1)

3 629(3)

3.607(3) 3.913(3)
3.628(2) 7 3.560(2) *3.804(3)

(a) (b)

Figure 2-3. Coordination of the (a) Ba(1) and (b) Ba(2) atoms in Ba;Sn3Sbs. Relevant interatomic distances (A) are shown,



45

REFERENCES

(1)  Schifer, H. Annu. Rev. Mater. Sci. 1988, 15, 1.

2) Corbett, J. D. Chem. Rev. 1985, 83, 383.

(3)  von Schnering, H. G. Angew. Chem., Int. Ed. Engl. 1981, 20, 33.

(4)  (a) KoIngGeSby,: Schreeve-Keyer, J. L.; Haushalter, R. C.; Seo, D.-K.; Whangbo,

M.-H. J. Solid State Chem. 1996, 122, 239. (b) Na;KsSb(AlISb;): Somer, M.;
Carillo-Cabrera, W.; Peters, E.-M.; Peters, K.; von Schnering, H. G. Z
Kristallogr. 1995, 210, 527. (c) Na3KsSb(GaSb;): Somer, M.; Carillo-Cabrera,
W.; Peters, E.-M.; Peters, K.; von Schnering, H. G. Z Kristallogr. 1995, 210,
143. (d) KjoInsSbe: Blase, W.; Cordier, G.; Somer, M. Z. Kristallogr. 1993,
203, 146. (e) K;Na(InSby): Carillo-Cabrera, W.; Caroca-Canales, N.; von
Schnering, H. G. Z. Anorg. Allg. Chem. 1993, 619, 1717. (f) RbgAlSb;: Blase,
W.; Cordier, G.; Somer, M. Z Kristallogr. 1992, 199, 279. (g) Cs¢GaSbs:
Blase, W.; Cordier, G.; Somer, M. Z. Kristallogr. 1992, 199, 277. (h) KGaSb,:
Cordier, G.; Ochmann, H. Z Kristallogr. 1991, 197,297. (i) KaIn,Sb;: Cordier,
G.; Ochmann, H. Z. Kristallogr. 1991, 197, 291. (j) K2Ga,;Sb;: Cordier, G.;
Ochmann, H. Z Kristallogr. 1991, 197, 289. (k) NaxIn;Sbs: Cordier, G.;
Ochmann, H. Z Kristallogr. 1991, 197, 281. (1) Cs331K225Rb) 44Ga;Sbs:
Somer, M.; Peters, K.; von Schnering, H. G. Z Kristallogr. 1991, 197, 249. (m)
K;3CseSb(AISbs): Somer, M.; Peters, K.; von Schnering, H. G. Z Kristallogr.
1991, 195, 316. (n) CsyGaSb,: Cordier, G.; Ochmann, H. Z. Kristallogr. 1991,
195, 310. (o) KAISbs: Cordier, G.; Ochmann, H. Z Kristallogr. 1991, 195, 308.

(p) KGaSbs: Cordier, G.; Ochmann, H. Z Kristallogr. 1991, 195, 306. (q)

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



46

Rb,GaSb,: Cordier, G.; Ochmann, H. Z Kristallogr. 1991, 193, 125. (r)

Na;InSb,: Cordier, G.; Ochmann, H. Z Kristallogr. 1991, 195, 107. (s)

K3CssSb(GaSb;): Somer, M.; Peters, K.; von Schnering, H. G. Z. Kristallogr.

1991, 195, 101. (t) KsInySbe: Birdwhistell, T. L. T.; Klein, C. L.; Jeffries, T.;
Stevens, E. D.; O’Connor, C. J. J Mater. Chem. 1991, I, 555. (u)
CsgK3Sb(AlSb;), Cs¢K3Sb(GaSbs): Somer, M.; Peters, K.; Popp, T.; von
Schnering, H. G. Z Anorg. Allg. Chem. 1991, 597, 201. (v) Cs¢AlSb;: von
Schnering, H. G.; Somer, M.; Peters, K.; Blase, W.; Cordier, G. Z. Kristallogr.
1990, 793, 283. (W) K20GasSbiaes: Cordier, G.; Ochmann, H. Z Naturforsch. B:
Chem. Sci. 1990, 43, 277. (x) NayGa;Sbs: Cordier, G.; Ochmann, H.; Schifer,
H. Mater. Res. Bull. 1986, 21, 331. (y) K»;GaSb,;: Cordier, G.; Ochmann, H.;
Schifer, H. J. Less-Common Met. 1986, 119, 291. (z) Na;Al;Sbs: Cordier, G.;
Ochmann, H.; Schéfer, H. Z Anorg. Allg. Chem. 1984, 517, 118. (aa) KAl Sb;,
Na,ALSb;: Cordier, G.; Ochmann, H.; Schéfer, H. Rev. Chim. Miner. 1984, 21,
282.

(5) (a) Ca;iMSbo (M = Al, Ga, In): Young, D. M.; Kauzlarich, S. M. Chem. Mater.
1995, 7, 206. (b) A14AlISby; (4 = Ca, Sr, Ba): Brock, S. L.; Weston, L. J;
Olmstead, M. M.; Kauzlarich, S. M. J. Solid State Chem. 1993, 107, 513. (c)
SrsAl;Sbe, BasInaSbg: Cordier, G.; Stelter, M. Z Naturforsch. B: Chem. Sci.
1988, 43, 463. (d) Sr;GaSb;: Cordier, G.; Schifer, H.; Stelter, M. Z
Naturforsch. B: Chem. Sci. 1987, 42, 1268. (e) Ba;GasSby: Cordier, G.;
Schifer, H.; Stelter, M. Z Anorg. Allg. Chem. 1986, 534, 137. (f) Ba3GaSb;:

Cordier, G.; Schifer, H.; Stelter, M. Z Naturforsch. B: Anorg. Chem., Org.

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



6
Q)
@®)
©)
(10)
(11

(12)

(13)
(14)

47

Chem. 1988, 40, 1100. (g) Ca;1InSby: Cordier, G.; Schifer, H.; Stelter, M. Z
Naturforsch. B: Anorg. Chem., Org. Chem. 198S, 40, 868. (h) CasGa,Sbe,.
CasIn,Sbs, SrsInaSbg:  Cordier, G.; Schéfer, H.; Stelter, M. Z Naturforsch. B:
Anorg. Chem., Org. Chem. 1988, 40, 5. (i) Caj4AlSby;: Cordier, G.; Schifer, H.;
Stelter, M. Z. Anorg. Allg. Chem. 1984, 519, 183. (j) Ca;AlSbs: Cordier, G.;
Schifer, H.; Stelter, M. Z Naturforsch. B: Anorg. Chem., Org. Chem. 1984, 39,
727. (k) Sr3AlSb;: Cordier, G.; Stelter, M.; Schifer, H. J. Less-Common Met.
1984, 98, 285. (1) Ba3AlSb;: Cordier, G.; Savelsberg, G.; Schifer, H. Z
Naturforsch. B: Anorg. Chem., Org. Chem. 1982, 37, 975. (m) CasAl;Sbs:
Cordier, G.; Czech, E.; Jakowski, M.; Schifer, H. Rev. Chim. Miner. 1981, /8. 9.
Eisenmann, B.; Klein, J. Z Naturforsch. B: Chem. Sci. 1988, 43, 69.
Eisenmann, B.; Klein, J. Z. Naturforsch. B: Chem. Sci. 1988, 43, 1156.
Eisenmann, B.; Klein, J. Z. Kristallogr. 1991, 196, 213.

Eisenmann, B.; Klein, J. Z. Anorg. Allg. Chem. 1991, 598/599, 93.

Lii, K.-H.; Haushalter, R. C. J. Solid State Chem. 1987, 67, 374.

Schmidt, P. C.; Stahl, D.; Eisenmann, B.; Kniep, R.; Eyert, V.; Kiibler, J. J. Solid
State Chem. 1992, 97, 93.

Asbrand, M.; Berry, F. J.; Eisenmann, B.; Kniep, R.; Smart, L. E.; Thied, R. C. J.
Solid State Chem. 1995, 118, 397.

Asbrand, M.; Eisenmann, B. Z Kristallogr. 1992, 198, 309.

Bol’shakov, K. A.; Bul’'onkov, N. A.; Yakovenko, A. G.; Sakharov, V. V_;

Nedev, S. K.; I'in, E. G. Inorg. Mater. (Engl. Transl.) 1968, 4, 1051.

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



(15)

(16)

)

(18)

(19)

20)

@1

(22)

23)

24)

@25)

(26)
27

(28)

48

Bol’shakov, K. A.; Bul’onkov, N. A_; Rastorguev, L. N.; Tsirlin, M. S. Russ. J.
Inorg. Chem. (Engl. Transl.) 1963, 8, 1418.

Bol’shakov, K. A.; Bul’onkov, N. A.; Rastorguev, L. N.; Umanskii, Ya. S.;
Tsirlin, M. S. Russ. J. Inorg. Chem. (Engl. Transl.) 1963, 8, 1421.

Jénsson, B.; Agren, J. Z Metallkd. 1987, 78, 810.

Abel, E.; Redlich, O.; Spausta, F. Z Anorg. Allg. Chem. 1930, 194, 79.

POLSQ: Program for least-squares unit cell refinement. Modified by D. Cahen
and D. Keszler, Northwestern University, 1983.

Yvon, K.; Jeitschko, W.; Parthé, E. J. Appl. Crystallogr. 1977, 10, 73.

Sheldrick, G. M. SHELXTL Version 5.0, Siemens Analytical X-ray Instruments,
Inc., Madison, WI, 1994.

Sheldrick, G. M. J. 4Appl. Crystallogr., in press.

International Tables for X-ray Crystallography; Wilson, A. J. C., Ed.; Kluwer:
Dordrecht, 1992; Vol. C.

Gelato, L. M.; Parthé, E. J. Appl. Crystallogr. 1987, 20, 139.

Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell University Press:
Ithaca, NY, 1960.

Deller, K.; Eisenmann, B. Z Anorg. Allg. Chem. 1976, 423, 104.

Deller, K.; Eisenmann, B. Z Naturforsch. B: Anorg. Chem., Org. Chem. 1976,
31, 1146.

Donohue, J. The Structures of the Elements; Wiley: New York, 1974.

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



49

CHAPTER 3

Ternary Antimonide EuSn;Sb, and Related Metallic Zintl

Phases'

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).'™ 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 from cations to the anionic

* A version of this chapter has been published. Lam, R.; Zhang, J.; Mar, A. J. Solid State Chem. 2000,
150, 371. Copyright 2000 Academic Press.
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network.> Some of these metallic Zintl phases include LasIns® and the CMR materials
AMnPny, (4 =Eu, Sr; Pn=Sb, Bi).™®

Previously we prepared two new ternary alkaline-earth tetrel antimonides,
SrSn;Sbq'® and Ba;Sn;Sbe,'! which adopt related structures containing large channels
made up of 30-membered rings. We now report here the preparation of another member,
EuSn3Sby, and the resistivity measurements of the entire series. These are metallic Zint]

phases whose electronic structures are analyzed through extended Hiickel calculations.

EXPERIMENTAL SECTION

SYNTHESIS

Single crystals of EuSn;Sbs used in the structure determination were obtained
from a reaction of a 0.25-g mixture of Eu;O3, Nb, and Sb in a 1:2:3 ratio (in an attempt to
prepare a pnictide oxide), with an excess of Sn added (Eu203, 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 fused-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 HCl. 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;Sbs: Eu, 12; Sn, 38; Sb, 50.
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Found (average of 10 analyses): Eu, 11(2); Sn, 36(2); Sb, 53(3). EuSns;Sbs 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 EuSb,.
Arc-melting reactions on pressed pellets of mixtures of the elements result in only these
binary antimonides. One member of the solid solution Sr;-.Eu,Sn;Sbs (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 (0kl: k+1=2n+ 1; hk0: h=2n+ 1) consistent with the orthorhombic space
groups Di; — Pnma and C,, - Pn2,a. Final cell parameters were determined from a
least-squares analysis of the setting angles of 24 reflections in the range 20° < 26(MoKa)
< 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.lz Conventional atomic scattering factors and anomalous dispersion
corrections were used.”® 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
EuSn;Sb, were taken from those of SrSn;Sbs.'® In particular, although Sn and Sb have

similar scattering factors, we propose the same ordered model for EuSn;Sb; as for
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SrSn;Sby for reasons discussed prv.eviously.lo 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." The final cycle of least-squares
refinement on F,” of 50 variables (including anisotropic displacement parameters and an
isotropic extinction parameter) and 982 averaged reflections (including those having F.}
< 0) conve.rged to residuals of Ru(F,>) of 0.067 and R(F) (for F.2 > 26(F,2)) 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 EuSn3Sby, SrSn3Sby, and Ba;Sn3Sbg (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
[Sn3Shs]> (in EuSnsSby or SrSn;Sby) and [Sn;Sbe]* (in Ba;Sn3Sbs) were performed
using the EHMACC suite of programs.'™'® Extended Hiickel parameters used for Sn

(Hi(eV): -16.16 (5s), -8.32 (5p); &i: 2.12 (5s), 1.82 (5p)) and Sb (Hii(eV): —-18.8 (5s),
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-11.7 (5p); &1z 2.323 (5s), 1.999 (5p)) were taken from literature values.!™8 Properties

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

Brillouin zone. "

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 (Eu®, 1.25; Sr**, 1.26; Ba®, 1.42 A for CN8),” it is not
surprising that EuSn3;Sbs and SrSn;Sby are isostructural, while Ba;Sn;Sbg is different.
Detailed descriptions of these two structure types, shown down their short b axis in
Figure 3-1, have been given before,'™!! 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 2 [Sn;Sbs}*", made up of 30-membered rings,
and constructed from SnSby tetrahedra, SnSb; trigonal pyramids, and Sb-Sb zigzag

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

channels in Ba,Sn;Sbs accommodate additional Ba?* cations and isolated Sb-Sb zigzag
chains | [Sby)*" (isosteric with neutral chains of two-bonded chalcogen atoms) to give an
overall anionic network }[Sn;Sb¢]*. A comparison of metrical details (Table 3—4)
reveals the relative constancy of the SnSby tetrahedra and SnSb; 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 EuSn3Sbs and SrSn;Sb; 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 4Sn;Sby; (4 = Eu, Sr) and
Ba;Sn3;Sbg measured along b, the direction along which the channels run. All three
compounds are poorly metallic. EuSn;Sbs and SrSn;Sb, show nearly identical behaviour
(P29 = 3.4 x 10 Q cm, pas = 2.2 x 102 Q cm, p290/p2s = 1.5), and are both poorer

conductors by an order of magnitude than Ba;Sn3Sbs (p2go = 3.3 x 10~ Q cm, pas = 3.9 x

107 Q cm, paog/pas = 8.5).

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

fully in ASn3Sby (4 = Eu, Sr) and Ba;Sn3;Sbg, the band structures of their anionic

frameworks were calculated. Isolating a single channel from the j[Sn;Sb4]z' framework

common to both structure types results in _[Sn;4Sba,], 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 4Sn;Sbs (4 = Eu, Sr) and Ba,Sn;Sbg 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 ! [Sn;4Sbx], 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 Ba,;Sn;Sbg 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 SnSby tetrahedra. Figure 3—4(a)
shows how a portion of one channel in the 4Sn3;Sbs (4 = 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 SnSby 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 €™ must occur. Effectively, this lowers the Fermi level, so that in the DOS curves of
the full three-dimensioﬁal structures of the anionic frameworks in 4Sn3Sb, (4 = Eu, Sr)
and Ba;Sn;Sbe (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 ¢
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 ASn;Sbs (4 = Eu, Sr) and
Ba;Sn;Sbe, the Fermi level crosses bands of significant dispersion only along I'Y, 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 ['Y. The better
conduction observed in Ba;Sn;Sbg is probably attributable to the greater number of bands
crossed (six) than in ASn3;Sby (4 = Eu, Sr) (four) along I'Y. Analysis of the orbital
composition of bands crossed by the Fermi level shows primarily p character belonging
to atoms comprising the SnSby tetrahedra and SnSbs 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 4Sn;Sbs (4 = Eu, Sr) and Ba;Sn;Sbs may be compared
to the series of layered compounds KSnPn (Pn = As, Sb) (21, 22) and SrSn,As,,> which
consist of single or double As-like sheets, respectively, of corner-sharing SnPn; trigonal
pyramids. Calculations suggest that the already small band gap in KSnPn diminishes

even further on going to SrSmyAs; because of increased interactions between the
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sheets.>?* In a sense, the walls of the channels in 4Sn;Sbs (4 = Eu, Sr) and Ba,;Sn;Sbg
may be regarded as As-like sheets of SnSb; trigonal pyramids that are warped and folded
back on themselves. Additional bonding interactions through the formation of SnSbs
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 EuSn3;Sbs

Formula EuSn;Sb,

Formula mass, amu 995.03

Space group D;} — Pnma (No. 62)

a A 9.954(2) ¢

b A 4.3516(7) ¢

¢, A 22.650(4) ¢

v, A3 981.2(3)

4 4

T,°C 22

Diffractometer Enraf-Nonius CAD4

Pealcs & €M™ 6.736

Crystal dimensions, mm 0.41 x 0.03 x 0.03

Radiation Graphite-monochromated MoKa,
A=0.71073A

u(MoKa), cm™ 245

Transmission factors ® 0.274-0.564

Scan type 06-20

Scan speed, deg. min™" 1.7

Scan range, deg. 1.0+0.344 tan ©

20 limits 3° £26(MoKa) < 50°

Data collected -11<€h<11,-5<k<5,0<1<26

No. of data collected 3382

No. of unique data, including F,2 <0 982 (Riny = 0.053)
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Table 3—1. Crystallographic Data for EuSn;Sb, (continued)

No. of unique data, with F,2 > 20(Fo>) 834

No. of variables 50
Extinction coefficient ¢ 0.00041(8)
R(F) for F2 > 26(FH) ¢ 0.028
Ru(FD) ¢ 0.067
Goodness of fit/ 1.09
(AP)max (AP)mins €A 1.8,-2.2

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

® 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).

° An extinction parameter x was refined, where F. is multiplied by: {1 + 0.001 * x * F, 2
* 23/ sin(O)[ .

‘RIF)=Y

IF.| -

/ZIF,|.

¢ R, (F}) =[XIMF? - F2Y 1T wr ;s w =[62(F2) + (0.0367P)* + 0.00P] where
P =[max(F?,0) + 2F*}/3.

/ GooF = § = [Z[W(F:,2 - F})*(n- p)]”Z 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 EuSn;Sbs

Vi./)fckoﬁ'
position, site

Atom  symmetry x y z Occupancy Ueg*®

Eu 4c  .m. 0.06055(7) Ya 0.12946(3) 1 0.0159(2)
Sn(l) 4c .m. 0.27824(10) Ya 0.24954(4) 1 0.0192(2)
Sn(2) 4c .m. 0.35009(10) Y4 0.01098(4) 1 0.0232(2)
Sn(3) 4c .m. 0.45533(9) Ya 0.85038(4) 1 0.0169(2)
Sb(1) 4c .m. 0.03089(9) Y 0.76859(3) 1 0.0171(2)
Sb(2) 4c .m. 0.20417(9) Y 0.59370(4) 1 0.0182(2)
Sb(3) 4c .m. 0.2141709) Y 0.37625(4) 1 0.0180(2)
Sb(4) 4c .m. 0.57001(9) Ya 0.52978(4) 1 0.0194(2)

a Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Table 3-3. Selected Interatomic Distances (A) and Angles (°) for EuSn;Sb,

Sn(1)-Sb(1)
Sn(1)-Sb(3)
Sn(2)-Sb(2)
Sn(2)-Sb(4)
Sn(3)-Sb(2)
Sn(3)-Sb(1)
Sn(3)-Sb(3)
Sb(4)-Sb(4)

Sb(1)-Sn(1)-Sb(1)
Sb(1)-Sn(1)-Sb(3)
Sb(2)-Sn(2)-Sb(2)
Sb(2)-Sn(2)-Sb(4)
Sb(2)-Sn(3)-Sb(1)
Sb(2)-Sn(3)-Sb(3)
Sb(1)-Sn(3)-Sb(3)
Sb(3)-Sn(3)-Sb(3)

2.921(1) (2)
2.940(1)
2.9217(9) (2x)
2.937(2)
2.782(1)
2.798(1)
2.8150(9) (2x)
2.915(1) (2x)

96.31(4)
89.82(3) (2x)
96.27(4)
91.49(3) (2x)

101.49(4)

116.03(3) (2x)

-111.20(3) (2x)

101.23(4)

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

Eu-Sn(2)

Sn(3)-Sb(1)-Sn(1)
Sn(1)-Sb(1)-Sn(1)
Sn(3)-Sb(2)-Sn(2)
Sn(2)-Sb(2)-Sn(2)
Sn(3)-Sb(3)-Sn(3)
Sn(3)-Sb(3)-Sn(1)
Sb(4)-Sb(4)-Sb(4)
Sb(4)-Sb(4)-Sn(2)

3.2978(9) (2x)
3.3007(8) (2x)
3.3943(8) (2x)
3.450(1)
3.608(1)
3.478(1)
3.925(1)
3.938(1)

91.87(3) (2x)
96.31(4)
97.32(3) (2x)
96.27(4)
101.23(4)
85.80(3) (2x)
96.57(6)

107.97(4) (2x)
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Table 3—4. Comparison of Distances (A) and Angles (°) in SnSb, Tetrahedra, SnSbs

Trigonal Pyramids, and Sb—Sb Zigzag Chains in ASn3Sb, (4 = Eu, Sr) and

Ba;Sn;Sb

EuSn;Sbs SrSn3Sby Ba,Sn;Sb
d(Sn—Sb) tet. 2.782(1)-2.8150(9) 2.788(2)-2.821(1)  2.793(3)-2.840(2)
d(Sn—Sb) trig. pyr. 2.921(1)-2.940(1)  2.920(1)-2.952(2)  2.876(3)-2.913(2)
d(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(1)
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Figure 3-1. View down the b axis of the structures of (a) ASn3;Sby (4 = Eu, Sr) and (b) Ba;Sn;Sbe, 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 4Sn;Sbs (4 = Eu, Sr) and
Ba,Sn;Sbs. The resistivity is measured along the needle axis 5. Note the

axis break.
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Figure 3-3. Density of states (DOS) for isolated one-dimensional channels | [Sn4Sby,] in (a) ASn3Sby (4 = Eu, Sr)

and (b) Ba;Sn3Sb, without and (c) with internal ' [Sb;] 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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(b)

loss of e

Figure 3-4. (a) Portion of the one-dimensional channel in 4Sn,Sb, (4 = 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 SnSb,
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) 4Sn;Sb, (4 = Eu, Sr) and (b) Ba,Sn,Sb,. The Fermi
level (g is at -8.21 eV for 4Sn;Sb, and —~7.67 eV for Ba,Sn,Sb,. The Sn
projection is shown by the dotted line; what remains of the total DOS is
the Sb projection.
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Figure 3-6. Band dispersion curves along special symmetry directions for the full three-dimensional anionic

substructure of (a) ASn,Sb, (4 = Eu, Sr) and (b) Ba,Sn,Sb,. 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) 4Sn,;Sb, (4 = Eu, Sr) and (b) Ba,Sn;Sb,. The Fermi level is shown by
the horizontal line.
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CHAPTER 4

The Metallic Zintl Phase Bag,SmAssT

INTRODUCTION

There exists a large family of polar intermetallic compounds with general
compositions M4, or M.A,B. (M = alkali or alkaline-earth metal; 4, B = main-group
elements) whose structures and bonding can be readily understood in terms of the Zintl
concept.'™ 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 (4, B) which satisfy the octet rule by forming anion-
anion bonds (4-A4, 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

' A version of this chapter has been submitted for publication. Lam, R.; Mar, A.
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induce specific structural changes.*®

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.! 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,” !

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 4,sMnPn;, (4 = Eu, Sr; Pn = Sb, Bi),>!! which
are extentions of the main-group Zintl analogues 44AlSby; (4 = Ca, Sr, Ba),'>"* and
promising thermoelectric properties in the classic Zintl compound BayIngSbis."! We
report here the preparation and resistivity measurements of a new metallic Zintl phase,
Ba3SnsAse, which represents an intermediate structure type between the hypothetical
limiting structures “BménzAss,” containing one-dimensional corner-sharing chains of Sn-
centered tetrahedra and “Ba;SngAse,” featuring two-dimensional corrugated layers with

pentagonal channels.

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



74

EXPERIMENTAL SECTION

SYNTHESIS

Single crystals of BazSnsAse 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 3:1:5ratio 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 “Ba3;ZrAss”. 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
1 day, and then cooled to room temperature over 10 h. Dissolving the excess Sn in
concentrated HCI revealed a mixture of greyish brown powder containing the major
phase ZrAs,"” as well as hexagonal crystals of SnyAs;'® 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 Ba3SnjAss 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 Kot; radiation; Si standard), revealed the
presence of nearly phase-pure Ba;SniAs¢. Attempts to substitute Sr for Ba were

unsuccessful using the same procedures, yielding the known compounds SrSn,As,'” and

SnAs'® 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 least-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 626 scan technique in the
range 2° < 20(MoKa) < 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) pac:kage.19 Conventional atomic scattering factors and anomalous
dispersion corrections were used.’ 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 least-squares methods using XL.

Weissenberg photographs of Ba;SnyAse 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 (h0l: h+[=2n; h00: h=4n; 0k0: k= 2n; 00/: I = 2n) 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,2"> 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 kk! and hkl , with refined cell
parameters a = 8.6354(9) A, 5=9.7192(11) A, ¢ = 18.3541(15) A. The space group most
consistent with the systematic absences discussed above, Pmn2|, was chosen upon
transforming the set of axes. A reasonable solution was found by direct methods which
refined to R(F) (for F,* > 20(F,2)) 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 2,-screw axis along 5
(corresponding to the condition 0k0: 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 P2y/n, 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(1) 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(1), Sn(2), Sn(5), and Sn(6) atoms, they were assigned to Ba(1) and Ba(2) on the
basis of reasonable Ba—As distances. This model assumed a disorder between Ba(l)
cations and Sn(1)-Sn(5) dumbbells as well as between Ba(2) cations and Sn(2)-Sn(6)
dumbbells. A refinement based on the ideal formula “Ba;SnjAse,” 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 F,’ to be consistently larger than F., 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(1) and Sn(1)-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(1)) and 84.8(3)% (Sn(1)
and Sn(3)); 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° B-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 least-squares refinement on F, of 133 variables (including anisotropic displacement
parameters and an isotropic extinction parameter) and 6727 averaged reflections

(including those having Fl< 0) converged to values of Ru(F.?) of 0.177 and R(F) (for
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Fz2> 20( Foz)) of 0.063. The final difference electron density map is featureless (Apmax =
5.8, Apmin =-5.1 e A™). The final refined formula, Ba;SnsAss (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 F,” matches F2 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 (Ba;SnsAse; Z = 2; space group Pnma; a =9.7192(11) A, b =4.3177(5)
A, ¢ = 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 440 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 subceil
model will not be presented here but details are provided in the Appendix (Tables A-5 to

A-T).

ELECTRICAL RESISTIVITY

A single crystal of dimensions 0.32 x 0.02 x 0.02 mm, verified to be Ba;Sn;As¢
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 BazSnyAss is shown in a projection down the short a
axis in Figure 41, 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
Ba;SnyAsg consists of corrugated layers, built up of Sn and As atoms, parallel to the
(010) plane, and are separated by Ba(3)’* and Ba(4)*" cations. However, closer

inspection reveals that Sn—Sn dumbbells, namely Sn(1)}-Sn(5) and Sn(2)-Sn(6), within

the anionic j[Sn;As6]6' sheets are disordered with Ba(l) 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 FeGe;..Sby (0 < x < 0.33),>* where the
relative distribution of Ge atoms and Sb, 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 Ba;SnjAss 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 A4) 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 armrive at the hypothetical composition
“BasSnyAse” (Z=4). As shown in Figure 4-3a, the structure consists of one-dimensional
chains of SnAs; tetrahedra that are corner-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 NasSnAs; (2.598(2)-2.696(2) A)* and Na;K;[SnAs;] (2.634(1)
2.703(1) A),” the infinite corner-sharing tetrahedral chains in CasSmAse (2.572(3)-
2.638(3) A),® and the three-dimensional corner-sharing tetrahedral networks in
Nay[SnAs;] (2.588(3)-2.644(3) A).2” The As-Sn—As angles of 105.33(6)~114.28(9)° and
105.74(9)-113.94(10)° in Sn(3)Ass and Sn(4)Ass, 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 “Ba>Sn¢Ase” (Z = 4)
(Model B), which is obtained by replacing all Ba(l) and Ba(2) atoms in the actual
structure with Sn(1)-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)** and Ba(4)*" cations. The
trigonal pyramidal Sn(1)(SnAs;) and Sn(2)(SnAs;) 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 SnAs; trigonal pyramids in
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KSnAs, 2% SrSmAs,,'” and K¢Sn3Ass.”® Furthermore, the bond angles around Sn(1) and
Sn(2) (97.2(3)-106.8(3)°), resembling those around the three-bonded As atoms in the
structure (88.6(2)-111.1(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)(SnAs;) and Sn(6)(SnAs;) 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(SnAs;)-based tetrahedra in the Zintl phase Ba;SnAss,’® where the
Sn—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
Ba;SnyAss (97.0-117.2°).° 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 Ba’* cations, Sn-As separations as short as 2.531(5)
2.538(5) A have been reported for the compounds 4[SnAs3]Oqs (4 = Rb, Cs).”!

The contributions of the electropositive Ba atoms, which separate the layers of Sn
and As atoms in Ba3SnyAsg, cannot be ignored. The importance of alkaline earth cations
in Zintl compounds lies in their size, which can influence the shape of the anionic

233

framework through ionic interactions,’> 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(1l) 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(1)-As(4)-Sn(2) are elongated. The
environment around Ba(4) is a square antiprism, with As(3)}-Sn(1)}-As(6)-Sn(2) outlining
one square and As(1)-As(2)-As(3)-As(4) defining the other which is rotated 45° relative
to the first. Significant Ba—As (3.233(2)-3.615(2) A) and Ba~Sn (3.515(9)-3.588(2) A)
distances in BazSnyAse are comparable to those in Ba;Sn)Ass (Ba—As: 3.246(2)-3.510(2)
A),® BagsHf12As177 (Ba—As: 3.202(3)-3.461(5) A),** BagSn;Ps (Ba-Sn: 3.503(1) A).*
and BasSn; (Ba~Sn: 3.585-3.613 A).%

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/Sn/Pn (4 = Ca, Sr, Ba; Pn = P, As, Sb) reveals that all
known phases (Sr;SnyPs,>” Ba;SnPs,® and BagSnoPs:®® CasSmAse,?® StSmaAsy,'’ and
Ba;SnyAss:?® SrSn;Sbs** and Bazsnssbsn) can be classified as Zintl compounds, their
structures based on tetrahedral SnPn; or Sn(SnPn;) and trigonal pyramidal SnPn;
building blocks. Applying the Zintl concept to Ba;Sn;Ase results in the formulation
(Baz*)g[Sn.;As(,]&, 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 “BasSn>Ass” (Model A) and “Ba;SnsAss” (Model B). Assuming a closed-shell
configuration (octet) for the Sn and As atoms, formal charges are assigned to be 1-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 (Ba’")s[SmAss]'™ and
(Ba™):[SngAss]>”. 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
“[BaySmAse’™ and  “[Ba)SneAs¢]’™ yields a charge-neutral  structure.
“[Ba;SneAse]* [BasSnaAse]>™ or “BasSniAse” which does adhere to the Zintl concept.
Such an analysis thus provides a rational explanation for the inherent disorder observed

in Ba;SnsAse.

ELECTRICAL RESISTIVITY

Although the assumption of semiconducting behavior is probably accurate for the
vast majority of classical Zintl phases, a surprising number of exceptions™! 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 calculations®**! should
be employed.

Previously, we have begun to study the electronic properties of Zintl compounds
of the heavier main-group elements,” for which metallic conduction is more prevalent.
The metallic Zintl compounds 4Sn;Sb, (4 = Sr, Eu)733 and Ba,Sn;Sbs>> 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 Ba;SnsAss, measured along the needle axis a, as a function of

temperature, is shown in Figure 45, which shows that it is weakly metallic (pago = 2.7 x

107 Q cm, pps = 1.2 x 107 Q cm, paoo/p2s = 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 “BasSmyAss” (Model A) and
“Ba;SngAss” (Model 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
CasSnyAsg (Pbam),”® whose structure resembles that of Model 4 in consisting of one-
dimensional chains of corner-sharing tetrahedra separated by alkaline earth cations. This

suggests that given the composition “BasSn;Ass”, 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 “BasSnyAsg,” 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 Ba;SnsAss provide
sufficient room to accommodate Sn—Sn dumbbells into the structure.

The other limiting structure “Ba;SngAse” represents a stuffed version of Model A
whereby Sn—Sn pairs replace all of the Ba(1) 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 corners to form
pentagonal channels extending along the a axis. This hypothetical structure “Ba;SnsAse”
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 GeAs; (Pbam)* (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 BayIngSbis (Pnma)** (Figure 4-6b). Note that heteroatomic “dumbbells”
(Ge-As and In-Sb), anz;logous to the Sn—Sn pairs in Ba;SnsAss, constitute one side of the
five-membered rings in the structures of GeAs; and BaslngSbys, 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
Ba;SnyAse, the pentagonal channels in Ba3SisPs (P2i/m)® (Figure 4-6¢) 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 Ba;SniAss 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 phasc;s 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 Ba;SnsAsg

Formula
Formula mass, amu

Space group

a A
b, A

¢, A

B, deg.
v, A}
4
T.°C

Diffractometer

-3
Pealc, & €M

Crystal dimensions, mm

Radiation

u(MoKa), cm™
Transmission factors ®
Scan type

Scan speed, deg. min™"
Scan range, deg.

20 limits

Data collected

No. of data collected

Ba;SnsAse

1336.30

Cs,—P2,/n (No. 14)
8.6374(10) °
18.3536(13) ¢
9.7209(11) ¢

90.05(2) “

1541.0(3)

-

(%]

2

Enraf-Nonius CAD4

5.760

Dark grey needle, 0.45 x 0.11 x 0.06

Graphite monochromated MoKa
A=0.71073 A

266.6

0.158-0.300

6-20

1.7

0.5+0.344 tan 6

2° <£26(MoKa) < 70°
-12<h<13,-29<k<29,-15<I<15
23058
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Table 4-1. Crystallographic Data for BazSn;Ase (continued)

No. of unique data, including F,> <0 6727 (Rine = 0.1079)
No. of unique data, with F,> > 25(F,>) 5016

No. of variables 133

Extinction coefficient ¢ 0.00029(6)

R(F) for Fo® > 20(F )¢ 0.063

Ru(FD)*® 0.177

Goodness of fit/ 1.05

(AP)max, (AP)min, €A™ 5.8,-5.1

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

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).

¢ An extinction parameter x was refined. where F is multiplied by: k[l + 0.001 * x * F.}
* 23/ sinO)™.

“RIFY=Y

IF:| - IF

/ZIF,|-

© R (FH)=[XIMF? - F2F 1T wFi "2 w =[0?(F2) +(0.0652P)* + 72.1812P)
where P =[max(F},0)+2F2]/3.

/ GooF =S = [Z[w(l";,2 -F))(n- p)]“z 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 (A?) for Ba;SnsAse
Wckor
position, site

Atom  symmetry x y z Occupancy Ueg*

Ba(l) 4e 1 0.1112(12) 0.2893(4) 0.4384(11) 0.115(3) 0.0121(2)
Ba(2) 4e I 0.6259(2) 0.28756(5) 0.44216(14) 0.865(4) 0.0121(2)
Ba(3) 4e 1 0.1216(2) 0.54293(5) 0.23888(10) 1 0.0158(2)
Ba@) 4de 1 0.6275Q2) 0.54611(5) 0.24799(10) 1 0.0180(2)
Sn(l) 4e 1 0.1211(Q2) 0.37444(6) 0.50562(14) 0.848(3) 0.0106(2)
Sn(2) 4de 1 0.6100(11) 0.3746(4) 0.4996(10) 0.128(2) 0.0106(2)
Sn(3) d4e 1 0.3666(2) 0.35998(5) 0.15578(10) 1 0.0115(2)
Sn(4) 4e 1 0.8841(2) 0.36023(5) 0.15112(11) 1 0.0130(2)
Sn(5) 4de 1 0.1223(2) 0.23721(6) 0.36173(14) 0.848(3) 0.0101(2)
Sn(6) 4e 1 0.6088(11) 0.23724)  0.3518(10) 0.128(2) 0.0101(2)
As(l) 4e 1 0.1242(3) 0.11086(8) 0.5018(2) 1 0.0126(3)
As(2) de 1 0.6295(3) 0.09850(9) 0.5022(2) I 0.0163(3)
As(3) de 1 0.3773(3) 0.43476(8) 0.38189(15) 1 0.0130(3)
As(4) 4e 1 0.8713(3) 0.43207(8) 0.37967(15) 1 0.0130(3)
As(5) 4de 1 0.3746(4) 0.22145(8) 0.2068(2) 1 0.0133(3)
As(6) 4e 1 0.8755(4) 0.22202(8) 0.2031(2) 1 0.0141(3)

@ Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Table 4-3. Selected Interatomic Distances (A) and Angles (°) for Ba;SnsAss

Sn(1)-As(3) 2.752(3) Ba(1)-Sn(4) 3.651(10)
Sn(1)}-As(4) 2.696(3) Ba(2)-As(2) 3.519(2)
Sn(1)-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)-As(4) 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(1) 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(1) 2.724(3) Ba(3)-As(1) 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)
Sa(5)-As(l) 2.689(2) Ba(3)-As(4) 3.270(3)
Sa(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(1) 3.588(2)
Sn(6)-As(5) 2.482(10) Ba(3)-Sn(2) 3.75709)
Sn(6)-As(6) 2.734(10) Ba(4)-As(1) 3.468(2)
Ba(1)-As(1) 3.334(8) Ba(4)-As(1) 3.745(2)
Ba(1)-As(3) 3.567(9) Ba(4)-As(2) 3.355(3)
Ba(1)-As(4) 3.389(9) Ba(4)-As(3) 3.247(3)
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Table 4-3. Selected Interatomic Distances (A) and Angles (°) for Ba;SnyAss (continued)

Ba(1)-As(5) 3.322(11) Ba(4)-As(3) 3.615(2)
Ba(1)}-As(5) 3.435(10) Ba(4)-As(4) 3.233(2)
Ba(1)-As(6) 3.300(10) Ba(4)-As(6) 3.264(2)
Ba(1)-As(6) 3.445(11) Ba(4)-Sn(1) 3.545(2)
Ba(1)-Sn(3) 3.756(10) Ba(4)-Sn(2) 3.515(9)
As(3)-Sn(1)-As(4) 106.69(6) Sn(3)-As(1-Sn(4) 109.91(6)
As(3)-Sn(1)-Sn(5) 97.83(6) Sn(3}-As(1>-Sn(5) 95.95(7)
As(4)>-Sn(1)-Sn(5) 97.22(6) Sn(4)-As(1)>-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(1)-Sn(3)-As(2) 105.33(6) Sn(1}-As(3>-Sn(2) 105.2(2)
As(1)-Sn(3)-As(3) 109.37(9) Sn(1)-As(3>-Sn(3) 97.43(8)
As(1)-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(1)-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 Ba;SnyAse (continued)

As(1)-Sn(5)-As(5) 100.83(7)
As(1)}-Sn(5)-As(6) 102.05(7)
As(1)-Sn(5)-Sn(1)  120.54(6)
As(5)>-Sn(5)-As(6) 108.54(7)
As(5-Sn(5)-Sn(1) 111.87(7)
As(6)-Sn(5)-Sn(1) 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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Sn(5)
Sn(6)

Figure 4-1. View of Ba;SnyAss down the g 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(1)-Sn(5) and Sn(2)-Sn(6)
pairs, respectively.
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(a) “BasSnoAse” (Z = 4) (b) “Ba,SneAse” (Z = 4)

Figure 4-3. View of the proposed limiting structures (a) *Ba;SnyAs,” (Model A) and (b) “Ba;SngAse” (Model B), 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.

<6



(a) (b)

(c) (d)

Figure 44. Coordination environments around Ba atoms in Ba;Sn;Ass. 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 Ba;SnsAss, measured along the

needle axis a.
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(a) GeAs; (Pbam) (c) BasSisPg (P21/m)

(d) BagSnaAse (P21/n)

(b) BaslngSb1s (Pnma)

Figure 4-6. Comparison of the structures of (a) GeAs), (b) BagIngSbyq, (c) Ba3SiyPy, and (d) BaySnsAse. 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,
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CHAPTER S

The Ternary Arsenide BaggHf;,As;- 7, a Variant of the Cr,P,

Structure Type with Inserted Arsenic Ribbons'

INTRODUCTION

Ternary pnictides of the early transition metals provide fertile ground for
discovering new classes of Zintl compounds.' 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 Eu;sMnSby;.>  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 4;MnPn;, (4 = Ca.
Sr, Ba, Eu; Pn =P, As, Sb, Bi) phases'™ adopt the Ca,;AlSby, structure type.’ There are
few other ternary alkaline earth arsenides of the early transition metals known (44TiPny
(4=Sr,Ba; Pn="P, As)6 and ACrAs; (4 =Ca, Sr, Ba)’), none of these exhibiting As—As
bonding.

We report here the synthesis and structure of the nonstoichiometric ternary

arsenide BaggHf}2As;77. While an analogous main group compound is not expected

* A version of this chapter has been published. Lam, R.; Mar, A. Inorg. Chem. 1998, 37, 5364. Copyright
1998 American Chemical Society.
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(because of the high CN of Hf), Bag sHf|2As,7 7 displays the unusual feature of As ribbons
inserted between isolated columnar assemblies of Hfs 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.> Extended Hiickel band
structure calculations are presented to lend insight into the nature of As—As bonding in

Bag sHf12As177.

EXPERIMENTAL SECTION

SYNTHESIS

Single crystals of BaggHf|2As;77 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 fused-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 1 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 HfAs’ and SmyAs;' 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 BaggHfj>As;77, obtained on an Enraf-
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Nonius FR552 Guinier camera (Cu K,; radiation; Si standard), agrees well with that

calculated from the crystal structure by the program LAZY-PULVERIX"! (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° < 26(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.'” Conventional atomic scattering factors and anomalous dispersion
corrections were used."’ Intensity data were processed, and face-indexed Gaussian-type
absorption corrections were applied in XPREP. The systematic extinction (00/: [=2n +
1) was noted, suggesting C¢ — P6, and Cg, — P6,/m as possible space groups. The
centrosymmetric space group P63/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 full 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(1), and
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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, Bag sHf\2As7.7, is consistent with the chemical
analysis determined independently (vide supra). The atomic positions were standardized
with the use of the program STRUCTURE TIDY." The final cycle of least-squares
refinement on F,’ of 44 variables (including anisotropic displacement parameters and an
isotropic extinction parameter) and 1148 averaged reflections (including those having F,>
< 0) converged to values of Ru(F,’) of 0.118 and R(F) (for F," > 20(F,")) of 0.063. The
final difference electron density map is featureless (Apmax = 5.58; APmin = —5.36 ¢ A™).
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 Bag sHf}2As;77 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 ¢ of these crystals between

25 and 290 K.

BAND STRUCTURE

One-electron band structure calculations on the hypothetical fully-stoichiometric
[Hfi2As»s] substructure were performed by the tight-binding method with an extended

Hiickel-type Hamiltonian.'™ '® Extended Hiickel parameters used'™ '® are listed in Table
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5-3. Properties were extracted from the band structure using 50 & points in the

irreducible portion of the Brillouin zone.'

RESULTS AND DISCUSSION

DESCRIPTION OF THE STRUCTURE

Bag gHfj2As;7 7 adopts a novel structure, shown in projection down the short ¢ 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
BaggHf 2As177 as comprising assemblies of As(3)-centered trigonal prisms whose

vertices are the Hf(1) and Hf(2) atoms. Three AsHfj trigonal prisms are linked to give a

larger triangular grouping, in turn generating a vacant site at %, %, % . The triangular

faces of these trigonal prisms are then shared to give the columnar assemblies ! [As;Hf¢]
running along [001]. Separating these columns are Ba cations and six-atom wide ribbons
built up from As(1), 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(1)-
As(1) 2.495(6) A) and long (As(1)~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).2>%% 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(1) 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.?® In particular, square nets of partially-occupied (57.5%) As
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sites, at comparable As—As distances of 2.563(7) A, also occur in the compound
Zr)As9S (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{(1) 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 HfAs, (2.77(5)-2.92(2) A), in which a
similar Hf monocapped square antiprismatic coordination is found.” 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 54,
the short 0.80(2) and 0.97(2) A contacts preclude full 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 V,P; structure:® while there may be local ordering of

Ba atoms along a particular sixfold axis (i.e., only one of the four possible sites 0, 0,
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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 Ba,_.Hf}»As,,-,, where
there are deficiencies in both the Ba and As sites. Assuming exactly 25% occupancy of
the Ba site (necessary to maintain sensible Ba-Ba separations) and 100% occupancy of
all As sites, we will refer to the ideal formula as BaHf}>As»>4 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
prisrns.8 However, there are some unique differences displayed by BaHf}>As,; that make
it 2 novel addition to this family. BaHf},Asa; is best regarded as an intermediate structure
type between the Cr),P, (a.mi--Th',vS12)2“2 and HogNixoP3 types,’“'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 BaHf,,As;,; 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(1),
As(4)) and trigonal pyramidal (As(2)) sites between these triangular assemblies results in
the BaHfj2As4 structure. From another point of view, BaHf},Asy, can be regarded as an

antitype of the HogNixP;; structure, in which the metal and nonmetal atoms are
interchanged. Moreover, there is a triangular (planar) site at %;,% .}, that is occupied

by a Ni atom in HogNiyP;3 but is vacant in BaHf{;Asy;. The Ni atom closest to the
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sixfold axis is disordered over two closely-spaced sites in HogNixoP 13,33 while the
corresponding As atom is well-behaved in BaHf}»Asys. 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= )}, where a small nonmetal atom is located for most Cr;>P;- and
ZreNiyoP)3-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 Crj2P7, BaHf}>As)s,

and HogNixgP)3 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 BaggHfi2As77. measured
along the needle axis c, as a function of temperature, is shown in Figure 5-6. It is poorly
metallic with resistivity values (pag9o = 3 x 10~ Q cm, pas = 2 x 10~ Q cm, and page/p2s =
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™'. The plateau at low temperature arises from

impurity scattering.

BONDING

Whether one considers the idealized formula BaHfi2Asys or the observed
nonstoichiometric one BagsHfj2Asy77, a first approximation of the distribution of
electrons via the Zintl 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+)[(Hf‘+)u(As“')z4] 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 As*, the more detailed
formulation (Ba®")os[(Hf*)12(As(3) )s(As>™)117] 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 [Hf|2As»] 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 satistying,
nonetheless, is that even this simple band picture provides insight as to why As
deficiencies occur in Bag gHf\2As)77. 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(1) 0.389, As(1)-As(1) 0.499) is reminiscent of a similar pattern
observed in the ribbons of Sb atoms in B-ZrSby.*®* 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.! 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
Bag gHf|2As)77 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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Table 5-1. Crystallographic Data for Bag sHf),As)77

Formula
Formula mass, amu

Space group

a A

c, A

v, A’

z

T,°C
Diffractometer
Pealc, g cm™

Crystal dimensions, mm

Radiation

n(MoKa), cm™
Transmission factors ®
Scan type

Scan speed, deg. min™*

Scan range, deg.

20 limits

Data collected

No. of data collected

No. of unique data, including 1‘},2 <0

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

Bag sHf12As177

3577.85

C2, - P6,/m (No. 176)
14.997(1) ¢

3.5526(4) ¢

692.0(1)

p—

22

Siemens P4RA

8.617

0.265 x 0.003 x 0.003

Graphite-monochromated MoKa.,
A=0.71073 A

670.6

0.763-0.849

6-20

5.0

0.40 below Ko to 0.40 above Ka
2° £ 20(MoKa) < 70°
-15<h<23,-24<k<17,-5</<5
7115

1148 (Rin; = 0.158)

654
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Table 5-1. Crystallographic Data for Bag sHf12As177 (continued)

No. of variables 44
Extinction coefficient ¢ 0.0013(1)
R(F) for F2 > 26(F2) ¢ 0.063
Ru(FH)*© 0.118
Goodness of fit/ 1.06
(AP)maxs (AP)min, €A™ 5.6,-5.4

? Obtained from a refinement constrained so that o = § = 90° and y = 120°.

5 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, W1, 1994).

° An extinction parameter x was refined, where F is multiplied by: k[1 +0.001 * x * F.’
* A%/ sin(2O)] 4.

“R(F)=Y

|F.| - |F

[ZIF]-

R, (F2) =[S IF2 - F2F1/SwE " w =[0*(F2) +(0.0356P)* +0.00P] where
P =[max(F},0) +2F*]/3.

/ GooF =§ = E:[W(F;z -FH/(n- p)]“z 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 (A%) for Bag sHf12As,77

Wickof

position, site
Atom  symmetry x y z Occupancy Ug*
Ba de  3.. 0 0 0.137(3)  0.209(6)  0.033(6)
Hf{l) 6h m.. 0.35495(7) 0.11892(7) Y 1 0.0042(2)
Hf(2) 6h m.. 0.61802(8) 0.17720(8) s 1 0.0042(2)
As(l) 6k m.. 0.0142(3)  0.4500(3) Ya 0.56(1) 0.006(1)
As(2) 6h m.. 0.07182) 0.2384(2) Ya 1 0.0053(5)
As3) 6h m.. 02850(2) 0.5099(2) Ya 1 0.0027(4)
As4) 6h m.. 0.3422(5) 0.2965(5) Ya 0.39(1) 0.007(2)

? Ug is defined as one-third of the trace of the orthogonalized Uj; tensor.

Table 5-3. Extended Hiickel Parameters'” '®

Atom Orbital H;; (eV) & ci Ca fe)
Hf 6s -3.12 221
6p —4.50 2.17
5d -8.14 4.36 0.6967 1.709 0.5322
As 4s -16.22 223
4p -12.16 1.89
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Ba-As(2)
Ba—As(2)
Ba—As(2)
HI(1)}-As(3)
Hf(1)-As(4)
Hf(1)-As(4)
Hf(1)-As(1)
HIf(1)}-As(2)
HIf(1)-As(2)

As(2)-Ba-As(2)
As(2)-Ba-As(2)
As(2)-Ba-As(2)
As(2)-Ba-As(2)

3.202(3) (x3)
3.461(5) (x3)
3.852(7) (x3)
2.718Q2) (x2)
2.763(7)

2.803(5) (x2)
2.806(4)

2.823(2) (x2)

2.842(3)

118.45(9) (x3)

163.8(4) (x3)
105.3(2) (x3)
66.08(4) (x6)

Hf(2)-As(3)
Hf(2)-As(3)
Hf(2)-As(1)
Hf(2)-As(1)
HE(2)-As(4)
As(1)-As(1)
As(1)-As(4)
As2)-As(4)

As(1)-As(1)-As(1)
As(1)-As(1)-As(4)
As(4)-As(1)}-As(4)
As(4)-As(2)-As(4)
As(2-As(4)-As(2)
As(2)-As(4)-As(1)
As(1)-As(4)-As(1)

2.730(2) (x2)
2.740(2) (x2)
2.794(3) (x2)
2.805(4)

2.839(7)

2.495(6) (x2)
2.599(5) (x2)

2.518(3) (x2)

90.8(3)
91.5(1) (x2)
86.2(2)
89.7(2)
89.7(2)
92.01(8) (x2)
86.2(2)
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Table 5-5. Comparison of Site Occupatic:)tlzs'37

Sites Cr2P; BaHf»>As»; ¢ HogNixP)3
trigonal prisms 6P 6 As 6 Ho
tetrahedra and pyramids — 18 As 18 Ni
triangles — —_ 2 Ni
vertices of trigonal prisms 12Cr 12 Hf 12P
disordered sites along 0, 0, = P | Ba 1P

“ Ideal formula assuming 25% Ba and 100% As occupancies.
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Figure 5-2. View of the As ribbon in Ba, Hf},As;,, , running along ¢ and built
up from As(2), As(4), and As(1).
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T z=0.863
5(2) & v Q
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2=0.363

z2=0.137

Figure 54. Coordination environment around Ba atom (at 0, 0, 0.137) in

Ba,Hf,As,;;, disordered among symmetry-equivalent sites along the
sixfold axis (0, 0, z at the z coordinates shown).
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Figure 5-5. Comparison of the structures of (a) Cr;2P7,*° (b) “BaHf2As»4” (idealized

formula), and (c) HogNiP3,** shown in projection down the hexagonal ¢ axis.
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Figure 5-9. Crystal orbital overlap population curve for Hf~As contacts in the
[Hf2As24] framework. The Fermi level corresponding to Bag sHf2As177

is shown.
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CHAPTER 6

Rare-Earth Germanium Antimonides RE;Ges . Sby+ (RE =

La-Nd, Sm, Gd-Dy): Syntheses and Structures’

INTRODUCTION

Our continuing exploration of the ternary rare-earth main-group-element
antimonide systems RE,4,Sb. (4 = Al, Ga, In, Si, Ge, Sn) has revealed a strikingly rich
and structurally diverse crystal chemistry, reinforced by recent discoveries of the novel
compounds La;3GagSby,' RE2GasSbas (RE = La-Nd, Sm),' REIn,_Sby (RE = La-Nd),’
RESn,Sb; (RE = La-Nd, Sm),” and EuSn;Sbs* In all of these systems, the Zintl
concept®® is invoked as a tool to rationalize the complex networks formed by the
electronegative main-group atoms and characterized by extensive homoatomic (Ga—Ga,
In-In, Sn~Sn, Sb-Sb) bonding. Historically, the Zintl concept has served as a successful
paradigm for explaining the bonding in valence compounds of the form M,4, or M,4,B.
(M = alkali or alkaline-earth metal; 4, B = main-group elements), where the assumption
of complete transfer of valence electrons from the electropositive elements (M) to the

electronegative main-group atoms (4, B), which use them to satisfy the octet rule, is

* 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.” The exception is the compound
EuSn;Sby, whose structure is constructed from “classical” building blocks of trigonal
pyramids of Sn and Sb and Sn-centred tetrahedra, for which the Zintl concept is applied
in a straightforward manner.*

A recent investigation of the Ce-Ge-Sb ternary phase diagram'® has revealed a
potentially rich system, yielding three new ternary compounds:  Ce;GeSb;
(superstructure of ThGe,-type), “CesGesSby” (unknown structure), and Ce;GeSb
(La;Geln-type). We report here the syntheses and transport behaviour of a new series of
ternary rare-earth germanium antimonides, REsGes .Sbyj+. (RE = La-Nd, Sm, Gd-Dy).
and the structures of the representative members LagGez g1)Sbi321), NdeGes 6¢1)Sbi2.4(1)s
and GdeGes301)Sbirs)- 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 f 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.'!
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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 fused-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 Ko, radiation; Si standard) and
analyzed with the Filmscan and Jade 3.1 software packages."

Single crystals of LagGe28(1)Sbiz2(1), NdsGes61)Sbi2.41), and GdeGes31)Sbiiry
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_,Sby1+, (RE = La-Nd, Sm, Gd-Dy) could be successfully
prepared. The products typically consisted of aggregates of shiny grey bulky needle-
shaped crystals of RE¢Ges .Sbii+, and grey powder, containing mostly the terary
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 DySb'} and reddish brown powder
consisting of DySb (major phase), DysGes_Sbi1+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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