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Summary 

This thesis consists of two parts: The main project, which seeks to discover and characterize 

novel inorganic compounds incorporating multiple chalcogenide anion species in their crystal 

structures, and a secondary project focused on optimizing the synthesis of Zn3N2 nanoparticles. 

As the latter ended up thematically isolated due to the reduction of scope following 

complications, it is discussed independently at the end of the thesis. 

The main project resulted in the discovery of 13 novel compounds incorporating an anionic 

superstructure, of which three exhibit novel crystal structures. Four systems were prepared as 

reasonably pure phases investigated in detail by X-ray diffraction, magnetic susceptibility, heat 

capacity, electric conductivity, Mössbauer spectroscopy, and DFT analysis. 

La18Fe5Cu4S26O8 was found to exhibit a novel orthorhombic crystal structure mostly described 

by the Cmcm space group. However, the crystal structure exhibited an unusual guest-in-host 

structure, with significant apparent disorder in the ionic positions. A structural model of the 

origin of the disorder was determined. The compound was found to be a magnetic cluster glass 

without long-range magnetic order. 

La14TME6CuS24O4 (TME = Fe, Cr) exhibits a novel monocline crystal structure described by 

the C2/m space group. The compound was found to exhibit minor structural disorder, with two 

ionic positions exhibiting partial occupancies, as well as multi-valent chains of the transition-

metal elements. The compounds were found to exhibit spin domain formation, but the acquired 

data is contradictory on the size of these domains. 

Ba6Fe2Te3S7 exhibits a novel orthorhombic crystal structure, described by the Cmcm space 

group. The Fe positions are arranged in isolated, linear [Fe2S7] units, while the tellurides assume 

a rare [Te3]4- polytelluride structure. The compound was found to exhibit spin singlets due to 

strong coupling within each [Fe2S7] unit. 

The series of compounds BaMTeS (M = Fe, Mn, Zn Ge) was found to exhibit a known crystal 

structure described by their oxysulfide analogs. The Ge analog is isostructural with the other 

three analogs but exhibits a half-occupied structure BaGe0.5TeS. The BaFeTeS analog was 

further investigated and found to exhibit a lack of long-range magnetic ordering, as well as a 

Mössbauer anomaly. 

Additionally, the crystal structures of the novel compounds Ba3VTeS4, Ba9Fe4Te3.5S12.5+δ, 

Ba2Mn3Te2S3, La10Te14+xS1-x, and La2TeS2, all analogs of known phases, are reported. 
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The secondary project aimed to improve and optimize a Zn3N2 nanoparticle synthesis procedure 

described in the literature. The target of the project was to improve the product monodispersity 

by altering the original synthesis approach, which utilized multiple hot-injections of precursor 

to tune the particle size, with a single-injection methodology. Rather, the particle size was to be 

tuned by varying the synthesis temperature instead. This project did not reach completion in 

time due to several unexpected difficulties arising during the work. The obtained results indicate 

significant improvement in the monodispersity of the synthesized Zn3N2 nanoparticles, 

compared with the original approach from literature. Furthermore, the results show it is possible 

to control the size of the synthesized nanoparticles by controlling the temperature of the 

synthesis. 
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Sammendrag 

Denne avhandlingen består av to deler: Et hovedprosjekt, med mål om å oppdage og 

karakterisere nye uorganiske forbindelser som inkluderer to eller flere kalkogenid anion spesier 

i sin krystallstruktur, og et sekundærprosjekt som fokuserer på optimering av en syntesemetode 

for Zn3N2 nanopartikler. Sekundærprosjektet endte opp tematisk isolert grunnet reduksjon i 

prosjektets omfang etter vanskeligheter oppsto. Sekundærprosjektet er derfor diskutert som et 

separat prosjekt ved slutten av denne avhandlingen. 

Hovedprosjektet resulterte i oppdagelsen av 13 nye forbindelser som inkluderer en 

superstruktur av anioner, samt tre nye krystallstrukturer. Fire systemer ble framstilt som relativt 

rene faser; disse ble undersøkt i detalj med X-ray diffraksjon, magnetisk susceptibilitet, 

varmekapasitet, elektrisk ledningsevne, Mössbauer spektroskopi og DFT. 

La18Fe5Cu4S26O8 krystalliserer i en ny, ortorombisk krystallstruktur, for det meste beskrevet av 

Cmcm romgruppen. Krystallstrukturen inkluderer en uvanlig gjest-vert struktur, med betydelig 

tilsynelatende uorden i de ioniske posisjonene. En strukturell modell av uordenen ble bestemt. 

Forbindelsen ble funnet å være et magnetisk cluster glass uten magnetisk orden over større 

avstander. 

La14TME6CuS24O4 (TME = Fe, Cr) krystalliserer i en ny, monoklin krystallstruktur beskrevet 

av C2/m romgruppen. Forbindelsen be funnet til å inkludere mindre ionisk uorden, hvor to 

ioniske posisjoner har delvis okkupasjon, samt multivalente kjeder av overgangselementer. 

Forbindelsene ble funnet til å danne spinn domener, men de tilgjengelige data er selvmotsigende 

angående størrelsen på disse. 

Ba6Fe2Te3S7 krystalliserer i en ny, ortorombisk krystallstruktur, beskrevet av Cmcm 

romgruppen. Fe-posisjonene er arrangert i isolerte, lineære [Fe2S7] enheter, mens telluridionene 

er arrangert i en veldig sjelden [Te3]4- polytelluridstruktur. Forbindelsen ble funnet til å danne 

en singlet-tilstand, grunnet sterk magnetisk kobling innen hver [Fe2S7] enhet. 

Serien med forbindelser BaMTeS (M = Fe, Mn, Zn, Ge) ble funnet til å krystalliserer i en kjent 

krystallstruktur, identisk med deres oksysulfid analoger. Ge analogen er isostrukturell med de 

andre tre, men med en halv-okkupert struktur BaGe0.5TeS. BaFeTeS ble videre karakterisert, 

og ble funnet til å ikke magnetisk ordne seg, samt til å vise en Mössbauer anomali. 

I tillegg, krystallstrukturene til de nye forbindelsene Ba3VTeS4, Ba9Fe4Te3.5S12.5+δ, 

Ba2Mn3Te2S3, La10Te14+xS1-x, og La2TeS2, alle analoger av kjente forbindelser, er rapportert. 
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Sekundærprosjektet siktet på å forbedre og optimere en Zn3N2 nanopartikkel synteseprosedyre 

beskrevet i litteraturen. Prosjektet hadde som mål å forbedre monodispersiteten til produktet 

ved å endre den originale synteseprosedyren, som benyttet flere runder med «hot-injections» 

av forløper for å styre partikkelstørrelsen, med en metode som kun benyttet én injeksjon. 

Partikkelstørrelsen ble heller styrt ved å variere syntesetemperaturen. Prosjektet ble ikke fullført 

i tide grunnet flere uforventede vanskeligheter med arbeidet. De oppnådde resultatene foreslår 

betydelig økning i monodispersitet av de syntetiserte Zn3N2 nanopartiklene, sammenlignet med 

hva som har blitt tidligere rapportert i litteraturen. Videre, resultatene viser at det er mulig å 

kontrollere størrelsen til de dannede nanopartiklene ved å styre temperaturen til syntesen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

Table of Contents 

Acknowledgments ..................................................................................................................... iii 

Summary .................................................................................................................................... v 

Sammendrag ............................................................................................................................. vii 

List of Papers ........................................................................................................................... xiii 

List of Papers – Not First Author ............................................................................................ xiii 

Other Public Presentations ...................................................................................................... xiii 

Glossary ................................................................................................................................... xiv 

1. Introduction and Motivation ................................................................................................... 1 

1.1. Solid-State Multianion Synthesis .................................................................................... 1 

2. Background and Previous Literature ...................................................................................... 3 

2.1. Multianions ...................................................................................................................... 3 

2.1.1. Multianions in General ............................................................................................. 3 

2.1.2. Bichalcogenides ....................................................................................................... 9 

2.1.3. Other Notable Bichalcogenides .............................................................................. 23 

3. Theory and Methodology ..................................................................................................... 25 

3.1. Solid-State Synthesis ..................................................................................................... 25 

3.2. Characterization ............................................................................................................ 28 

3.2.1. X-ray Diffraction (XRD) ........................................................................................ 28 

3.2.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy 

(EDX) ............................................................................................................................... 31 

3.2.3. Heat Capacity ......................................................................................................... 32 

3.2.4. Magnetic Susceptibility .......................................................................................... 34 

3.2.5. Mössbauer Spectroscopy ........................................................................................ 37 

3.3. Density Functional Theory (DFT) ................................................................................. 38 

3.3.1. Motivation for Including DFT in this Thesis ......................................................... 38 

3.3.2. Wavefunctions – Basic Principles of Quantum Mechanics ................................... 39 



x 
 

3.3.3. DFT – Theoretical Background .............................................................................. 40 

3.3.4. The Limitations of DFT ......................................................................................... 41 

3.3.5. Practical Implementation of DFT ........................................................................... 42 

4. Process, Results and Discussion ........................................................................................... 45 

4.1. La18Fe5Cu4S26O8 – Magnetic Cluster Glass .................................................................. 45 

4.1.1. La18Fe5Cu4S26O8 – Synthesis and Structural Determination .................................. 45 

4.1.2. La18Fe5Cu4S26O8 – Property Determination ........................................................... 48 

4.1.3. La18Fe5Cu4S26O8 – Discussion of the Crystal Structure ......................................... 49 

4.1.4. La18Fe5Cu4S26O8 – Outlook and Potential Structural Analogs .............................. 52 

4.2. La14TME6CuS24O4 (TME = Cr, Fe) – Multivalent Spin-Chains .................................... 53 

4.2.1. La14TME6CuS24O4 – Synthesis and Structure Determination ................................ 53 

4.2.2. La14TME6CuS24O4 – Property Determination ........................................................ 54 

4.2.3. La14TME6CuS24O4 – Discussion of the Crystal Structure ...................................... 55 

4.2.4. La14TME6CuS24O4 – Outlook and Potential Structural Analogs ............................ 58 

4.3. Ba6Fe2Te3S7 – Dimeric Magnets and Polytelluride Oligomers .................................... 60 

4.3.1. Ba6Fe2Te3S7 – Synthesis and Structure Determination .......................................... 60 

4.3.2. Ba6Fe2Te3S7 – Property Determination .................................................................. 60 

4.3.3. Ba6Fe2Te3S7 – Discussion of the Crystal Structure ................................................ 61 

4.3.4. Ba6Fe2Te3S7 – Outlook and Potential Structural Analogs ..................................... 63 

4.4. BaMTeS (M = Fe, Mn, Zn, Ge) – An Isostructural Series ............................................ 63 

4.4.1. BaMTeS – Synthesis and Structure Determination ................................................ 63 

4.4.2. BaMTeS – Property Determination ........................................................................ 65 

4.4.3. BaMTeS – Discussion of the Crystal Structure ...................................................... 66 

4.4.4. BaMTeS – Outlook and Potential Structural Analogs............................................ 67 

4.5. Other Bichalcogenides .................................................................................................. 68 

4.5.1. Ba9Fe4Te3.5S12.5+δ .................................................................................................... 68 

4.5.2. Ba3VTeS4 ............................................................................................................... 71 



xi 
 

4.5.3. Ba2Mn3Te2S3 .......................................................................................................... 73 

4.5.4. La10Te14+xS1-x and La2TeS2 .................................................................................... 75 

4.6. A Discussion of the Bichalcogenides in General .......................................................... 75 

4.6.1. Characteristics and Notes of Synthesis .................................................................. 75 

4.6.2. Considerations for Investigation of Bichalcogenide Systems ................................ 76 

4.6.3. Design of Synthesis: Targeting Specific Properties ............................................... 80 

4.6.4. Cross-Compound Structural Considerations .......................................................... 82 

4.6.5. Final Remarks ........................................................................................................ 85 

5. Summary, Conclusion and Outlook ..................................................................................... 87 

6. On the Optimization of Colloidal Zn3N2 Nanoparticle Synthesis ........................................ 89 

6.1. Introduction and Inspiration .......................................................................................... 89 

6.2. Methodology ................................................................................................................. 90 

6.2.1. Chemicals ............................................................................................................... 90 

6.2.2. Synthesis Procedure – Equipment and Preparation ................................................ 90 

6.2.3. Synthesis Procedure – Synthesis ............................................................................ 92 

6.2.4. Washing Procedure ................................................................................................ 94 

6.2.5. Characterization ..................................................................................................... 94 

6.3. Results ........................................................................................................................... 96 

6.4. Discussion and Challenges in the Work ...................................................................... 103 

6.5. Beyond Zn3N2 – A Wider Point of View .................................................................... 106 

6.5.1. The Zn3N2 Synthesis Procedure in Perspective .................................................... 106 

6.5.2. Nanoparticles of Other Nitrides ........................................................................... 107 

6.5.3. Fluorescent Nanoparticles – Comparison of Properties ....................................... 108 

6.5.4. The Path Forwards – Core-Shell Structures and Multianion Nanoparticles ........ 108 

6.6. Conclusion and Outlook .............................................................................................. 110 

7. References .......................................................................................................................... 113 

8. Appendix – Other Work ..................................................................................................... 131 



xii 
 

8.1. FeI2 • 4H2O – A Case Study in Deceptive Crystal Twinning ..................................... 131 

8.2. Oxy- and Nitride-Fluorides ......................................................................................... 135 

9. Appendix – Additional Data .............................................................................................. 139 

9.1. Appendix – Crystal Structure Refinement Data .......................................................... 139 

9.1.1. Appendix – Refinement Data and Crystal Structure of Ba9Fe4Te3.5S12.5+δ .......... 139 

9.1.2. Appendix – Refinement Data and Crystal Structure of Ba3VTeS4 ...................... 140 

9.1.3. Appendix – Refinement Data and Crystal Structure of Ba2Mn3Te2S3 ................. 141 

9.1.4. Appendix – Refinement Data and Crystal Structure of La2TeS2 ......................... 142 

9.1.5. Appendix - Refinement Data and Crystal Structure of La10Te14+xS1-x ................. 143 

9.1.6. Appendix – Refinement Data and Crystal Structures of FeI2•4H2O and the Twinned 

“SIO2” ............................................................................................................................. 144 

9.2. Appendix – Failed Syntheses ...................................................................................... 145 

10. Appendix – Associated Papers 1–4 .................................................................................. 151 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

List of Papers 

 

1. Synthesis and Properties of Ba6Fe2Te3S7, with an Fe Dimer in a Magnetic Singlet 

State 

Emil H. Frøen, Peter Adler, and Martin Valldor 

DOI: 10.1021/acs.inorgchem.3c01775 

2. Synthesis and Properties of La18Fe5Cu4S26O8, Containing Large Magnetic Clusters 

Emil H. Frøen, Peter Adler, and Martin Valldor 

To be submitted 

3. Synthesis and Properties La14TME6CuS24O4, a Multivalent Spin-Chain Compound 

(TME = Cr, Fe) 

Emil H. Frøen and Martin Valldor 

To be submitted 

4. Synthesis and Properties of BaMTeS (M = Fe, Mn, Zn) and the Disordered 

Structural Analog BaGe0.5TeS 

Emil H. Frøen, Domenic Nowak, Peter Adler, and Martin Valldor 

To be submitted 

 

List of Papers – Not First Author 

1. Untitled Oxysulfide Article 

Valldor et al. 

 

Other Public Presentations 

1. Synthesis and Characterization of Zn3N2 Quantum Dots 
Poster at the 2021 Norwegian Chemical Society – Functional Inorganic 
Materials (NKS-FUM) meeting. 
 

2. The Absence of Expected Paramagnetic Behavior in Ba6Fe2Te3S7 
Presentation at the 2023 European Conference on Solid-State Chemistry 
(ECSSC) 

 



xiv 
 

Glossary 

 

AC – Alternating Current 

AE – Alkaline Earth Element 

BSE – Backscattered Electron 

CFS – Crystal Field Spitting 

DC – Direct Current 

DFT – Density Functional Theory 

DOS – Density of States 

EDX – Energy Dispersive X-ray 

FC – Field Cooling 

FWHM – Full Width Half Maximum 

GGA – Generalized Gradient Approximation 

HSAB – Hard-Soft Acid-Base 

LAN – Lanthanide group elements 

LDA – Local Density Approximation 

LED – Light Emitting Diode 

LCCSO – La14Cr6CuS24O4 

LFCSO – La18Fe5Cu4S26O8 

LICSO – La14Fe6CuS24O4 

LTCSO – La14TME6CuS24O4 (TME = Cr, Fe) 

M – Any element considered a metal (Includes TME, RE, s- and p-block metals) 

PAW – Projected Augmented Wave 

PBE – Perdew – Burk – Eisenhower 

PPM – Parts per million 

PPMS – Physical Property Measurement System 

PXRD – Powder X-ray Diffraction 

QLED – Quantum (Dot) Light Emitting Diode 

RE – Rare-Earth elements 

SCCM – Standardized Cubic Centimeters per Minute 

SC-XRD – Single Crystal X-ray Diffraction 

SE – Secondary Electron 

STEM – Scanning Transmission Electron Microscope 

TEM – Transmission Electron Microscope 

TME – Any element of the transition metals 

VASP – Vienna ab initio simulation package 

XRD – X-Ray Diffraction 

ZFC – Zero Field Cooling 

 

 

 

 



1 
 

1. Introduction and Motivation 

The initial prospect of this project included two parts, pertaining to the synthesis of multianionic 

compounds in both bulk and nanoparticle form. The nanoparticle project was scaled back 

midway due to the unexpected difficulties of the work and focused on preparing a monoanionic 

forerunner to the original multianion synthesis. As such, the projects ended up somewhat 

thematically isolated. Regarding this thesis, the nanoparticle section of the project will be 

treated as a second project, with a smaller scope and emphasis detailed in chapter 6. 

 

1.1. Solid-State Multianion Synthesis 

Throughout most of modern history, inorganic material synthesis has primarily focused on the 

cations, utilizing only a single anion, typically oxygen. Comparatively little work has been done 

pertaining to solid-state chemistry involving multianion materials; that is, materials with a 

crystal lattice incorporating more than one anion. Historically, this discrepancy may be 

attributed to the scarcity of multianion compounds in nature, resulting in a lack of attention 

directed to the field. In modern times, as interest in multianion compounds have started to grow, 

the limiting factor is rather the thermodynamic challenges inherent in synthesis involving 

multiple anions. 

With two distinct anions involved, reacting two binary precursors may be complicated by major 

differences in their respective properties. For example, tellurides generally have a much lower 

melting point than oxides, and may evaporate or sublimate away at reaction temperatures 

sufficient for the oxides. Additionally, the resulting compounds are often metastable and only 

exist within a limited temperature range, placing further constraints on the applicable synthesis 

conditions. As such, synthesis of multianionic compounds entails the determination of an 

appropriate synthesis approach, and optimization of this approach to favor the formation of the 

desired product. 

Multianionic compounds have been found to show potential not just for novel structures but 

also catalysis,1–3 iron-based superconductivity,4 batteries,5,6 phosphors,7–10 non-linear optics,11 

tunable properties,12 and more. As such, it is of interest to explore the phase diagrams of the 

multianionic space to identify the compounds that exist and characterize them for future work. 

With the previous in mind, the first objective of this Ph.D. project was the discovery, synthesis, 

and characterization of novel multianionic compounds. The aim was to further explore the wide 
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range of possibilities offered by this relatively scarcely explored approach to materials 

synthesis, and lay the groundwork for further investigation. While the starting point focused on 

oxyfluorides and nitride-fluorides, this switched to a focus on bichalcogenides, as searching for 

novel phases proved more rewarding in this field. 

The discovered compounds were to be investigated with a range of standard characterization 

methods, including magnetic susceptibility, X-ray diffraction (XRD), heat capacity, and, for 

iron-based compounds, Mössbauer spectroscopy. This was later expanded to include theoretical 

investigations with density functional theory (DFT). 
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2. Background and Previous Literature 

2.1. Multianions 

2.1.1. Multianions in General 

Multianion compounds, by simple linguistic consideration, refer to any compound 

incorporating more than a single anion into its matrix. How a given compound that fulfills this 

definition is considered depends on the context, the relative anion content of the different 

species, whether the site occupation is ordered or mixed, and a certain degree of arbitrariness. 

Suppose the content of a secondary anion is significantly less than the primary, generally non-

stoichiometric, and a solid solution of anions. In this case, it is rarely thought of as a multianion 

compound. Such compounds are typically referred to as doped. Doping has been a common 

approach for tuning the properties of materials for a long time, but anion-doped compounds are 

not typically considered a multianion. 

Compounds are generally considered multianionic if they contain a significant (ideally 

stoichiometric) amount of multiple anions in solid solution or exhibit anionic superstructure. In 

the latter case, the relative proportion of anionic species is typically irrelevant for the 

classification. 

Multianion compounds exist for every available combination of anions: Single group 

multianions like multichalcogenides or multi-group variations like chalcogenide-halides. Still, 

there is a vast gulf in the extent to which each group has been investigated. The oxyhalides are 

historically the most extensively studied, with thousands of published crystal structures, while 

other categories have only a dozen or fewer. 

Another distinction must be made between single-atom anions and complex anions. Complex 

anions comprise units of multiple ionic species that bond particularly strongly to act as a single 

anion. Typical examples are the carbonate, phosphate, and sulfate ions. Complex anions exhibit 

their range of multianionic compounds, for example, the solid solution Pb4(PO4)2(SO4),13 or the 

ordered Na3Mg(PO4)(CO3),14 but in this work, the focus is on the single atom anions. 

Polyanions, such as the polychalcogenides,15 may be considered as a third category of anionic 

species, but through this text, they are grouped with their respective monoanionic constituents 

unless specifically considered. 
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2.1.1.1. Historically Early Work 

Multianion research, while overshadowed by monoanion topics in most fields, has been 

ongoing in the background for a long time. Multianionic compounds, such as oxyhalides, have 

been well-known since further back in time than the modern literature trails. Searching back 

through the literature, one will find articles on investigations of multianionic compounds from 

the beginning of the 1900s. Of these, some further refer to widespread information on certain 

oxyhalides during that period.16 In brief, the possibility of combining multiple anions into a 

single structure has been well-known throughout the whole history of modern chemistry. The 

advent of structural determination of atoms in crystalline materials arrived with the 

development of X-ray diffraction techniques. After the first atomic crystal structure, that of 

table salt,17 was solved in 1913, what was the first multianion compound to be determined is 

difficult to say for certain. Some of the earliest examples easily found are Fe2SSe, resolved in 

1925 to be a solid solution,18 and the sulfide-pnictides NiSbS, NiAsS, and CoAsS from the 

same year,19 representing some of the earliest examples of anion superstructures, disregarding 

the significant bonding between anions in the latter three examples.  

A point of note concerning the lack of scientific interest in the early 1900s is related to the fact 

that multianionic compounds are very rare in nature. The conditions necessary for the formation 

of single-atom-anion multianionic compounds in nature are strict; thus, such minerals are rare 

indeed. While examples do exist, such as ullmannite (NiSbS),19 matlockite (PbFCl),20 and the 

recently discovered hitachiite (Pb5Bi2Te2S6),21 multianion compounds are primarily made in a 

lab, and most of earlier scientific works were focused on reproducing the chemistry seen in 

nature. 

A pioneer of the modern material chemistry of multianionic compounds is physicist and 

crystallographer William Houlder Zachariasen. In his works, he provided some of the earliest 

structural determinations of multianion compounds in 1948 on the structures of the 5f-element 

compounds. This started with Ce2O2S and UO2F2, describing the anionic superstructure these 

compounds assume.22 This initial work was expanded in 1949, first investigating oxysulfides, 

which proved to be analogs of Ce2O2S.23 

This work continues in his 1949 study on the structures of several sulfides and oxysulfides, the 

latter on thorium, uranium, and neptunium.24 These were all found to assume the PbFCl 

structure, which had been previously characterized in 1932 by Nieuwenkamp and Bijvoet.25 

Zachariasen went on to characterize the structures of a range of oxysulfides and oxyhalides.26,27 
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While some early work was carried out on multianionic compounds, their presence in the 

scientific literature remained relatively marginal until 1968, when the potential of rare-earth 

oxysulfides as hosts for optically active rare-earth doping became a topic of interest.28 From 

here, multianionic compounds saw a slim but constant stream of literature each year. This 

continued until about 1990, when interest again started to grow sharply. As this followed 

immediately after the discovery of the famous high-temperature superconductor YBCO in 

1987,29 these events were likely correlated. 

 

2.1.1.2. Recent Work 

Interest in multianion materials has only really taken off in the last three decades since 1990. 

Consequently, most known multianionic compounds are comparatively recent discoveries, 

although the reason is still somewhat tangential. The discovery of most multianionic 

compounds is typically not from people explicitly searching for them, but rather from accidental 

synthesis while attempting to achieve different products.30  

 

2.1.1.2.1. Nitride-Halogenides and Oxynitrides 

Nitride-halogenides are among the less studied multianions. Due to the difference in the ionic 

radii between nitride and halogenide anions, they typically form anion superstructures. Nitride-

fluorides, in particular, have only a handful of known compounds beyond the single-element 

nitride-fluorides. Typically, these are difficult to prepare in a pure form and often require exotic 

synthesis procedures. The quaternary Ce2MnN3F2-δ phases, for instance, were synthesized at 

very low temperatures (~100 °C) under a F2/N2 gas mixture.31 The synthesis of the quinary 

LiAE4Si4N8F (AE = Ca, Sr) and quaternary La3[SiN4]F involved the decomposition of alkaline 

earth hydrides to form reactive intermediates.32,33 Even the simpler syntheses involve weld-shut 

crucibles, such as for LiSr2[TaN3]F, the AE2BN2F (AE = Ca, Sr) phases, and the Ba8(BN2)5F 

phase.34–36 Notably, among the more complex nitride-fluorides, the structure typically involves 

a coordination between one of the more stable nitride-cation pairings: Si3N4, TaN, and BN are 

all among the most stable nitride species. 

Known quaternary and higher nitride-chlorides are somewhat more abundant than the fluorides, 

partly due to a rush in interest in nitride-chloride intercalation structures, explained in the next 

paragraph. The heavier halogenides, Br and I, again have very few known multianion 

compounds with nitride. 
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An important compound among the nitride-halogenides is the β-LixZrNCl structure. First 

reported by Yamanaka et al. in 1996, it represented the first discovery of a layered nitride 

superconductor.37 The compound exhibits an intercalation structure, where lithium is 

introduced into the van der Waals gap of the precursor compound β-ZrNCl. The compound 

assumes a trigonal crystal structure described by the space group R-3m (No. 166) illustrated in 

Figure 1. 

 

Figure 1: Layered structure of the LixZrNCl superconductor. Occupancies are not shown. 
Crystal data obtained from the work of Shamoto et al.38 

 

The structure may be considered in terms of two layers: the matrix layers, consisting of the β-

ZrNCl precursor structure, and the intercalated Li layers.  

The initial report of LixZrNCl gave a critical temperature of about 12.5 K for a lithium content 

x=0.16. The critical transition temperature was found to be significantly dependent on the 

lithium content. In 1998, the isostructural hafnium analog achieved superconductivity at 25.5 

K,39 showing the structure type's potential for superconductivity at elevated temperatures. These 

discoveries resulted in a small rush of activity to investigate these systems, ultimately finding 
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the optimized critical temperatures by Li-intercalation to be about 15 K for β-ZrNCl and 26 K 

for β-HfNCl.40 

Compared with the nitride-halides, the scope of known oxynitrides is much larger. This may be 

attributed to the greater stability of the oxynitrides and the fact that oxynitrides are one of the 

more likely impurities to form during the synthesis of complex nitrides if the synthesis 

environment is not kept sufficiently free of oxygen. Due to the similar ionic radii of the oxide 

and nitride ions, many oxynitrides form solid solutions in contrast to the superstructures of the 

nitride-halides, although N-O superstructures are also known.41  

The most common structural motifs of the oxynitrides are simply the same as the oxides, 

courtesy of the similarities between the oxide and nitride ions. One example are the perovskite 

structures. With general compositions of M1TME1ON2, M1TME1O2N, or solid solution 

intermediates (M = Alkaline earth, Lanthanides) (TME = Groups 4, 5, 6), they exhibit a wide 

range of perovskite structures with either mixed, ordered or both forms of anion occupancy.42–

44 Results from investigations with neutron diffraction have reported clear anion ordering in 

some cases; an example is TaNO, which exhibits a N-O superlattice.41 They are considered 

materials of interest as they exhibit mixed character between oxide and nitride structures and, 

as such, are considered for the same potential applications as oxide perovskites in general, 

including pigments, colossal magnetoresistors, and photocatalysts.45 

 

2.1.1.2.2. Superconducting Iron Pnictides 

The discovery of the iron-based layered superconductors likely caused the single greatest surge 

in interest for multianionic compounds. 

The first report on the properties of the layered iron superconductors was with the discovery of 

LaOFeP, with a superconducting temperature of ~4 K, by Kamihara et al. in 2006.46 The 

stoichiometric compound exhibits a tetragonal crystal structure described by the P4/nmm (No. 

129) space group, illustrated in Figure 2.47 The structure exhibits two distinct layers: A 

positively charged lanthanum oxide layer, and an oppositely charged iron phosphide layer. It 

may be noted that the two layers are arranged as anti-structures of each other: Within their 

respective layers, the Fe position is equivalent to the O position situated directly adjacent along 

the c-axis and correspondingly for the La and P positions. 
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Figure 2: Crystal structure of LaOFeP. Crystal structure from the work of McQueen et al.47 

 

Initially, the discovery was met with muted reception, likely due to the low critical temperature, 

garnering only eight citations through 2007 (According to Web of Science). Interest only 

exploded in 2008, with the report of La[O1-xFx]FeAs exhibiting a critical temperature of 26 K.48 

This discovery attracted significant attention to the layered iron superconductor, resulting in a 

rush of work in this field of study. Over the next couple of years, several superconducting iron 

compounds were discovered. Simple analogs with switched rare earth metals of the RE[O1-

xFx]FeAs (RE = Ce, Sm, Nd, Pr, Gd, La:Y)49–54 motif were reported in quick succession within 

the same year, elevating the known ceiling for critical temperatures of layered iron 

superconductors to 52 K. This was a remarkable milestone, as only cuprate high-temperature 

superconductors have achieved higher critical temperatures, and, in the words of the authors 

who reported the discovery: “As the first non-cuprate compound that superconducts above 50 

K, this discovery places these iron arsenide compounds to the second high temperature super-

conducting family explicitly.”.51 

In addition to the oxypnictides, a second family of multianionic superconductors emerged in 

the form of arsenide-fluorides. With the same structure, they were candidates for similar 

superconducting properties. Indeed, it was found that samarium-doped SrFeAsF could attain 
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similar critical temperatures to the oxypnictides, with a critical temperature of 56 K for 

Sm0.5Sr0.5FeAsF.4 

While this initial rush for increasing critical temperatures quickly leveled out, with no further 

improvements under ambient pressure after Sm0.5Sr0.5FeAsF,55,56 the discovery made a 

significant example of how properties of potentially paramount importance hide in systems 

where no one would expect or predict. Such unexpected discoveries also drive the theoretical 

background of the properties in question forward. The conventional origin of superconductivity 

is from electron-phonon coupling,57 but this is not found to be the case in iron superconductors. 

Instead, it is believed to be a consequence of a pairing mechanism generated by the electron-

electron Coulomb interaction.56,58 

Due to the discovery of high-temperature iron superconductivity, similar systems also saw a 

surge in interest. An example of compounds that garnered renewed interest of particular note 

to this work are the iron chalcogenides, which may exhibit the same planar structures as the 

FeAs motifs in the iron superconductors. 

 

2.1.2. Bichalcogenides 

Bichalcogenides are, by definition, a subcategory of the broader field of multianion compounds. 

And these may again be subdivided into two groups; the bichalcogenides anion pairs which 

tend to form solid solutions, and those which tend to form anion superstructures. According to 

Hume-Rothery, the former category comprises the sulfide-selenides and the selenide-tellurides. 

The remaining pair combinations, namely the oxide-sulfides, oxide-selenides, oxide-tellurides, 

and sulfide-tellurides, will tend to form anionic superstructures. The latter category is of 

principal interest in this thesis.  

2.1.2.1. Structure and Configurations 

The basis of the structural considerations of the bi- or even multi-chalcogenides lies in the 

difference between the ionic radii of the chalcogen group. Starting from the top, the respective 

radii are 126 pm (O2-), 170 pm (S2-), 184 pm (Se2-) and 207 pm (Te2-).59 Polonides could likely 

form bichalcogenide compounds with the same pairings as the tellurides, but no chalcogenide-

polonides are known, for obvious reasons. 

Bichalcogenide structures may be divided into two categories: The first is the comparatively 

simple partial substitution structural motifs, where specific sites of a monoanionic structure are 
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selectively substituted with a second anion. The second group consists of structures that 

exclusively form with multiple anions. 

 

2.1.2.1.1. Ordered Monoanion Analogs  

A simple example of the first category is the La2O3 structure,60 which is also assumed by 

La2O2S.61 A reason for the stability of structural analogs such as this, despite the significant 

difference in ionic radii, is the release of stressed configurations compared with monoanionic 

analogs. Taking a closer look at the coordination of La in La2O3, each cation position has seven 

coordinated oxygen (Figure 3). Three of these assume shorter interatomic distances of 2.37 Å, 

three assume longer distances of 2.73 Å, and the final one assumes an intermediate distance of 

2.45 Å. The interactions are thus strained, resulting in a higher energy state than the seven-fold 

coordination of anions could achieve without structural limitations. In the ordered oxysulfide 

analog, this tension seems to be diminished. With three of the coordinated oxygen of each La 

position substituted by S, the longer La-S distance, along with the adjustment in the La-O 

distance from the presence of the sulfide ions, allow the structure to rearrange such that the four 

remaining La-O distances are equal at 2.42 Å. 

 

Figure 3: A comparison of the interatomic distances between the isostructural La2O3 and 
La2O2S. Crystal structure data from Koehler et al.60 and Morosin et al.,61 respectively. 

 

The oxygen-rich La2O2S phase may be considered as a solubility limit for sulfur in the La2O3 

crystal structure. There is also a sulfur-rich phase in the same system, La10S14+xOx-1.62 This 
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sulfur-rich phase is also known to form a solid solution, with the oxygen position being 

substitutable by more sulfur. Again, the La10S14O structure is the solubility limit of oxygen in 

the corresponding crystal structure. 

There is always a degree of solubility at the edges of the phase diagrams. In many instances, it 

may be practically insignificant, but in others the solubility may extend to complete substitution 

of selected ionic sites, forming ordered multianion compounds. 

 

2.1.2.1.2. Bianion Dependent Structures 

Regarding the second category of bichalcogenides, the structural considerations are much more 

complex. The additional degrees of freedom in how a structure may be arranged with another 

anion make the resulting ionic arrangements very difficult to predict. 

An obvious consequence of introducing more than one anion into a compound is the effect on 

the symmetry of the resulting crystal structure: Multianion substitution will generally reduce 

the symmetry. Further, because of the additional anionic radius present, the resulting structures 

are not necessarily simple tight-packing motifs, either. Rather, preferential ion coordination 

(elaborated upon in a later paragraph) complicates descriptions of crystal structures and 

necessitates the introduction of new concepts and considerations to describe (or predict) 

multianionic coordinations effectively. 

An applicable rule of thumb for bianions is that the dimensionality (D) of the anion 

superstructure is often shared with the full structure, and this factor is dependent on the ratio 

between the anionic species. At unity, the superstructure is likely to assume a 3D arrangement, 

while ratios of 1:2 and 1:6 (or less) will usually result in 2D and 0D structures, respectively. 

The 2D structures will often take the form of a planar layer stacking order, while 0D structures 

exhibit the lesser component in isolated individual species. It is also possible for intermediate 

arrangements with features of multiple dimensionalities to form. The La2O2S structure 

described previously (Figure 3) is an example of a 1:2 structure with a planar dimensionality of 

the anion superstructure. Zn4B6O12S is an example of a 0D structure with the lesser anionic 

component being arranged as individual species in the crystal structure (Figure 4a).63  

1D structures are generally less common, but they do occur, such as in Sm3Ti3Se2O8,64 an 

oxyselenide where the scarce selenides are arranged parallel with one axis. The selenides almost 

form a planar structure in this compound, but a narrow oxide matrix segregates the continuity. 
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Another example is the Pr2Ta3Se2O8 structure type (Figure 4b),65 where edge-linked [TaSe4O2] 

octahedra arrange all selenium positions parallel with the c-axis. Not all cases are equally clear-

cut with regard to dimensionality; an intermediate case between 1- and 2D is seen in 

Sr2Mn2O4Se. The compound exhibits 1D chains of both the Mn and the Se positions, but these 

are arranged further into 2D planes, interspaced by 2D Sr-O planes.66 The selenides and 

tellurides may be a partial exception to the rule of scarcity for 1D structures, however, due to 

their tendency to form polychalcogenides. Polychalcogenide formation selectively stabilizes 

crystal structures where the chalcogenides are directly adjacent, which could promote 1D 

structures.15  

 

Figure 4: An illustration of anion dimensionality. a): Zn4B6O12O, exhibiting a single sulfide in 
the center of the unit cell. b): Pr2Ta3Se2O8, exhibiting a chain of selenides along the c-axis, 
surrounded by an oxide matrix. The crystal structure data is from Zhou et al.63 and Brennan et 
al.,65 respectively. 

 

In addition to a dependence on the ratio of anions, the relative radii of the anions may also affect 

how the crystal structure arranges itself. For instance, the ratio between the ionic radii of S2- 

and O2- is about 1.35, which happens to be close to the square root of two (√2 ≈ 1.41). A 

common motif in tetragonal (or rectangular lattices with two sufficiently similar lattice 

parameters in general) oxysulfides with a planar structure is thus a square lattice of sulfide 

positions, along with a second square lattice of oxygen, rotated 45° relative to the sulfide lattice, 

which fits both square planar arrangements within the same unit cell. This motif is seen in 

several compounds, including CeBiOS2
67 (Figure 5) and Ce4Ga2S5O4.68 Another possible motif 

is placing the two anions in parallel square lattices, with one anion situated in-plane, and the 
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other situated out-of-plane with a given cation lattice. Examples of this latter structure are seen 

in Na2Fe2OS2 and CsV2OS2.69,70 These are not mutually exclusive arrangements; both anion 

ordering motifs are observed, for instance, in the ErU2S3O2 and La2Fe2O3Se2 structure 

types.71,72 

 

Figure 5: a) The crystal structure of CeBiOS2. B) A c-axis view of the CeBiOS2 crystal 
structure, illustrating the 45 ° tilt between the sulfide and oxide square lattices. The crystal 
structure data is from the work of Céolin et al.67 

 

A structural feature observed in many multianion compounds in general, is that anionic species 

will preferentially coordinate with certain cations over others. This tendency may be considered 

in terms of the hard-soft acid-base (HSAB) concept.73 In general, hard anions (for 

bichalcogenides, oxygen) are more likely to be found coordinated to hard cations (high positive 

charge and smaller size). The opposite also applies, where the softer anions (S, Se and Te) will 

preferentially coordinate with the softer cations (smaller charge and larger size). Depending on 

the components of a given compound, this effect can manifest in several ways: A repeatedly 

observed pattern is that preferential cation-anion coordination often coincides with the 

dimensionality rules to expand the structural dimensionality to incorporate both cat- and anions. 

To give a couple of examples, for a sulfur-rich oxysulfide with hard spacer ions like the trivalent 

lanthanides, along with softer transition metals, the oxygen will often exclusively coordinate 

with the spacer ions. The spacer ions will tetrahedrally coordinate the oxygen, forming a larger 

spacer unit of the form [𝐿𝐴𝑁 𝑂]  (LAN = Lanthanides). An example of such coordination is 

found in La4MnS6O (Figure 6a).74 As the oxygen content increases from the sulfur-rich 



14 
 

extreme, the spacer-oxygen coordinations will increase in size and complexity, according to the 

dimensionality rules laid down previously. Depending on the composition, they can form 

spacer-oxygen chains within a sulfide matrix, such as in La3CuO2S3 (Figure 6b),75 or planes 

like LaAgOS (same crystal structure as Figure 2).76 On the oxygen-rich side of the phase 

diagram, the structures arrange themselves to preferential coordination of sulfur to the soft 

transition elements, but with similar features. The La3WTMES3O6 (TME = transition metal 

element) series of analogs is an example of this category.77 

Figure 6: a) The crystal structure of La4MnS6O, illustrating the [LaO4] unit. b) The crystal 
structure of La3CuO2S3, illustrating an example of a La-O chain. Crystal structures from the 
works of Ijjaali et al.74,75 

 

2.1.2.1.3. Naming Conventions of Complex Multianion Coordinations 

In general, a problem that crops up with more complex multianion compounds is that many of 

the potential coordinations possible with a heteroleptic anion configuration do not have an 

established naming convention. Describing the coordination can be difficult, especially for 

cations that tend to coordinate larger numbers of anions. 

Lower coordinations are simple. For 2- and 3-coordinate arrangements, one only needs to 

specify what anions are present and in what number. From some 4-coordinate arrangements 

and higher, additional information is necessary. The nomenclature utilized in this thesis to 

describe heteroleptic anion coordination is given and illustrated in Table 1. Additionally, the 9-

fold coordinated capped square (anti)prismatic configurations follow the same nomenclature as 

the 8-fold coordinations, clarified for whether the heteroleptic coordination is on the same or 

opposite side of the cap-position with a c- or ac- notation, respectively. 
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Table 1: Nomenclature for unambiguous description of heteroleptic anion coordination. 

Coordination 

Number 

Number of 

Substitutions 

Coordination  

(Name) 

Coordination (Image) 

6 
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3 fac- 
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2.1.2.1.4. Coordination Disproportionation  

While the range of potential ionic coordinations that may be achieved in a bianionic system is 

high, not all configurations are equally stable in all systems. Depending on the cations present 

in analogs of the same structure type, the anions may preferentially rearrange such that the 

crystal structure changes from exhibiting a single heteroleptic configuration to two different 

coordinations: one homoleptic, and one heteroleptic. This property has been coined 

coordination disproportionation.30 One example of this effect is observed in LANCrS2O.78,79 

The lanthanum variation exhibits a single octahedral, heteroleptic, 1+5 coordination of Cr with 

a single oxygen coordination. If the lanthanum is substituted with the smaller cerium or 

neodymium ions, the structure rearranges to exhibit one 2+4 trans-coordination of chromium, 

along with one homoleptic sulfide coordination (Figure 7). 
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Figure 7: An illustration of coordination disproportionation; a single 1+5 heteroleptic 
coordination disproportionates into one homoleptic and one 2+4 heteroleptic coordination. 

 

2.1.2.2. Heteroleptic Anion Interactions 

The presence of multiple anionic species within a single compound substantially affects the 

interatomic distances in a given crystal structure. For the interatomic distances from a given 

cationic species to adjacent anions, there are substantial differences between homoleptic and 

heteroleptic coordination of a cation. Further, this effect is further modified with the number of 

each anionic species, although other structural factors may dominate depending on the local 

symmetry. The general trend for oxychalcogenides, as stated in previous literature, is simple: 

in a heteroleptic coordination of a cation, cation-oxygen distances will tend to be shorter, and 

cation-chalcogenide distances will tend to be longer.30 This property arises from the difference 

in the electronegativity of the different anions. As such, it could also be expected to occur for 

sulfide-tellurides, if to a more limited degree, as the difference in electronegativity between 

sulfur and tellurium is about half the difference between oxygen and sulfur. The sample size of 

known sulfide-tellurides is relatively small, with a given cation typically having a select few 

known compounds at most with heteroleptic coordination. A table of comparisons between 

select known compounds are shown in Table 2. 
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Table 2: A comparison between the interatomic distances observed in homo- and heteroleptic 
coordinations. The value provided for the homoleptic interatomic distances are averaged over 
five arbitrarily chosen compounds with the same oxidation states and coordination.  

Compound Cation Coordination 

Number 

 

Average M – S 

interatomic distance 

(Å) 

Average M – Te 

interatomic distance 

(Å) 

S Te 

Ga2S2Te (80) Ga 3 1 2.339 2.559 

Homoleptic  Ga 4 4 2.27181–85 2.60886–90 

LaCuSTe (91) Cu 3 1 2.535 2.717 

Homoleptic  Cu 4 4 2.35192–96 2.67297–101 

K3Cu8Te2S4 

(102) 

K 4 3 3.240 3.543 

Homoleptic  K 7 7 3.331103–107 3.604108–111 

Ba5In4Te4S7 

(112) 

Ba1 4 4 3.110 3.726 

 Ba2 6 2 3.269 3.801 

Homoleptic  Ba 8 8 3.290113–117 3.60388,118–121 

CsTb3Te4S (122) Tb1 2 4 2.710 3.134 

 Tb2 1 5 2.764 3.051 

CsS2Tb5Te6 (122) Tb1 2 4 2.745 3.066 

 Tb2 2 4 2.729 3.100 

 Tb3 1 5 2.725 3.075 

Homoleptic Tb 6 6 2.784123–127 3.087105,128–131 

 

While Table 2 is a very limited selection and based on mostly a single example for each 

heteroleptic coordination, the chosen examples don’t corroborate the expected trend. The 

examples range from following the expected rule to directly contradicting it. 

Specifically, the tetrahedral 3+1 coordination of Ga exhibits the exact opposite trend, where the 

M – S (M – Te) interatomic distances are notably longer (shorter) than the homoleptic 

equivalents. Similarly, the same heteroleptic coordination of Cu exhibits longer interatomic 

distances for both species compared with the homoleptic equivalents. The latter could be 
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explained as a consequence of steric repulsion due to the size of the anions in a small tetrahedral 

arrangement. 

On the other hand, some larger cations, like Ba, do appear to follow the same rule as the 

oxysulfides, although there were examples among the reference homoleptic compounds that 

went against the trend even if the average is in accord. K appears to be another exception, where 

the average interatomic distances are all shorter. Finally, Tb appears to show marginal effect 

on the sulfide distances, while the telluride distances show no clear trend. 

From the data presented here, it seems that while the effect that causes the oxychalcogenide 

trend would be present as a contribution, it is sufficiently weak that other effects appear to 

dominate the interatomic distances in more complex compounds.  

A different avenue of comparison is between the monoanionic Nd2Ch3 (Ch = O, S, Te) phases, 

against Nd2SO2 and Nd2TeS2, both isostructural with Nd2O3. Nd2TeO2 is also included for 

completeness. The averaged interatomic distances are shown in Table 3. 

Table 3: A comparison between neodymium-chalcogenide interatomic distances in homo- and 
heteroleptic coordinations. The shown homoleptic Nd – O distance is the one which 
corresponds with the corresponding Nd – O coordination in the heteroleptic equivalent. 

Compound Nd – O Nd – S Nd – Te 

Nd2O3 (132) 2.324   

Nd2S3 (133)  2.888  

Nd2Te3 (134)   3.172 

Nd2SO2 (133) 2.364 2.969  

Nd2TeO2 (135) 2.328  3.503 

Nd2TeS2 (136)  2.787 3.358 

 

For this series of comparisons, the sulfide and telluride interatomic distances fulfill the expected 

trend. The heteroleptic telluride distances are both longer than the homoleptic equivalent. The 

sulfide distances vary with the heteroleptic pairing: with O, the distance is greater, while with 

Te it is longer than the homoleptic, exactly according to what should be expected from the 

described trend. The outliers are the Nd – O distances, which are both longer than the 

corresponding homoleptic distance, likely due to some of the homoleptic oxygen positions 

being strained. 
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2.1.2.2.1. Crystal Field Splitting 

The crystal field splitting (CFS) is strongly affected by heteroleptic coordination. The standard 

CFS diagrams are usually devised for homoleptic coordinations and are therefore distorted by 

the introduction of multiple anions. What the CFS for a given heteroleptic coordination looks 

like is difficult to predict, but in general terms, the degeneracy of the homoleptic CFS states 

would be broken, and the relative energy of the nondegenerate states would be rearranged. This 

effect may be considered akin to forcibly imposing a Jahn-Teller distortion on a given lattice 

site, causing a rearrangement of the orbitals by control of the composition rather than through 

intrinsic properties of spin and coordination. The CFS of a heteroleptic coordinated cation 

depends not only on the species involved but also on the number of each species and what sites 

of the coordination are substituted. Consequently, tuning the CFS and, by extension, the spin 

states of the first-row transition metal elements is potentially possible. Some work with 

theoretically predicting the CFS of heteroleptic complexes has been reported, for instance, 

investigating the CFS in trigonal bipyramidal Fe3+ complexes.137 

In addition to the direct effects on the CFS, multianion arrangements typically result in a lower 

local symmetry (Schönflies). This has significant consequences for optical and magnetic 

properties, with strong effects on compounds such as lanthanide phosphors. 

 

2.1.2.2.2. Local Ion Polarity  

While in a homoleptically coordinated configuration, the identical character of the anions 

results in the cation typically assuming an average position near the center of the anions. Even 

so, there is often some degree of deviation in the interatomic distances, which results in 

polarization of the central cation. ZnO is a famous example of a polar oxide,138 with the polarity 

originating from tetrahedrally coordinated Zn where the polar Zn-O interatomic distance differs 

by just about 0.02 Å from the other three.139 

It is a well-known fact of inorganic chemistry that only compounds that crystallize in non-

centrosymmetric space groups may exhibit a sum polarity. This effect may be substantially 

amplified by the greater local polarization induced by heteroleptic coordination of a cation 

(Figure 8). 

A couple of notable examples of ion polarization are CaZnSO140 and the compositionally 

similar SrZn2S2O.141 The former compound assumes the hexagonal space group P63/mc, 

exhibiting tetrahedrally coordinated Zn ions, with a 3+1 coordination to S and O. This results 



21 
 

in the polarization of the individual zinc ions adding up to a global polarization of the structure, 

which results in a substantial second harmonic generation property. SrZn2S2O crystallizes in a 

different space group (Pmn21) but exhibits the same 3+1 coordinated Zn and similarly exhibits 

second harmonic generation, albeit with differences in the precise optical properties. 

 

Figure 8: Schematic illustration of differences in local polarity between homo- and heteroleptic 
coordinations. 

 

2.1.2.2.3. Band Gap Tuning 

An effect of heteroleptic coordination that has received a deal of attention is the tuning of the 

band gap. While this effect of heteroleptic coordinations is well known, it is typically 

considered on the topic of solid solutions. A comparatively well-known example would be the 

CdS-CdSe solid solution system, which may exhibit band gaps in the full range of 2.4 to 1.7 

eV, corresponding to the sulfide and selenide pure phases, respectively.142–144 Similar effects 

may be achieved with ordered multianions. While ordered substitution would necessarily be 

done with stoichiometric degrees of substitution, it would not be subject to the same restrictions 

in how only similar anionic species could be substituted. 

Estimating many properties of bichalcogenide solid solutions is relatively simple, and can, in 

many cases, be an extrapolation between the single anion systems. Further, for bichalcogenides, 

there is a predictable trend where, moving down the chalcogenide group, the corresponding 

compounds exhibit decreasing band gaps. Predicting the properties of an oxide-telluride, 

however, is comparatively challenging. The oxide of a given cation may be an insulator, while 

the telluride is metallic; there is no simple intermediary rule to give the answer. Depending on 

the crystal structure, the properties may even be anisotropic. 
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2.1.2.2.4. Anisotropic Magnetic Coupling 

The fact that magnetic coupling between adjacent ions with unpaired electrons takes place via 

the shared anion coordinations as an intermediary, is a well-known fact, well expressed by the 

Kanamori-Goodenough rules.145,146 The fact that the anions are involved in the magnetic 

interactions via these superexchange pathways creates interesting possibilities for multianionic 

materials. For a heteroleptically coordinated magnetic species, the superexchange pathways are 

dependent not only on the arrangement of anions, but also on their species. Thus, it is possible 

to form structures where the magnetic coupling is explicitly anisotropic, and couple exclusively 

across distinct anions along specific crystallographic directions. 

A good example of this is the BaCoSO structure type, illustrated in Figure 9.147 It is an 

oxysulfide with a crystal structure exhibiting the Cmcm (No. 63) space group. The cobalt ions 

are coordinated in a 2+2 tetrahedral coordination, where the Co – S – Co couplings and Co – O 

– Co couplings are arranged along separate directions, here even defined by crystallographic 

axes. 

 

Figure 9: The BaCoSO crystal structure, illustrating an example of a 2+2 heteroleptic 
coordination of Co resulting in anisotropy in the magnetic coupling between the a- and c-axes. 
The crystal structure data is taken from the work of Valldor et al.147 
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2.1.3. Other Notable Bichalcogenides 

2.1.3.1. Rare-Earth Oxysulfide Phosphors 

As mentioned briefly in the historical section, the discovery of the rare-earth oxysulfides as 

hosts for optically active doping by, for instance, Er3+ or Eu3+ is what originally lit the spark for 

research of multianionic materials. 

Rare-earth phosphors allow for emission of a wide range of wavelengths. Different doping of 

Y2O2S allows for emission ranging from red light with Eu-doping,148 to green light for Tb-

doping.149 Several of the simpler rare-earth compounds of the RE2O2S motif have been 

investigated for such purposes, but the most prevalent in the literature are probably the yttrium, 

gadolinium, and possibly lanthanum compounds, which have significant work devoted to 

different synthesis approaches carried out.8,9,150,151 While the simple oxysulfide compounds 

have been rather extensively characterized for phosphor applications, investigations of more 

complex oxysulfides for this purpose are much more limited. Eu2+-activated CaZnSO has been 

investigated for such considerations, but other examples are lacking.152  

 

2.1.3.2. Srn+1TMEnO3n-1Cu2mSm+1 – A Homologous Series of Oxysulfides 

A consequence of the predisposition of bichalcogenides for lower-symmetry crystal structures 

is that compositions which allow for the construction of homologous series are rare, but it is 

possible for such series to form. An example of a homologous oxysulfide series with a notable 

number of known phases is the Srn+1TMEnO3n-1Cu2mSm+1 series, which is strongly reminiscent 

of layered oxide perovskites. The known compounds include the phases represented by n = 1, 

2, 3 with m = 1, and n = 1 with m = 2, 3.153 

The crystal structures exhibit a stacking order of two different structural elements; a Sr-TME-

O layer consisting of vertex-sharing octahedral TME positions, interspaced with Sr, and a Cu – 

S antifluorite layer. Varying the composition, the thickness of these layers changes to 

accommodate. 

These phases have been reported to exhibit a range of properties, depending on the 

stoichiometry and choice of transition metal, ranging from 3D antiferromagnetism for 

Sr2MnO2Cu2S2,154 more complex electronic behavior with indications of strong correlation 

between the magnetic state and charge-transport properties for Sr2CoO2Cu2S2,155 to 

metamagnetism for Sr2MnO2Cu6S4 and Sr2MnO2Cu4S3.153  
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3. Theory and Methodology 

3.1. Solid-State Synthesis 

In addition to air exposure during synthesis being problematic due to oxidation of the intended 

anions, the synthesis of multianion compounds often involves the use of air-sensitive elements 

and compounds. Depending on the composition, the products may be unstable as well. As such, 

it is necessary to carry out all work under inert conditions. Most bichalcogenides are, however, 

sufficiently stable against atmospheric conditions to not affect characterization. 

Due to this, all work with the samples except characterization was carried out in an argon glove 

box where O2 and H2O levels were maintained below 1.0 and 0.1 parts per million (ppm), 

respectively. 

The basic approach followed a cyclic workflow, illustrated in Figure 10. Upon deciding on a 

synthesis, a stoichiometric quantity of precursors was weighed out, which was then crushed and 

mixed into a homogeneous mass in an agate pestle and mortar. Once homogenized, if the 

sample was planned for characterization beyond XRD, the homogenous mixture was pressed 

into a 13 mm diameter pellet with about 30 kN of force. The resulting pellet was then broken 

into chunks that could fit in the corundum crucibles. If the sample was not expected to be subject 

to further characterization, the homogenized mixture was added straight to the crucible as 

powder. The crucible was placed in a silica ampoule, which was plugged with a rubber stopper 

(Figure 11, left). The sealed ampoule was then removed from the glove box and moved to be 

sealed. To seal the ampoule, a vacuum pump was connected to evacuate the argon atmosphere, 

which came over from the glove box. The ampoule was then sealed using an oxyhydrogen torch 

(Figure 11, right). 
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Figure 10: The cyclic workflow of the solid-state synthesis approach. The colored boxes 
represent how the sample is protected from the atmosphere. 
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Figure 11: (Left) Corundum ampoule prepared for removal from the glove box. (Right) Sealed 
ampoules with corundum and Monel crucibles. 

 

Once sealed, the ampoule was placed in a muffle furnace and heated to the appropriate 

temperature. The target temperature was predominantly decided by the composition of the 

synthesis, as well as any potential intermediates. Oxysulfides and their corresponding 

monoanion intermediates are typically very stable. Thus, a ramp of 5 °C min-1 to a temperature 

of 1000 °C was typically used as a standard. If elemental sulfur was present at the start of a 

synthesis, the reaction would be initiated by a slow (1 °C min-1) ramp up to 400 °C and left to 

rest for five hours to avoid loss of reagent to rapid sulfur boiling out of the crucible. Then, the 

temperature would be raised to 1000 °C at 5 °C min-1 for the appropriate amount of time. For a 

pure oxysulfide phase, the rest time could vary from 72 hours, with one or two regrindings, to 

200 hours, with four or five regrindings, depending on the target phase.  

Synthesis of sulfide-tellurides was more involved. Both sulfide-tellurides and tellurides are 

comparatively volatile, and the specifics also depend on the cations. For a crude investigation 

into whether a phase exists or not, a 5 °C min-1 ramp to 700 °C and resting for 24 hours would 

typically be sufficient to determine if something would form, but there were several exceptions. 

Pure phases could take 2-4 weeks and several regrindings to form. One exceptional system, 
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BaZnTeS, forms a melt at 1000 °C instead of decomposing. On the opposite extreme, the low-

temperature phase BaFeTeS required a synthesis temperature of 660 °C to avoid decomposition 

or irreversible secondary phase formation. 

For regular synthesis, when the heating program was concluded, the furnace was turned off and 

allowed to cool at an ambient rate. Salt smelt syntheses were rather allowed to ramp down at 

an as-slow rate as schedule allowed, from about 100 °C above the salt’s melting point to 100 

°C below. (Salt smelt synthesis is mentioned mostly for completeness; few were carried out, as 

they were not found to be an effective approach for bichalcogenide synthesis.) Then, the furnace 

would be turned off and allowed to cool. The cooled ampoule was returned to the glove box 

and opened to retrieve the sample. (A part of) The sample was crushed down and characterized 

by powder XRD (PXRD). 

If the PXRD showed the reaction not yet to have gone to completion, the sample was returned 

to the grinding step of the cycle. If the sample were a pure phase, it would be moved on to in-

depth characterization. If the synthesis was, for any reason, found to be a failure, the whole 

synthesis process was started over. Failures, specifically, would entail fractured crucibles or 

ampoules, air exposure, loss of reagents to sublimation or spillage from boiling, as well as 

syntheses that reached completion but contained too large a proportion of secondary phases to 

be considered sufficiently pure. Finally, if the synthesis was found to have formed something 

unknown or unexpected, or if the synthesis was part of a search for unknown phases, the sample 

would be taken for single-crystal XRD (SC-XRD) to attempt to determine the structure of the 

unknown compound. 

 

3.2. Characterization 

3.2.1. X-ray Diffraction (XRD) 

When identifying crystalline phases or determining their crystal structures, XRD is today the 

default approach due to the technique’s ease of use as a non-destructive characterization 

method. 

X-rays are a form of high-energy electromagnetic radiation, classified as photons with 

wavelengths ranging from about 0.1 to 10 nanometers. As it happens, this range of wavelengths 

happens to coincide with the periodicity of crystallographic planes in the stacking order of 

inorganic crystals. This allows crystalline materials to interact with X-rays, acting as a 
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diffraction grating. Depending on the specific wavelength of the X-rays and the structure of the 

crystalline lattice, the X-rays are diffracted at specific angles. The mathematical specificities of 

how and why are beyond the scope of this text; readers are invited to consult the reference for 

an extensive explanation of crystallographic principles.156 

The qualitative method at the center of modern powder XRD is the Bragg equation, often called 

the diffraction condition: 

2𝑑 ∗ sin(𝜃) = 𝑛𝜆 

In this equation, d is the spacing between parallel crystallographic planes, 𝜃 is the angle between 

any given crystallographic plane and the incident X-ray beam, 𝜆 is the wavelength of the X-

rays, and n is the natural numbers.  

An incident beam of X-rays will penetrate deeply into a crystal and interact with a large number 

of crystallographic planes at once. Reflection of the primary beam thus occurs from multiple 

crystallographic planes at once. Unless the condition of the Bragg equation is fulfilled, these 

reflections will interfere destructively and not return a signal in XRD. Note that the range of 

permitted values for n means each plane returns reflections at multiple angles, referred to as the 

n-th order of a reflection. By the Bragg equation, one may determine the spacing of the lattice 

planes that caused the diffraction by measuring the angle at which the primary X-ray beam was 

reflected.  

In addition to the diffraction angle, another critical factor of XRD is the intensity of the 

reflections. The key factor controlling this is the fact that reflections are dominated by the 

electron density associated with each atom. The greater the electron density, the greater the 

reflected intensity. This allows for the determination of what species are associated with what 

crystallographic plane, which is of critical importance for structure determination. This is 

particularly useful for determining the anion superstructure in bichalcogenides, as the electron 

density associated with each species is clearly distinguishable in the XRD data. Difficulties 

arise when anion solid solutions occur or when attempting to differentiate between elements in 

the same row, especially for isoelectronic species like oxynitrides and oxyfluorides. In these 

cases, what anions occupy what positions must instead be determined from other factors, such 

as the composition and the interatomic distances within the structure. 

There are multiple variations of XRD in common usage, of which two are relevant to this work: 

Powder XRD (PXRD) and single-crystal XRD (SC-XRD). The fundamental difference is given 
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by the names: SC-XRD entails employing the XRD technique on a single crystal, while PXRD 

measures on thousands of grains of a powder simultaneously. Each method has its respective 

benefits and downsides. 

The greatest advantage of PXRD is that sample preparation for the technique is fast, requires 

little effort, works for any crystalline sample, and data collection is usually complete in minutes. 

The main downside is the loss of intensity precision in the data. PXRD measures reflection data 

averaged over thousands of crystals, each with different orientations. The orientation of the 

crystallites is necessarily assumed random, which is not always the case, a point that introduces 

complications as well. The averaging of reflections may also result in the signal from distinct 

crystallographic planes overlapping, further convoluting the data. As such, refinement of an 

unknown crystal structure may be difficult to impossible, especially for more complex and non-

centrosymmetric lattices. A particular shortcoming of PXRD is the inability to determine 

whether a structure exhibits inversion symmetry or not, as this information is hidden by perfect 

intensity overlap. As such, a structure determined exclusively by PXRD is inherently more 

challenging. 

The main advantage of SC-XRD is precisely that it suffers no loss of information to averaging 

as it measures the reflections of a single crystal with a known orientation. The intensity of any 

given reflection may thus be assigned to precise crystallographic planes, allowing for accurate 

determination of crystal structures. The downside to SC-XRD lies in the complexity of sample 

preparation. Firstly, the sample to be investigated must form crystals of sufficient size, which 

is not always possible. Second, the crystal must be individually isolated, picked out, and 

mounted on the instrument. Third, the crystal must be of sufficient quality, at best without 

twinning, distortion, or major defects. Finding and measuring an adequate sample is time-

consuming, and requires experimental experience. Further, the morphology of a single crystal 

affects the intensity of the scattered X-rays. As such, it is necessary to correct for the absorption, 

which may be challenging, and constitutes a further source of systematic errors in the data. As 

such, SC-XRD is primarily used to determine the crystal structure of a compound. 

Through this work, the PXRD data was gathered using a Bruker D8 Discover with Bragg-

Brentano geometry, a Ge(111) Johanssen monochromator, CuKα1 X-rays, and a Lynxeye 

detector. The PXRD samples were prepared by applying a thin layer of silicone grease to a 

zero-background-oriented silicon XRD sample plate and adding a small amount of sample. A 

detector energy filter was used to suppress the fluorescence from Fe-containing samples. SC-

XRD data were collected at room temperature or at 100 K using a BRUKER D8 Venture single 



31 
 

crystal diffractometer equipped with a MoKα InCoatec microfocus X-ray source and a Photon 

100 detector. The atomic structures were determined using either JANA2006 or JANA2020 

software.157,158 

 

3.2.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy 

(EDX) 

The operating principles of SEM are well encapsulated by the name of the technique. A beam 

of electrons is accelerated toward the sample and scanned over the target area. Electrons 

reemitted from the sample are picked up by detectors, depending on their angle and energy, 

which is used to determine topographic and compositional information.  

There are two broad categorizations for the electrons that are emitted from the sample: The first 

category is the secondary electrons (SE), which are low-energy electrons (about 10 eV on 

average) emitted from within a few nanometers depth of the surface of the sample. This 

category of electrons primarily carries information about the surface topography of samples. 

The second category are the backscattered electrons (BSE). Unlike SE, BSE have high energy, 

comparable to the incident electrons. They are also emitted from deeper within the bulk of the 

target sample and thus carry compositional information. The BSE yield is directly correlated 

with the average atomic number in the specimen. Thus, phases with heavier elements, on 

average, appear brighter in BSE imaging, making it a useful tool for identifying impurity phases 

or inhomogeneities in an inorganic synthesis product. 

While SEM is a very useful technique for imaging objects too small to resolve with optical 

techniques, it has a very particular shortcoming in that the samples must be electrically 

conducting. If they are too insulating, the electrons fired at the sample will remain on the 

sample, building up charge, which will start to deflect electrons, distorting the image. There are 

techniques for imaging isolating samples, such as coating the sample in a conducting layer, but 

it is fundamentally more challenging to image highly insulating targets. 

When the electron beam from the SEM strikes a sample, it is typically with a substantial amount 

of energy, up to several 10s of keV. When these energetic electrons impact a sample, they 

transfer this energy into the electrons in orbitals around the nuclei, which results in core-level 

electrons of these atoms being excited from their ground state. This excited state is transient, 

and the atoms quickly return to the ground state, accompanied by the release of an X-ray photon. 

EDX is a technique for elemental analysis that takes advantage of the fact that the energy levels 
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of atomic core electron shells, and by extension, the energy of the emitted X-rays when these 

states relax, are characteristic of specific elements. By detecting these emitted X-rays and 

comparing the photon energy to a tabulated dataset of the emission energies of all elements, the 

elements present in a sample may be quickly identified. The relative quantities of any given 

elements are determined by the relative intensity of the signal. 

EDX does have limitations. Firstly, while qualitative determination of what elements are 

present is usually accurate, excepting the cases where the signal from certain elements 

completely overlap, quantitative determination suffers from a lack of accuracy. One factor that 

may severely impact the quantitative result from an EDX analysis is simply the angle of the 

sample relative to the incident electron beam. If the sample is not level, the detected signal from 

lighter elements may be disproportionally altered compared with heavier elements. A second 

limitation is that EDX cannot detect elements lighter than boron, and quantitative analysis of 

elements of the second row is often inaccurate to the point of being useful only as a qualitative 

indicator.  

SEM imaging and EDX analysis in this work were carried out with a Hitachi SU8230 field 

emission scanning electron microscope with an Xflash 6|10 EDX detector. EDX compositional 

analysis was carried out by taking a spectrum from ~20 or more different crystallites and 

averaging the results. The final composition is determined using the heaviest element (or the 

best alternative, should be heaviest element potentially be partially substituted) in the 

compound as a reference point, setting it equal to the expected value for the composition, and 

determining the percentage of other elements present by relative proportion. 

 

3.2.3. Heat Capacity 

The heat capacity of a material, by fundamental definition, is the thermal energy that must be 

added to increase the temperature of a material by a certain amount. Formally, it is defined as 

the limit 

𝐶 = lim
∆ →

∆𝑄

∆𝑇
 

where C is the heat capacity, and ΔQ is the thermal energy that must be added to obtain a 

temperature change of ΔT. From a classical perspective, the heat capacity of a solid arises from 

the constituent atom’s three degrees of freedom of oscillation within a lattice. Heat capacity is 

a property determined by quantum mechanics, and the classical image fails to describe heat 
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capacity at lower temperatures, but it is still a useful idea. The classical image gives that the 

molar heat capacity of materials should be 3NR, where N is the total number of atoms, and R is 

the gas constant (8.3145 J mol−1 K−1). This value turns out to be correct in the high-temperature 

limit and is known as the Dulong-Petit limit. It may be interpreted as the maximum heat capacity 

achievable by purely phononic contributions. While the phononic contribution dominates in 

solid crystalline materials, it is important to note there are other contributions present. For 

example, electronic and magnetic contributions can be present, but an extensive description of 

these are beyond the scope of this text. A full description of the heat capacity requires 

consideration of the quantum mechanical aspects of atomic scale properties. Specifically, the 

quantization of the possible atomic oscillations plays a critical role at lower temperatures. The 

total heat capacity is described by the Debye formula:159  

𝐶 , (𝑇) = 3𝑅𝑓 (𝑇)       𝑓 (𝑇) = 3
𝑇

𝜃
 

𝑥 𝑒

(𝑒 − 1)
𝑑𝑥 

where CV,m(T) is the molar heat capacity at constant volume, R is the gas constant and 𝜃 =  

is the Debye temperature. Of the last parameter, 𝑘 is the Boltzmann constant, ℎ is the Planck 

constant, and 𝑣  is the maximum frequency at which the atoms oscillate. 

In an insulating sample, the heat capacity, as a function of the sample temperature, is a critical 

investigative tool for determining the presence, nature, and temperature of transitions within a 

novel material. Theoretically, a material with no phase transitions should follow the Debye 

formula, meaning that any deviations should be non-phononic in origin. First-order phase 

transitions appear as discontinuous divergences from the Debye formula and are easily 

observed. These appear in accompaniment with regular 3D magnetic transitions, as well as 

structural transitions. Information on second-order phase transitions may also be found in heat 

capacity measurements, but the value of these decreases with the temperature span of the 

transition increasing. Low-dimensional magnetic transitions are a typical example of second-

order transitions. Magnetic ordering phenomena, often seen as second-order phase transitions, 

were investigated in this work by this technique. 

A useful technique in analyzing heat capacity measurements is plotting CV,m(T)/T against T. 

The resulting plot makes it easier to spot any non-phononic contributions to the heat capacity. 

Further, the units of CV,m(T) is J K-1 mol-1; thus CV,m(T)/T is J K-2 mol-1. As such, subtracting 
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the Debye contribution from the integral ∫ , 𝑑𝑇 directly returns the energy of the entropy 

contribution of the non-phononic features. 

The approach used to measure the heat capacity of the samples in this work is called the non-

adiabatic thermal relaxation method. A sample is mounted to a holder with a known thermal 

conductivity and a calibrated heat capacity under high-vacuum conditions. The sample is thus 

only able to dissipate heat through the known conditions of the holder, in addition to thermal 

radiation. When the system has been cooled to the desired temperature and allowed to 

equilibrate, the temperature of the sample is increased above the system equilibrium by a 

designated amount. When the external application of heat stops, the temperature of the sample, 

which is constantly measured, will fall back down towards the system equilibrium. As the 

thermal conductivity, and thus the energy transferred away from the sample per unit time, of 

the sample holder is known, the rate at which the temperature of the sample falls gives the heat 

capacity. 

The heat capacity data in this project was determined using a Quantum Design PPMS, utilizing 

pellets, sintered if possible, or several smaller chunks. 

 

3.2.4. Magnetic Susceptibility 

The definition of a material’s magnetic susceptibility is a measure of how magnetized a material 

becomes in response to the application of an external magnetic field. More formally, it is 

defined as the ratio (χ) of magnetization (M) to the applied magnetic field (H) by the formula 

𝑀 = 𝜒𝐻 

The units of magnetic susceptibility are somewhat of a confusing subject, as there are two 

equivalent groups of units in use today: CGS and SI. This thesis will exclusively refer to the 

CGS units. 

In CGS units, the magnetization of a material is expressed in terms of electromagnetic units 

(emu), and the magnetic field strength is expressed in terms of Oersted (Oe). The molar 

susceptibility is thus expressed in terms of emu Oe-1 mol-1. 

The magnetic susceptibility of a material is a consequence of the arrangement of electrons 

within a material. A fundamental interaction exhibited by all materials is diamagnetism. This 

is observed as a material being slightly repulsed by a magnetic field. This effect is typically 
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much weaker than other magnetic effects and, as such, will only dominate when it is the sole 

contribution. As a general rule, any material where all electrons are paired, will only exhibit 

diamagnetism. In terms of susceptibility, a diamagnet exhibits a negative value of 𝜒. Generally, 

diamagnetic effects are considered temperature independent. 

The second common effect is paramagnetism (positive value of 𝜒), which appears as a weak 

attraction to a magnetic field. Paramagnetism occurs when there are unpaired electrons in a 

given material, but these are randomly arranged, without any ordering. It occurs as a 

consequence of electrons acting as tiny magnets, which, in the presence of an external magnetic 

field, will adjust to align with the field and create a small sum attractive force from the induced 

dipole. The temperature at which a material loses its magnetic ordering and assumes a 

paramagnetic state is known as the Curie temperature for ferromagnetic materials (or Néel 

temperature for antiferromagnets). The temperature dependence of paramagnetic materials is 

typically characterized by the Curie-Weiss law 

𝜒(𝑇) = 𝜒 +
𝐶

𝑇 − 𝜃
 

where 𝜒  is a diamagnetic constant contribution, T is the temperature, 𝜃 is the Weiss constant, 

and 𝐶 is the Curie constant. The Weiss constant may be interpreted as a measure of the mean 

spin-to-spin interaction strength. The Curie constant is directly correlated with the effective 

magnetic moment by the equation 

𝜇 =
3𝑘 𝐶

𝑁 𝜇
= 2.828√𝐶 𝜇  

where 𝑘  is the Boltzmann constant, 𝑁  is Avogadros number and 𝜇  is Bohr’s magneton. This 

value is further correlated with the number of unpaired electrons by the equation  

𝜇 = 𝑔 𝐽(𝐽 + 1)𝜇  

where J is the total angular momentum, and 𝑔  is the Landé-factor, an electron spin g-tensor 

(approximately equal to 2 in solid materials). As such, the susceptibility may inform on not just 

the magnetics, but also on the oxidation states of the atoms present in the structure, as these 

directly correlate with the number of unpaired electrons. 

Susceptibility may also inform on the magnetic structure of a material, below the Curie (or 

Néel) temperature. For illustrations of the following, see Figure 12. In a ferromagnet, unpaired 
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electrons align in parallel with the applied magnetic field, adding a comparatively large 

magnetic field on top of what is applied externally. In a susceptibility plot against temperature, 

this appears as a sharp increase in susceptibility below the transition temperature, which 

eventually saturates and levels off. Antiferromagnets, on the other hand, align the unpaired 

electrons in antiparallel, reducing the susceptibility below the transition temperature. 

Additionally, there are superconductors, where the susceptibility falls to an extreme 

diamagnetism at the superconducting transition temperature and remains constant. These four 

examples are the typical four examples of magnetic behavior, but there are many other 

possibilities for how the spin in a material may arrange itself. These may involve local magnetic 

ordering, competing interactions, and metastable states, preventing a fully ordered 

configuration of spin alignment. 

 

Figure 12: The three most common qualitative properties of magnetic DC susceptibility: 
ferromagnetism (FM), antiferromagnetism (AFM), and paramagnetism (PM). 
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A typical direct current (DC) magnetic measurement that is commonly carried out for magnetic 

compounds, are field-cooled (FC) and zero-field-cooled (ZFC). Like the names imply, a sample 

is initially cooled to the initial measurement temperature, either with (FC) or without (ZFC) an 

applied external magnetic field. The susceptibility of the sample is then measured against 

temperature as the sample is reheated. Observing a difference between these measurements 

indicates the formation of magnetic domains in the sample. 

The features described so far relate to DC magnetic susceptibility analysis. It is, for certain 

magnetic behaviors of compounds, also of interest to measure the susceptibility response to an 

alternating current (AC) magnetic field. While DC susceptibility informs on magnetic structure 

by the number of unpaired electrons, AC susceptibility probes, in addition, the dynamic 

response of materials. It is employed to inform on mechanistic features of magnetic properties. 

It may provide information of particular importance when dealing with (partially) disordered 

magnetic structures, such as superparamagnets, the many variants of spin-glasses, 

mictomagnets and similar. Measuring the AC susceptibility with varying frequencies may 

inform, for instance, on the activation energy of the magnetic domains. 

Measurements of magnetic susceptibility were carried out with the same Quantum design 

PPMS as the heat capacity. A sample of about 10-20 mg of powder, typically reground from a 

pellet, was placed in a polypropylene sample holder, which was then mounted in the instrument. 

For any form of susceptibility measurements, the instrument was cooled down to the initial start 

temperature first and allowed to equilibrate. The actual measurements were carried out while 

the temperature was being raised between measurements, as this is typically more stable. 

 

3.2.5. Mössbauer Spectroscopy 

Mössbauer spectroscopy is a spectroscopic technique based on the eponymous Mössbauer 

effect, based on recoil-free absorption and emission of gamma rays. 

During absorption and emission of photons, conservation of momentum demands free nuclei 

undergo a change in momentum (recoil). If a free nucleus at rest is to absorb a photon, the 

photon energy must be slightly greater than the fundamental transition energy. Equivalently, if 

a nucleus at rest emits a photon, the energy of the photon will be slightly less than the transition 

resulting in the emission. As a consequence of this shift, the emission and absorption spectra of 

gamma rays have practically no overlap. 
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Mössbauer spectroscopy is based on the fact that nuclei fixed in position in a crystal lattice 

predominantly tend to undergo recoil-free absorption and emission. With no recoil, there is no 

shift in the energy that a nucleus will absorb and emit. Due to this, it is possible to attain 

measurable absorption and emission of gamma rays utilizing a gamma emitter of the same 

isotope as the target.  

To obtain gamma ray emission of suitable wavelength, a source consists of a parent isotope 

which decays to an excited state of the desired isotope. The source utilized for the Fe57 isotope 

is Co57. 

Mössbauer spectroscopy yields three general features of note: The isomer shift, the quadrupole 

splitting, and the magnetic hyperfine splitting. These three together inform on the coordination 

and spin-state of the target isotope within a crystal structure. 

All work with Mössbauer spectroscopy, both measurements and interpretation, was not carried 

out by the author of this thesis, but by an external collaborator, accredited in the 

acknowledgments section. 

 

3.3. Density Functional Theory (DFT) 

3.3.1. Motivation for Including DFT in this Thesis 

The original prospect for this project was intended to be fully experimental. The decision to 

expand the scope of the investigation to include DFT was based on several facets, but the key 

reasoning was the prevalence of crystal structure uncertainties in many of the compounds 

discovered. Structural uncertainty, where the atomic positions and ordering were ambiguous, 

as well as uncertainty in oxidation states of cations or polytelluride species. It also provided a 

secondary perspective on the origin of the magnetic properties of several compounds. 
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3.3.2. Wavefunctions – Basic Principles of Quantum Mechanics 

The theory discussed herein, pertaining to DFT and quantum mechanics, is sourced from the 

book referenced here.160 For a more detailed introduction to quantum chemistry and DFT 

beyond the scope of this text, the reader is referred to the same. 

The basis of quantum chemistry is the fact that the properties of any atomic system are fully 

described by its wavefunction, as laid down by the theory of quantum mechanics. The 

fundamental framework of the theory may be represented by the time-independent non-

relativistic Schrödinger equation: 

𝐻𝜓 = 𝐸𝜓 

Here, 𝐻 represents the Hamiltonian operator, 𝐸 is the total energy of the system, and 𝜓 

represents the wavefunction of a given system. The Hamiltonian operator is defined as an 

operator that gives the energy of a system. In the context of a many-electron atomic system, the 

energy may be decomposed into a sum of individual contributions originating from both the 

kinetic and potential energy of all electrically charged entities in the system. 

The bottleneck for solving the Schrödinger equation, is deriving the wavefunction. The exact, 

analytical solution is only possible to obtain for simple systems; mostly cases where there is 

only a single particle in a static potential, and similar. For practical applications in quantum 

chemistry, systems typically consider large numbers of electrons, which are all mutually 

interacting with each other. Under these conditions, the only practical approach are numerical 

methods, which rapidly grow in demand for computational resources with time. This is the 

many-body problem of quantum mechanics. 

In order to achieve a practical degree of efficiency in solving the Schrödinger equation, a 

number of approximations are utilized. The Born-Oppenheimer approximation is one of the 

most widely utilized, nearly ubiquitous. In simple terms, this approximation assumes the nuclei 

are fixed charges, on which the wavefunction which describes only the electrons depends only 

parametrically. For most applications of quantum chemistry, it is this electronic wavefunction 

that is the central concern; the properties of the nuclei beyond treating them as point charges, 

is only required for specific applications. 
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3.3.3. DFT – Theoretical Background 

DFT is a technique that has gained popularity in recent years, for its favorable tradeoff between 

the accuracy of the calculations against its computational demands. It is now one of the most 

dominant approaches for electronic structure calculations. 

The basic idea behind DFT is that the energy of an electronic system may be written in terms 

of the electron probability density. This is formalized by the Hohenberg-Kohn theorems, which 

forms the foundation of DFT, and allows for the unambiguous description of the ground state 

energy for a given electron density.  

The practical implementation of DFT is based on the Kohn-Sham approach. Under the Kohn-

Sham formalism, the total ground state energy may be written as the sum of several 

contributions from a simplified reference system of non-interacting electrons, plus a 

correctional term to compensate the difference between the energy of the true and reference 

systems. This correction term is the exchange-correlation functional. 

The main challenge of DFT is thus to determine the exchange-correlation functional EXC[ρ]. A 

wide range of approaches have been employed to approximate the exchange-correlation energy, 

with varying degrees of complexity and computational demand. They are, however, to varying 

degrees, ad hoc corrections to the energy. The main sources of error within the DFT formalism 

stem from the approximate nature of these exchange-correlation functionals. 

 

3.3.3.1. DFT – Functionals 

The many approximations of the exchange-correlation contribution are broadly categorized by 

complexity: The simplest category of approximations are the local density approximation 

(LDA) functionals, which only take into consideration the electron density at any given point. 

More elaborate functionals also consider the density gradient, an approach which is known as 

the generalized-gradient approximation (GGA) functionals. Further steps include the 

introduction of energy terms dependent on higher derivatives, as well as kinetic energy density 

terms, which is known as meta-GGA (mGGA) functionals. The higher the complexity of the 

approximation, the closer to the true exchange-correlation energy one may theoretically 

(elaborated shortly in section 3.3.4) approach, and the more computationally demanding the 

calculations. Apart from these, a popular approach to functionals that falls adjacent to others 

are the hybrid functionals, where the exact exchange energy is calculated from wave-function 
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calculations at the Hartree-Fock level and combined with a DFT functional as a linear 

combination. 

 

3.3.3.2. DFT+U 

A fundamental complication of DFT, is that as the exchange-correlation is approximated, and 

as such, highly correlated systems show substantial qualitative and quantitative errors. In 

general, this is a major concern for both partially filled d- and f-orbital electrons, but the former 

tends to be the most prevalent as it controls many properties of the transition metal elements. 

In particular, the inaccuracies result in substantial underestimates of properties such as the band 

gap, Mott-insulators in particular, to the point where many functionals predict metallic ground 

states for semiconductors. The magnitude of the energy contributions of magnetic interactions 

are also severely impacted, often resulting in overestimations of 100% or more compared with 

experimental values. LDA, GGA, and mGGA functionals all suffer from this problem. Hybrid 

functionals improve the accuracy, but these are so demanding the computational costs swiftly 

become prohibitive for systems with larger unit cells. 

DFT+U is an ad hoc correction scheme that was introduced to improve the representation of 

strongly correlated orbitals, without resorting to more demanding functionals. This approach 

was originally proposed by Anisimov et al.161 and further developed by Dudarev et al.162 It 

employs a Hubbard-like model to add an extra repulsive term, referred to as the Ueff term, to 

the relevant orbitals, increasing their energy to compensate for the errors of the basic DFT 

approach.  

There are many approaches to choosing the correct Ueff term for a given system. A more 

common approach is to set the value empirically, to match a given property from experimental 

data. This approach obviously fails if no such experimental data is available. Another approach 

is to look up values used previously in literature, especially if one wishes to compare values. 

 

3.3.4. The Limitations of DFT 

DFT is today a widely used approach for theoretical modelling of atomic systems, for its 

favorable tradeoff between low complexity of calculations against decently accurate results, 

sufficient to be useful in most cases. Ultimately, however, there is a tradeoff, and the approach 
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does have its limitations. The fundamental origin of these is the inherently approximate nature 

of the approach.  

One of the most fundamental issues of DFT relates to the exchange-correlation functional: 

Being an inherent ad-hoc correction scheme, there is no systematic approach to improving the 

results. While there is generally the impression that accuracy of DFT calculations improves 

with the complexity of the functional, this is not strictly true. At most, a higher level functional 

improves the likelihood that a result is more accurate. Validation of the accuracy of a given 

functional is empirical, based on simply testing it with a range of different systems, and 

comparing the results with experimental values. 

While the specifics may vary greatly from system to system, certain shortcomings are so 

pervasive of DFT they are practically expected to be the case. Spurious electron self-

interactions and over-delocalization of electrons is a consistent difficulty. As mentioned 

previously, underestimation of the band gaps of insulators and semiconductors and the energy 

contributions of magnetic interactions being greatly overestimated are a constant concern. 

There is also a human factor involved on several levels. Some parts of the approach are easily 

misinterpreted by a user considering DFT as a black-box methodology. One such aspect is the 

fact that the absolute energies by themselves are meaningless; only relative energies have any 

significance, in contrast to wavefunction-based approaches. Another factor a human user must 

consider, is the fact that the final state a DFT calculation converges to is dependent on the start 

conditions. If these are not suitably set, the system may converge to a local minimum. Even if 

the start conditions are sensible, local minima typically becomes an increasing concern with 

greater complexity of the system under consideration. 

 

3.3.5. Practical Implementation of DFT 

Throughout this project, DFT calculations were carried out with the Vienna ab initio simulation 

package (VASP).163,164 

The common functional for the exchange-correlation energy utilized throughout this work was 

the generalized gradient approximation (GGA) as formulated by Perdew-Burk-Ernzerhof 

(PBE).165 Other functionals were utilized less broadly, including the strongly constrained and 

appropriately normed (SCAN) mGGA functional,166 and the hybrid functionals PBE0167 and 

HSE06.168 The calculations utilized projected augmented-wave (PAW) pseudopotentials,169 
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with plane-wave energy cutoffs chosen according to the system. A self-consistent-field cutoff 

energy convergence criterion of 10-6 eV was chosen for all final calculations. The ionic 

relaxation convergence criterion was all forces being less than 0.01 eV Å-1. To account for the 

strongly correlated 3d orbitals with the PBE functional, the DFT+U approach under the 

rotationally invariant Dudarev approach was employed. The Ueff values were either chosen 

based on values from previous studies, or calculations were carried out with a range of Ueff 

values to observe how this affected the properties of the compounds in question. 

The sampling of the Brillouin zone utilized gamma-centered grids, with the integration being 

carried out with either Gaussian smearing, or the tetrahedron method with Blöchl corrections, 

depending on the system and target of the calculation. 

 

3.3.5.1. Considerations for Ionic Disorder in Crystal Structures 

For many of the crystal structures considered in this work, there is major structural disorder in 

the ionic positions and occupancies. Treating such crystal structures with DFT requires special 

considerations, as simply carrying out the calculations on the disordered cell directly does not 

work, and the exact process depends on the nature of the disorder. There were two different 

types of disorder among the compounds considered in this work: Intrinsic disorder, where the 

occupancy is assumed random, and apparent disorder, where there is local order in the structure, 

but which cannot be fully represented by a simple unit cell. 

For intrinsically disordered compounds, there is no method to achieve a perfect representation 

of the target compound for calculations, as this would necessitate an infinitely large calculation 

cell. As such, the calculations instead utilize the most favorable configuration with the correct 

composition achievable in a reasonable period of time with the computational resources 

available. In this work, the relevant phase (discussed in section 4.2) exhibited a 0.5 occupancy 

on two mutually exclusive positions. To avoid a higher occupancy parallel with any one axis, a 

supercell structure equivalent with 8 unit cells in a 2x2x2 lattice was utilized. Within this 

supercell, every reasonably distributed (i.e. assuming that for each half-occupied position, one 

of the two is always occupied), symmetrically inequivalent arrangement of the partial occupied 

positions were arranged to test the relative energetic favorability. However, rather than the 

computationally demanding 2x2x2 supercell, minimal representations (i.e. the smallest cell 

which represents the same full crystal structure) of these same structures were employed instead 

to speed up the calculations. The arrangement of partial occupancies that was found to be the 
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most favorable was used for the final calculations, but the other arrangements were also 

considered as an indicator on how the properties of the compound varies with the occupancy 

(do note that the use of minimal representation in this instance is not ideal; comparing total 

energy between different unit cells introduces error, the use of minimal representations was 

necessitated by the size of the full supercells being too large to use).  

In the case of apparent disorder (the relevant phase is discussed in section 4.1), one of the major 

goals of the calculations was to determine the most favorable local structure. In this case, as 

opposed to the intrinsically disordered structure, there is a specific range of structural 

arrangements that must be achieved. From the experimental crystal structure, we had 

determined the likely structural elements of the disordered regions. With this as the initial 

starting point, supercells were chosen such that the disorder could be unfolded into a complete 

structure, corresponding with a full occupancy of sites, and the correct composition. The most 

favorable structure was determined by systematic comparison of the possible configurations. 

Similar to the intrinsically disordered structure, some configurations required supercells too 

large to reasonably use, but the corresponding crystal structure was already a minimal 

representation. In these instances, energetic comparison between a series of truncated structures 

were employed instead. Supercells which did not correspond to a full structure, but as close as 

achievable to fully represent one set of structural features under consideration at a time. Errors 

pertaining to the use of different unit cells were minimized by calculating the energy of identical 

structures with the different unit cells, and using the energy of these as qualitative reference 

points. 

In addition to the above considerations, the supercells employed in the calculations were also 

required to allow the correct magnetic structure to be represented. Otherwise, an appropriate 

(magnetic) supercell of the structural supercells would be utilized. 
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4. Process, Results and Discussion 

Due to the fundamental nature of this work in discovering and characterizing novel compounds 

with a priori unpredictable physical properties, the structuring of this chapter will be split into 

two sections. Each compound (or series of analogs, as relevant) will first be considered 

individually, to discuss the relevant points primarily pertaining to this compound or series, as 

well as directly relevant tangents into broader field. These compounds are then used as the basis 

for broader analysis of the fields of bichalcogenides and multianions at large, which is included 

towards the end of this chapter in section 4.6. 

 

4.1. La18Fe5Cu4S26O8 – Magnetic Cluster Glass 

4.1.1. La18Fe5Cu4S26O8 – Synthesis and Structural Determination 

La18Fe5Cu4S26O8, henceforth referred to as LFCSO, was discovered while attempting to 

incorporate a mixed cation composition into a previously known oxysulfide, although that 

compound has yet to be published.170 Initial attempts at obtaining a single crystal for structural 

determination failed, but after a few syntheses, an adequate nominal composition for single 

crystal formation was reached. The major structural elements, namely the lattice parameters, 

crystal group and bulk of the atomic order were resolved quickly. It was, however, found that 

the compound exhibited a guest-in-host structure. To specify what is meant by a guest-in-host 

structure, such a crystal structure can exhibit two key components: First, a host-component, 

which comprises the bulk of the structure, and is fully described by the nominal space group of 

the structure as a whole. The second component is a distinct guest structure, with a different (In 

the case of LFCSO, lower) local symmetry than the host. The guest structure of LFCSO 

presented a substantial number of cationic positions which could potentially be either Fe or Cu, 

overlapping too closely to resolve accurately (Paper II, Figures 5 and 6). As a consequence, 

determining the full stoichiometry of the phase directly from the SC-XRD data was not viable. 

By identifying the La, S and O compositions, the SC-XRD data did serve to greatly narrow 

down the possible compositions for the compound. Together with the synthesis temperature 

thermodynamically constraining the Cu ions to the monovalent state, and the neutrality 

condition necessitating a divalent state of Fe, the possibility space for correct composition has 

further constraints when trying to find the correct ratio of Fe and Cu (henceforth referred to as 

the Fe:Cu ratio or composition).  This Fe:Cu ratio had to be manually determined. Further, as 
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the guest structures exhibited a lower symmetry than the host, the correct space group was in 

question. 

To resolve the Fe:Cu composition, an iterative process was employed: A synthesis was carried 

out with a trial composition. The resulting PXRD was investigated to determine what impurity 

phases were present, and thus what elements were in excess, and compared with previous 

syntheses. Finally, a SEM/EDX analysis was carried out, to determine again what impurities 

were present, but also to measure the elemental composition of LFCSO, and observe the crystals 

for hints on any process that could be complicating the acquisition of a pure phase. With all 

data points gathered and considered, a revised guess on the LFCSO composition was 

synthesized. The revised guess was typically based on what may be referred to as “subtraction 

chemistry”; if phases of a particular element were prominent in the secondary phases, then that 

is the component in excess of the stoichiometric composition. The revised synthesis decreased 

the amount of that element and balanced the other unknown element accordingly to satisfy the 

neutrality condition. This continued until a reasonably pure phase was attained. 

A couple of oddities were noted during the SEM/EDX analyses. The SEM analysis showed that 

the LFCSO crystals appeared to lack habitus, appearing with rounded surfaces and corners 

(Paper II, Figure 9). Further, crystals with habitus of secondary phases (prismatic crystals) 

appeared to either grow inside the LFCSO crystals, or LFCSO formed around other crystals. 

This trait of crystal intergrowth was found to be decreasingly prominent as the composition 

approached the correct stoichiometry. The results of the EDX analyses were found to vary 

oddly, always suggesting that the correct Fe:Cu ratio was only slightly off from the nominal 

composition of the relevant synthesis. The possibility that the LFCSO composition might have 

a significant degree of variability was considered, but no real evidence to this end was found in 

the end. EDS also has a rather large margin of error, which is problematic when attempting to 

determine the ratio of two lesser components. After experiments had concluded, it was 

discovered that a second unknown phase, La14Fe6CuS24O4 (discussed in section 4.2), also 

existed in the same phase diagram, which could be part of the reason for why it was difficult to 

achieve a single-phase sample. 

Changing other variables, such as altering the synthesis temperature, was also attempted, but 

increasing the synthesis temperature to 1100 °C resulted in severely decreased crystallinity of 

the product. 
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Eventually, the best composition for synthesizing LFCSO was found to be La18Fe4.8Cu4.4S26O8. 

Increasing the Fe:Cu ratio beyond this resulted in Fe-based impurities, and Cu-based impurities 

were present at a lower ratio, so this was deemed optimal. The product was still not perfect, 

there remained traces of La10S14+xO1-x,62 which formed in every synthesis, and possibly 

La2O2S,61 but these are the least problematic impurities for material characterization (Paper II, 

Figure 8). The nominal stoichiometric composition was chosen as it was deemed sufficiently 

close that it was quite likely the real composition, with the need for a non-stoichiometric 

synthesis composition being attributed to a quirk of the synthesis. 

With the composition of LFCSO established, it was now possible to determine a crystal 

structure that agreed with the nominal composition. The resulting structure retained the Cmcm 

structure of the host material but left a large uncertainty in the details of how the true crystal 

structure was arranged. The partial occupation could be matched to a range of physical 

structures, but which possibility was correct could not be determined. The final structure was 

attained as a compromise between a sensible structural motif, decent refinement parameters and 

correct composition.  

To make up for the lack of data in the SC-XRD and determine the crystal structure, the 

investigation of the compound was expanded to include a DFT investigation. The first step of 

the DFT investigation was an extensive search of the possibility space of the potential crystal 

structures. Comparing and cross-referencing the relative energy of these potential structures 

resulted in the establishment of three postulates on the structure of the disordered region, which 

unambiguously defined the guest structure (Paper II, Figure 7). Further, the most favorable 

relative arrangement of the adjacent guest regions was also determined. 

A simple investigation on whether the Fe and Cu positions were correctly assigned was also 

carried out, calculating the structure with Fe and Cu positions swapped. This was found not 

only to be highly energetically unfavorable, but also resulted in unreasonable oxidation- and 

spin states for the swapped cations. Certain positions were also unstable, and the ions would 

shift to positions not observed to be occupied in the experimental crystal structure. As such, the 

DFT calculations indicate that the nominally assigned occupations of the elements are indeed 

the more likely to be correct. 
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4.1.2. La18Fe5Cu4S26O8 – Property Determination 

Initial magnetic DC susceptibility measurements established LFCSO to be either a magnetic 

cluster glass (or equivalently for conductors, a mictomagnet), a superparamagnet, or a spin-

glass compound, based on the difference between the FC and ZFC measurements (Paper II, 

Figure 11). The latter option was ruled out, on the basis that the magnetic susceptibility of the 

compound did not appear to exhibit significant ageing effects with respect to magnetic 

relaxation upon the removal of the external magnetic field. Magnetic AC susceptibility 

measurements (Paper II, Figure 12) were used to determine that the size of the magnetic 

domains greatly exceeded the expected value of a superparamagnet, establishing LFCSO as a 

magnetic cluster glass by process of elimination.  

In addition to determining the crystal structure, DFT was also employed to determine the 

magnetic interactions of LFCSO. This was approached in much the same way as the structural 

determination, due to the complexity of the system: through an exhaustive search of the 

possibility space, finding the lowest energy configuration, and cross referencing what features 

were favorable or not. Certain parts of the magnetic arrangement could be predicted according 

to the Kanamori-Goodenough rules, but the presence of distinct magnetic structures weakly and 

mutually interacting, made anything other than an exhaustive search at risk of errors. 

The final question with LFCSO was the origin of the magnetic cluster glass properties. 

Structural defects and disorder are both viable explanations for the formation of magnetic 

domains in LFCSO; the DFT analysis suggests the band gap should be much wider than what 

is seen for the electrical conductivity. Magnetic cluster glasses are attributed to a combination 

of magnetic frustration and disorder, as well as competing FM and AFM interactions. There 

was a decent case to be made that the formation of the magnetic cluster glass is closely tied to 

the magnetic arrangement in the Fe-layer structure, based on the observation that the magnitude 

of the paramagnetic signal only corresponds to the Fe-layer iron content, along with the DFT 

results. For a plane of weakly interacting magnetic ions (which could be expected to act similar 

to a dilute magnetic system), however, one could expect a simple spin-glass (if it orders at all), 

which would relax to the lower energy state upon the removal of the external magnetic field. 

This is not the case with LFCSO. The partially ordered magnetic state was attributed to strongly 

coupled magnetic chains, which remain significantly coupled up to room temperature, but also 

exhibiting considerable spin dynamics, pinning the weakly interacting Fe-layer. Only the Fe-

layer was expected to assume a fully paramagnetic state above ~10 K, while assuming a frozen 

spin-state below the transition.  
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To obtain further structural and magnetic information, the sample was sent for Mössbauer 

spectroscopy. With respect to the structure, the results were possible to model with three Fe-

positions in a 1:2:2 ratio, but the respective signals were very broad, suggesting disorder 

between the positions (Paper II, Figure 10). The results suggested that there was no long-range 

ordering at any temperature, while the low-temperature effects could be attributed to a freezing 

of the spin dynamics. 

 

4.1.3. La18Fe5Cu4S26O8 – Discussion of the Crystal Structure 

The crystal structure of LFCSO is novel, crystallizing in the Cmcm (No. 63) space group. The 

full structure is highly complex, and described in detail in the relevant article, so only particular 

features will be discussed here. The full crystal structure is illustrated in Figure 13. 

 

Figure 13: The complete crystal structure of LFCSO. 
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There are three defining elements of the LFCSO structure: larger spacer units of the form 

[La9O4], a 2D planar layer of Fe positions henceforth referred to as the Fe-layer, and 1D chains 

exhibiting disordered occupation of Fe and Cu positions, henceforth referred to as the Fe/Cu 

chains Refer to Paper II, Figure 3 for a schematical representation of how these elements are 

arranged within the crystal structure. 

The main spacer unit of LFCSO, [La9O4] (Paper II, Figure 2), is a typical example of HSAB 

behavior in multianion compounds. All the oxide ions in the structure are caught up in these 

structures and coordinate solely with La3+. The [La9O4] units are technically an example of 0D 

arrangement of anions, as each unit is surrounded on all sides by sulfide coordinations. Unlike 

the general rule established in the previous section on dimensionality, LFCSO breaks with the 

general trend, exhibiting features of both 1D and 2D substructures, despite the 0D anion 

ordering. 

The [La9O4] units exhibit a rectangular prism structure with two nearly equal side lengths, along 

with one shorter edge, resulting in the units being stacked in 2D layers, allowing a pseudo-2D 

arrangement for the anion ordering. 

The [La9O4] unit observed in LFCSO is, to the extent of the authors’ knowledge, unique among 

currently known rare-earth oxychalcogenides. The internal structure of the [La9O4] unit itself 

is not unusual: It is a simple extension of the [La4O]-unit observed in oxygen-scarce compounds 

such as La4MnS6O, and an intermediate before the infinite [LaO] planes observed in many 

layered lanthanum bianion compounds, such as La2O2S2,171 LaAgOS and its family of structural 

analogs,172,173 and LaOInS2.174 If a compound has a composition with a 1:1 La:O ratio, and no 

equally or harder cations than La3+, the [LaO] plane structure will typically form. 

With the possibility of expanding from the 2x2 [La4O] unit to the 3x3 [La9O4] unit established, 

the question becomes; can this structural element extend further? Continuing the square 

expansion, the next unit in the sequence becomes [La16O9] (Figure 14), continuing with a 

general formula for the n-th unit of the sequence as 𝐿𝑎( ) 𝑂 . Further such square 

arrangements are not known, but non-square arrangements have been reported previously. A 

couple of examples are the arrangement observed in La5Cu6O4S7
175 and La3CuO2S3,75 with a 5-

La wide arrangement along one axis, and an infinite chain along the other (∞x5), the ∞x4 

arrangement observed in La4O3(AsS3)2,176 and the ∞x3 structure in La5In3O3S9.177 A distorted 

arrangement is observed in La3GaOS5,178 where every lanthanum in the 1D chains exhibits a 

3+5 coordination. These planar [LaxOy] units exhibit a similar layer stacking arrangement as 
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the [La9O4] units of LFCSO, and the same characteristic where the LaO-elements are connected 

either sulfide connections, or by transition metal – sulfide coordinations. As such, it is possible 

that the LaO-elements can adjust to a wide range of potential structures, depending on the 

composition. 

 

Figure 14: An illustration of the potential expansion of the 𝐿𝑎( ) 𝑂  sequence as structural 
elements of lanthanum oxychalcogenides. 

 

The [La9O4] unit happens to occupy an interesting middle ground with respect to coordination. 

The infinite [LaO] planes usually exhibit La in a 4+4 fac-square antiprismatic coordination (the 

4+5 fac-capped square antiprismatic coordination is also possible), while on the opposite side, 

the unary [La4O] unit exhibits exclusively the 1+7(8) coordination. [La9O4] exhibits three 

different coordinations (Paper II, Figure 4): The 4+4 fac-square antiprismatic coordination, an 

intermediate 2+6 fac/cis-square antiprismatic coordination, and the 1+7 coordination in a 1:4:4 

ratio. While LFCSO does not make a good candidate for optical doping with other lanthanides 

due to the small band gap and low resistivity, the [LaxOy] units may provide essentially a test 

bed for the effects of heteroleptic coordination on the properties of optically active species, if 

incorporated with cations that result in greater band gaps. While the currently known variations 

of the [LaxOy] units are limited, they could potentially also serve as a system for tailoring 

particular lanthanide coordinations for specific properties. As an example, a straight 1D chain 

of edge sharing [La4O] units (with a total composition [La2O]) could potentially exhibit only a 
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single heteroleptic coordination (either 2+6 or 2+7) for all lanthanum positions, should this 

specific arrangement be useful.  

The Fe-layer exhibits Fe2+, coordinated in a homoleptic, distorted square planar coordination 

of S. This is a very unusual arrangement for Fe2+, but it is also the only cation that could 

potentially be present in this position. The only alternative would be a copper position, which 

would imply a Cu2+ oxidation state. Considering the synthesis temperature, this state of copper 

would be thermodynamically unfavorable. Fe2+ is not known for assuming square planar 

arrangements, and even similar arrangements are scarce. One compound with slight similarities 

is the chemically similar La2Fe2S2O3,179 which exhibits a 2+4 octahedrally coordinated Fe2+ 

with a sulfide belt and trans-oxygen coordination. It is technically also possible to consider the 

coordination a severely distorted tetrahedral coordination. Fe2+ tetrahedra are the more common 

coordination, but the 156.1° and 159.0° S-Fe-S angles observed in LFCSO are closer to the 

planar 180° than the tetrahedral 109.5°. 

The cation positions situated within the Fe layer are rather far apart. As a consequence, the 

intralayer magnetic coupling is very weak resulting in a persistent paramagnetic-like behavior 

at low temperatures. This is not an unusual feature; it occurs in many compounds where the 

proportion of Fe (or any other magnetic ion) is comparatively low, relative to the spacer ions 

or other nonmagnetic species. 

The guest-in-host motif is a defining structural element of LFCSO, but it is also a rare 

occurrence in inorganic compounds. Host-guest is usually a term pertaining to organic 

chemistry or composite materials. There are compounds that could be considered, at a stretch, 

to exhibit a similar character. One such example would be Ba16Fe4S16.72.180 The compound 

exhibits a localized section of disordered sulfide positions, along a 1D distribution through the 

structure, suggesting the local symmetry in this particular region is lower than the rest of the 

structure. 

 

4.1.4. La18Fe5Cu4S26O8 – Outlook and Potential Structural Analogs 

There are further experimental measurements that could be performed to improve our 

understanding of the LFCSO phase; neutron diffraction in particular would be useful as a further 

confirmation of the cationic occupancies, and a second look at the magnetic arrangement. 
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In consideration of the possibility of analogs, the structure of LFCSO is highly complex, and 

likely requires pairs of transition metal cations with very specific preferences for coordination 

to form. Structural analogs with extensively or completely substituted elements are difficult to 

predict, if they are likely to exist at all. Partial substitution analogs may exist, however. The 

first candidates are the trivalent lanthanide substitutions, which are possible analogs of many 

other lanthanide compounds. Considering the complexity of the magnetic structure of the 

lanthanum variant, the effects of introducing f-magnetic lanthanides would be difficult to 

predict. A second approach is substituting S with Se, which is a common approach to analogs. 

The Cu+ (91 pm) positions may be substituted with Li+ (90 pm) as the ions have very similar 

ionic radii.59 Replacing Cu+ with the isoelectronic Zn2+ (88 pm) is also a possibility, but 

fulfilling the neutrality condition would necessitate partial substitution or valence states in 

another element.59 A replacement for Fe2+ is probably the least likely, due to the unusual square-

planar arrangement in this structure. One possibility is Cr2+, as indicated by the chemically 

similar compound described in section 4.2 having Fe and Cr analogs. Mn2+ is also a common 

substitute for Fe2+, but whether manganese will assume the unusual configurations of LFCSO 

is uncertain; Mn2+ substitution is more likely to succeed with spherically symmetric 

coordinations. This substitution was tested (along with all compositions of the form 

LaTMECuSO) with a negative result, but manganese bichalcogenides have a tendency of being 

difficult to synthesize, and often failing to form. From experience in this project, many 

manganese bichalcogenide phases only form either at higher temperatures than the 

decomposition point of either certain precursors or product, or in impure phases with other 

crystallite species. A cause is likely the stability of MnS inhibiting reaction at temperatures low 

enough to avoid decomposition and loss of products. 

 

4.2. La14TME6CuS24O4 (TME = Cr, Fe) – Multivalent Spin-Chains 

4.2.1. La14TME6CuS24O4 – Synthesis and Structure Determination 

The La14TME6CuS24O4 (TME = Cr, Fe) (henceforth referred to as LTCSO, the chromium analog 

specifically is referred to as LCCSO, while the iron analog is referred to as LICSO to 

differentiate from the other phase with identical elements) structure type was discovered during 

a cursory search of the first-row transition metals for phases in the LaxTMEyCuzSwOu space, 

following the discovery of LFCSO. The composition and structure of the chromium variant was 

determined first by SC-XRD, but its discovery revealed that a previously observed specimen 

which was believed to be a phase in the La-Fe-S-O system was in fact an analog of this phase. 
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The synthesis of LCCSO proceeded without significant complications. As one atomic position 

in the crustal structure exhibits disorder, there was some uncertainty in whether it was oxygen 

or sulfur, but this was resolved with a few synthesis tests of alternate starting compositions. 

The synthesis of LICSO proved more challenging. While the phase forms from a direct solid-

state synthesis, it was found to be metastable at the regular synthesis temperature of 900-1000 

°C, decomposing by what is suspected to be sublimation of a copper sulfide, which was 

deposited on the crucible and ampoule away from the reaction mixture, preventing reformation 

of LICSO. The LICSO phase forms faster than the decomposition takes place, so attaining a 

reasonably pure phase is still possible. 

Both phases were a crystalline, black solid. The chromium variant sintered notably badly, with 

the resulting product being a porous, crumbly pellet, which complicated measurements. 

 

4.2.2. La14TME6CuS24O4 – Property Determination 

Initial measurements of the DC magnetization properties of LCCSO showed that the compound 

exhibits elevated magnetization at low temperatures, with a transition temperature of 88.5-79 

K, depending on the applied field (Paper III, Figure 8). The transition was marked in the DC 

susceptibility by a broad transition. Notably, the compound did not exhibit regular paramagnetic 

behavior up to room temperature, rather assuming a state with a nearly temperature independent 

susceptibility for most of the temperature range between the magnetic transition and room 

temperature.   

To further analyze these properties, the AC susceptibility was measured with varying 

frequencies to probe for dynamic effects (Paper III, Figure 9). There were three features of 

particular note: A broad peak in the temperature range where the DC susceptibility transition 

took place, a discontinuous shift at the transition temperature, and a temperature independent 

region between the transition- and room temperatures. 

Heat capacity measurements of LCCSO showed that the compound underwent no first-order 

transition in the 2-300 K temperature range (Paper III, Figure 11), which significantly limits 

the possibilities for the nature of the sharp transition observed in the AC measurements. 

Considered along with the nearly temperature-independent susceptibility in the high-

temperature regime, a metal-insulator transition was suggested to explain the observed 

transition. 
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To investigate whether such a transition was present, a simple two-point conductivity 

measurement was set up, to investigate whether both metallic and semiconductor states could 

be observed, but the results showed that LCCSO exhibited resistive properties characteristic of 

a semiconductor with variable-range hopping throughout the 10-300 K temperature range 

(Paper III, Figure 12). 

Initial measurements showed that LICSO exhibited different behavior from LCCSO. While the 

ZFC behavior was broadly in agreement, the FC measurements rather placed LICSO as 

exhibiting properties typical of spin-domain formation, although subsequent AC measurements 

indicated that the size of these domains would approach complete ordering. 

The magnetic structure, as well as the atomic disorder of LTCSO, was investigated by DFT. A 

mismatch between theory and experimental results occurred when it was found that DFT 

consistently predicted the ground states of both LCCSO and LICSO to be a fully 

antiferromagnetic arrangement, for any tested ordered arrangement of Cu occupancy or sulfur 

disorder (Paper III, Figure 13). It was initially thought that an appropriate Cu ordering or 

magnetic arrangement simply had not been found yet. Further, there were difficulties with 

converging the systems to the correct minimum states, as the correlation between magnetic 

ordering and oxidation states made local minima trapping the convergence of the calculations 

an unusually prevalent issue. Ultimately, the magnetic ground states of the LTCSO phases 

could not be established with certainty. A hypothesis, assigning the observed properties to 

formation of spin domains due to intrinsic Cu disorder, was presented as a potential explanation, 

but further measurements of the magnetic ground state are necessary to ascertain the correct 

magnetic ground state.  

 

4.2.3. La14TME6CuS24O4 – Discussion of the Crystal Structure 

The crystal structure is novel, exhibiting the space group C2/m. The full crystal structure is 

shown in Figure 15. There are three features of note in the structure: lanthanum oxide chains, 

transition metal chains, and a disordered part with two sites of equal partial occupancy. The 

lanthanum oxide chains exhibit an example of a 1D anion superstructure, arranged with [La4O] 

units altering between edge- and vertex-sharing of lanthanum positions. Referring back to the 

remarks on La-O structure in LFCSO, this is not an ideal [La2O] 1D chain, which could exhibit 

only a single heteroleptic coordination for all lanthanum positions, but an adjacent [La5O2]. It 
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is constructed from dimers of La edge-sharing [La6O2] units, which are again interconnected 

by a vertex-sharing arrangements, illustrated in Figure 16. 

 

Figure 15: The full crystal structure of the LTCSO compounds. 

 

 

Figure 16: The lanthanum-oxygen coordination in the LTCSO crystal structure. 
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The chain exhibits doublets of the 2+7 ac-fac/trans-coordination from the [La2O] arrangement, 

a c-fac/trans 2+7 coordination for the vertex-sharing lanthanum positions, and a 1+7 

coordination on the outliers (See also Paper III, Figure 3). In addition to the oxide chain, there 

is one lanthanum position homoleptically coordinated by sulfide with a capped square antiprism 

coordination. 

The TME lattice sites are arranged into triplets of face-sharing coordinations, which are further 

arranged into 1D chains (Figure 17). The chains are then further coupled to form a magnetic 

ladder. The triplets are arranged with symmetric coordination, in the sequence trigonal 

bipyramidal – octahedral – trigonal bipyramidal. These triplets are not a wholly unique 

arrangement, similar arrangements are observed in other compounds containing divalent Cr, 

although a full structural match has not been found. An example of a similar arrangement is 

observed in Li5Cr3(PO4)4,181  where the trigonal bipyramidal arrangements are replaced with 

square pyramidal, and the three coordinations are interconnected by edge- rather than face-

sharing arrangements. Cr3Ti4(PO4)6 exhibits the natural extension of this motif,182 assuming the 

same coordinations of the three chromium positions as Li5Cr3(PO4)4, but with the polyhedra 

arranged in a vertex-sharing arrangements. Face-sharing arrangements consisting of 

octahedrally coordinated transition elements is not too unusual; for specifically trimers, the 9R 

hexagonal perovskites exhibit precisely such structure. 

 

Figure 17: Illustration of the TME lattice with sulfide coordination within the LTCSO crystal 
structure. 
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Similar to LFCSO, LTCSO exhibits disorder in its crystal structure, although to a much lesser 

degree. Only two atomic sites are disordered: The copper position, with a 0.5 occupancy, and 

an adjacent sulfide position, which may assume several positions, depending on which adjacent 

Cu site is occupied. 

As indicated by the stoichiometry, LTCSO has an unusual oxidation state that would nominally 

resolve as 𝑇𝑀𝐸 , however DFT analysis shows that the oxidation state is best described as 

TME2+
5TME3+, as the trivalent oxidation state is highly localized to the octahedral lattice sites. 

 

4.2.4. La14TME6CuS24O4 – Outlook and Potential Structural Analogs 

Beyond the characterization methods employed on these compounds, additional measurements 

which would be of value, would be neutron diffraction for both analogs, and Mössbauer for the 

Fe-analog specifically. Either method could provide valuable data on the magnetic structure of 

the compounds, and potentially resolve the ambiguity pertaining to the magnetic ground states 

of these compounds. 

If one was to search for further analogs of the LTCSO structure types, the trivalent rare-earth 

elements, as well as the oxyselenide analogs are the most likely candidates. The Cu+ position 

could potentially be substituted by equivalently charged Li+, or the isoelectronic Zn2+, both 

which have slightly smaller ionic radii than Cu+. The latter substitution may require co-doping 

with another species to balance the charges, but it is possible that the trivalent oxidation states 

of the magnetic chain could be reduced to form monovalent 2+ chains, of the form 

RE3+
14TME2+

6Zn2+S24O4 (RE = Rare Earth Elements) (TME = Cr, Fe). 

There are several approaches to substituting the magnetic elements. The first is a full 

substitution, with a formula of the form RE14M6MS24O4. With copper as the non-magnetic 

element, there are limited candidates, as the other metal species would necessarily have to be 

stable in both the 2+ and 3+ oxidation states and assume both trigonal bipyramidal and 

octahedral coordinations. Cobalt fulfills these conditions, although the trigonal bipyramidal 

arrangement is rare, making it a potential candidate. Vanadium and manganese may assume the 

necessary oxidation states, however the trigonal bipyramidal coordination occurs primarily with 

the trivalent oxidation state, which is not conducive to forming this structure. Trigonal 

bipyramidal Mn2+ does exist in complex chemistry, but the author knows of no inorganic 
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examples.183 If zinc is used as the non-magnetic metal, only the divalent oxidation state is 

necessary for chain positions, but this is not of much importance with a single magnetic cation, 

as the trigonal bipyramidal coordination remains the bottleneck. 

The second possibility is incorporating multiple elements into the spin chain, depending on the 

desired coordination. The general formula would be of the form RE14M2+
4M2/3+

2Cu+S24O4, 

RE14M2+
4M2+M3+Cu+S24O4 or RE14M2+

4M2+
2Zn2+S24O4 corresponding to the four trigonal 

bipyramidal sites, and the two octahedral sites. The trigonal bipyramidal sites could be occupied 

by Fe, Cr or possibly Co, based on species known to assume this coordination. For the 

octahedral sites, all divalent first row transition elements may assume this coordination. The 

most likely candidates to successfully incorporate, according to ionic radii, would be Mn2+ (97 

pm) and V2+ (93 pm).59 Mn is a typical substitute for Fe2+, while vanadium exhibits an 

intermediate ionic radius between Fe2+ (92 pm) and Cr2+ (94 pm). For the trivalent octahedral 

position, the most likely candidates are V3+ (78 pm) and Ga3+ 76 (pm).59 Finally, it was noted 

in the DFT calculations that depending on the ordering of the Cu+ positions, the octahedral 

positions may be warped such that two oppositely situated sulfide coordinations are 

significantly distanced from the cation position, forming a nearly square planar coordination 

site instead. This could potentially incorporate Ni2+, Pt2+ or Cu2+ if the synthesis could be carried 

out at sufficiently low temperature, but this is a significant stretch. 

If the octahedral sites are specifically substituted, this would likely have major effects on the 

magnetic properties of the compound. As the octahedral positions are situated at the center of 

the presumed ferrimagnetic triplets, the trimer coupling could be interrupted if the substituent 

is nonmagnetic, which could result in a qualitative change in the magnetic behavior.  

Finally, as there are two known compounds in the La-Fe-Cu-S-O system with widely different 

crystal structures, it is fully possible that the system could potentially form further stable phases. 

However, due to the lack of obvious shared structural elements between the two phases, 

deriving a general stoichiometric formula for predicting other possible phases from the known 

two examples would be difficult. 
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4.3. Ba6Fe2Te3S7 – Dimeric Magnets and Polytelluride Oligomers 

4.3.1. Ba6Fe2Te3S7 – Synthesis and Structure Determination 

The synthesis of Ba6Fe2Te3S7 was comparatively straightforward. The compound was initially 

discovered by SC-XDR of a sample from an attempt at synthesizing a pure phase of a different 

composition, detailed in section 4.5.1. 

Being a low-temperature phase of the Ba-Fe-Te-S phase diagram, the synthesis had to be carried 

out at a lower temperature of 700 °C. As such, the synthesis was comparatively slow, requiring 

two weeks of heating and three regrindings to obtain a pure phase. The crystal structure was 

determined by SC-XRD, and the lattice parameters were further refined by PXRD. The product 

was a highly crystalline, specular black solid. 

 

4.3.2. Ba6Fe2Te3S7 – Property Determination 

The unusual magnetic properties of the compound were first noted when measuring the DC 

susceptibility of the compound with temperature; it showed what initially appeared to be nearly 

temperature independent susceptibility (Paper I, Figure 7). As the oxidation state of the iron 

was ambiguous due to the unknown state of the polytelluride, there were two potential causes 

for the observed properties: The compound could either be in a low-spin Fe2+ state, or a strongly 

coupled Fe3+ state. To determine which, the sample was sent for Mössbauer spectroscopy. 

Consideration of the Mössbauer measurement (Paper I, Figure 6) concluded that the latter Fe3+ 

configuration was the correct description. 

During a literature search for a mechanism to explain the observed susceptibility curves, it was 

found that the magnetic susceptibility of Fe-dimers behaves very differently from conventional 

inorganic magnetic materials. Unlike in structures with 3D magnetic coupling, where magnetic 

transitions are typically considered to be abrupt transitions, magnetic dimers do not exhibit a 

paramagnetic transition at any temperature. Rather, their behavior is described by each dimer 

assuming a magnetic singlet state (at absolute zero), with thermal filling of successively higher 

spin states until a state of effectively complete paramagnetism is attained at an arbitrarily high 

temperature. This behavior is described by the van Vleck equation (Paper I, Equation 1),184 

which may be adapted for any dimeric coupling of magnetic elements. While an obscure 

property, this equation is in fact used in similar cases of dimeric magnetic arrangements in 

inorganic materials. It is more commonly used in metalorganic chemistry, where magnetic 
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dimers are a more common occurrence, which made it difficult to track down from an inorganic 

perspective. 

An attempt was made to measure the electric resistance of the compound. The specular black 

appearance of the material suggested the compound could be a metallic conductor. Contrary to 

these expectations, the compound was found to be highly insulating, with electric resistance 

beyond available measuring limits (>2 MΩ) at room temperature, preventing measurements.  

To theoretically calculate the strength of the magnetic coupling, as well as to determine whether 

the telluride triplets observed in the structure were a polytelluride species or not, the 

investigation was expanded with a DFT analysis. 

 

4.3.3. Ba6Fe2Te3S7 – Discussion of the Crystal Structure 

The compound crystallizes in a novel structure, described by the Cmc21 space group. The full 

crystal structure is shown in Figure 18. There are two features of particular note in the 

compound: Linear, vertex-linked iron dimers with a formula [Fe2S7]8- (Paper I, Figure 3), and 

an oligomeric telluride species best described as [Te3]4-. Only the Ba ions are heteroleptically 

coordinated, with each of the four symmetrically distinct positions in the structure exhibiting a 

different coordination, and all Ba positions are 8-fold coordinated by anions (Paper I, Figure 

2). Of the four Ba positions in the structure, two are coordinated with an even number of Te-

positions, two and four each. These positions exhibit a more symmetric arrangement compared 

with the other two Ba positions, which are both coordinated with three Te-positions each. 

The higher-symmetry 2+6 and 4+4 coordinations assume fac/trans and meridional 

arrangements respectively, while the two 3+5 coordinations assume fac- and belt- 

coordinations. Each of these coordinations exhibits significant structural distortion from a 

regular 8-fold coordinations. These distortions arise due to two factors: the large size of the 

telluride ions, as well as the polytelluride formation. The former effect results in the sulfide 

positions being arranged comparatively distant from any telluride positions, and the latter effect 

arranges adjacent telluride positions significantly closer together than a regular 8-fold 

coordination would assume. 
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Figure 18: The unit cell content of Ba6Fe2Te3S7, with a few extra atoms to complete 
coordinations. 

 

Fe coordinated into a dimeric arrangement is common, however the majority of examples of 

such an arrangement are edge-sharing. The only instance of which the author is aware of 

isolated, linear, vertex-sharing iron dimers in inorganic crystals are the oxide AE8Fe2O7 (AE = 

Rb, Cs) phases.185,186  

The polytelluride species is actually very rare; in isolated form, it was unreported at the time of 

the compound’s discovery. It was, however, theoretically expected to exist, due to the existence 

of several isoelectronic analogs, such as the [I3]- and [Sb3]7- species.15 While the article was in 

peer review, a report on the centrosymmetric variation of the same polytelluride species was 
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published.187 It was found that the centrosymmetric variation of the polytelluride spanned the 

same full length, lending additional credence upon the DFT-derived result. 

 

4.3.4. Ba6Fe2Te3S7 – Outlook and Potential Structural Analogs 

Searching for analogs of the structure, there are not many options that may work as substituents. 

The most likely option is selenide substitution of the sulfide, but in this case, whether the 

structure will form a complete anionic superstructure is uncertain. Complete substitution of the 

anions to form an oxyselenide may be viable. On the basis of ionic radii, the Fe3+ (78.5 pm) 

positions may be substituted by Ga3+ (76 pm) or V3+ (78 pm).59 Mn has a similar radius, but it 

is not known to make a good substituent for trivalent iron generally. The barium may potentially 

be substituted with other alkaline earth elements, but a smaller species than strontium is not 

likely to work. For potential substituents for the telluride, there would be the requirement the 

anionic species may form the linear polyanion unit. One potential candidate is selenium, but 

this runs into the issue of potentially forming a solid solution with sulfur. Generally, the 

isoelectronic linear units adjacent to Te3
4- in the periodic table such as Sb3

7- and I3
- would be 

the more likely candidates for forming the same structure, although incorporating these 

elements would likely warrant a completely different set of elements. To fulfill the neutrality 

condition with I3
-, either a mixed composition at either the Fe or Ba positions, or a partial 

valence state of +1.5 for the Fe substituent would be necessary. Sb3
7- would face the same issue, 

as well as the restriction that sulfides do not typically stabilize the high oxidation states (+4.5) 

necessary to balance the charges. 

  

4.4. BaMTeS (M = Fe, Mn, Zn, Ge) – An Isostructural Series 

4.4.1. BaMTeS – Synthesis and Structure Determination 

The existence of the BaMTeS series was anticipated from the existence of the structural analogs 

BaMSO (M = Co, Zn).188,189 After the confirmation of the existence of BaMnTeS by SC-XRD, 

a full search of the first-row transition elements, plus germanium, yielded three more 

isostructural compounds. 

The synthesis of the BaMTeS phases were very different, depending on the cation. The Fe 

analog was the only one that could be synthesized in a sufficiently pure state for further analysis. 

As the low-temperature phase of the Ba-Fe-Te-S phase system, the synthesis had to proceed at 
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a low temperature of 600-660 °C over a long synthesis period of 26 days at temperature, with 

six regrinds for the reaction to go to completion. Going any higher in temperature risked the 

irreversible formation of Ba6Fe2Te3S7 or Ba9Fe4Te3.5S12.5+δ (Section 4.5.1) contaminating the 

sample.  

The Mn analog, in accordance with the typical behavior observed in most syntheses, proved 

difficult to produce pure due to the low rate of formation, as well as the fact that its formation 

was exclusively observed at temperatures above the point where loss of reactants to sublimation 

occurred. It was also noted that the compound would form at lower temperatures in a non-

stoichiometric mixture. The single crystals, along with the EDX elemental analysis, showed 

that the compound was about 10% telluride deficient (Paper IV, Tables 1 and 2). The latter 

analysis also indicated that the missing telluride was possibly substituted by sulfide ions. 

The Zn analog reacted in a markedly different manner from the other three analogs. As far as 

was observed, the compound would not form by solid-state synthesis. Forming the compound 

required heating a stoichiometric composition to a complete melt at 1000 °C, and allowing this 

melt to recrystallize upon cooling. The product would form a single rounded lump in the 

crucible, consisting of large crystals. The difficulties were caused by the evaporation of ZnS 

from the melt, which resulted in BaTe contamination of the product. Interestingly, the majority 

of the BaTe ended up concentrated in a layer around the surface of the solidified BaZnTeS, 

although there was still enough within the crystal to render the product impure. 

The Ge analog proved difficult to obtain pure as the product would decompose to form 

Ba3GeTeS4
190 by sublimation of GeTe from temperatures lower than the synthesis temperature. 

The best results were obtained by pre-reacting GeTe, mixing this with a stoichiometric 1:1 ratio 

of BaS, and heating at 700 °C for 24 hours, but this sample was still heavily contaminated with 

impurities. The compound was initially believed to exhibit the same (1111) composition as the 

other three phases, implying the presence of germanium in the unusual divalent state, but the 

SC-XRD data showed this to be false. The germanium analog does, as far as available 

experimental data informs, exhibit the same Cmcm crystal structure as the other three phases, 

but the Ge positions are only half occupied resulting in the effective stoichiometry BaGe0.5TeS. 

The possibility of the half occupancy being ordered, and that the crystal structure was for 

instance a twin with a P21/m symmetry, was considered, but insufficient evidence to support 

this perspective was found. The only indication was the observation of weaker SC-XRD peaks 

which could suggest a doubled unit cell along each axis, but this observation was assigned to 
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half-λ reflections, as attempting to refine the data according to this larger cell resulted in much 

worse statistics. 

The structures of the compounds were all determined by SC-XRD. The Fe analog was a 

crystalline black solid, the Mn analog was orange, and the Zn analog was a bright yellow 

compound. The Ge analog was a deep red color. 

 

4.4.2. BaMTeS – Property Determination 

Of the four phases, only the Fe analog was subject to full experimental analysis; a cursory DC 

susceptibility analysis was carried out on the Ge analog. All four phases were analyzed by EDX 

and DFT. 

DC susceptibility analysis of the Fe analog (Paper IV, Figure 7) showed that the compound did 

not exhibit a paramagnetic state in the 2-300 K temperature range. Rather, the temperature 

dependence appeared similar to what was observed for the dimers in Ba6Fe2Te3S7 (refer back 

to chapter 4.3). At this point, it was hypothesized the phase was simply magnetically ordered 

up past 300 K, so a sample was sent for Mössbauer spectroscopy to confirm. The results, 

unexpectedly, showed that the compound exhibited no long-range ordering down to 6 K (Paper 

IV, Figures 5 and 6). Rather, there was an unusual result where the Mössbauer data showed a 

distinct asymmetry from about 200 K and down. Attempts to identify what this anomaly was, 

including heat capacity (Paper IV, Figure 4) and low temperature crystal structure 

determination, came up short. Electric resistance measurements found properties mirroring the 

Mössbauer data (Paper IV, Figure 8), providing an independent confirmation that there is a real 

effect, but provided limited assistance to determining the origin of these. Unfortunately, we 

lack the data to determine what exactly the observed properties represent and can only discuss 

the possibilities. The most likely possibilities, as we are aware, are a charge density wave and/or 

a Peierls distortion, but these fail to fully describe the observed behavior and properties.  A 

more exotic option was also considered, namely a resonance valence bond arrangement, where 

each magnetic ion forms local magnetic couplings with the adjacent atoms in an oscillating 

manner, resulting in transient, dynamic Peierls distortions (Paper IV, Figure 10), but it should 

be noted that this is only presented as a hypothetical explanation. 

The susceptibility measurements on the impure Ge analog were predominantly to check the 

phase for superconductivity, as the crystal structure had previously been theoretically predicted 

as a potential host for unconventional superconductivity.191 At this point, the compound was 
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believed to contain Ge2+, which could form a metallic compound. The susceptibility 

measurement did indeed show a superconducting transition at 4.5 K, but the signal was too 

small to originate from the BaGe0.5TeS phase, or any species visible to PXRD analysis. The 

origin of the superconducting effect has not been identified, but no known phase in the Ba-Ge-

Te-S system should be superconducting near this temperature at ambient pressure. It is possible 

the signal originated from an impurity; trace presence of niobium in the germanium could result 

in superconducting properties. 

The EDX analysis (Paper IV, Table 2) showed some nuances between the four different phases. 

The SC-XRD analysis had indicated that the BaMnTeS analog might be non-stoichiometric, 

with sulfur occupancy of the telluride positions, and this was affirmed by the elemental analysis. 

Similarly, the half-occupancy of germanium the BaGeTeS analog was confirmed like this. The 

BaFeTeS and BaZnTeS were found to be about stoichiometric to the 1:1:1:1 ratio. During the 

analysis of the BaZnTeS phase, multiple compositions other than the 1:1:1:1 ratio were also 

observed at least once, specifically 2:1:1:2, 2:3:2:3 and 4:1:1:4. It is plausible there are other 

stable phases in the Ba-Zn-Te-S system; the elemental ratios observed could suggest structural 

analogs of for instance Ba2GaAsO2
192 and Sr2Fe3S2O3.

193 

The DFT analysis showed that, largely as would be expected, the transition metal analogs were 

all predicted to be semiconductors of varying band gap and character.  

While experimental determination of band gaps was not a part of the general characterization 

performed for each pure compound, the BaZnTeS phase is a direct analog to BaZnOS,188 which 

makes for an interesting comparison. The oxysulfide is a wide, direct band gap semiconductor 

with a colorless appearance. Comparatively, the sulfide-telluride has a smaller band gap, 

exhibiting a vivid yellow color. While the exact band gap has not been measured, this places 

the expected band gap of BaZnTeS in the absorption range of blue and purple light, i.e. close 

to 2.5 eV, compared with the oxysulfide 3.9 eV. This difference is qualitatively as expected 

from the general trend of the chalcogenides, the band gap decreasing moving down the group.  

 

4.4.3. BaMTeS – Discussion of the Crystal Structure 

Unlike the three other phases discussed in detail, the BaMTeS phases do not form a novel crystal 

structure. Rather, they crystallize in a structure type is also assumed by a couple of oxysulfides: 

BaCoOS147 and BaZnOS,188 of which the BaMTeS phases are exact structural analogs if the 

partial occupancies are not considered. The crystal structure was shown previously in Figure 9. 
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The key structural feature is a structure of 2D planes, consisting of 2+2 heteroleptically 

coordinated tetrahedral metal sites. These tetrahedra are interconnected by a vertex-sharing 

arrangement along two axes, with each anion species exclusively occurring along one axis. 

Straight-chain M – S – M couplings occur along the c-axis, while the a-axis exclusively exhibits 

M – Te – M couplings. This results in an anisotropic magnetic coupling arrangement, marking 

it as a significant departure from the three novel structure types discovered over the course of 

this work.  

The Ba position is also heteroleptically coordinated, assuming a 4+4 fac-square antiprism 

arrangement. 

While the coordination of the M-positions in BaMTeS is hetero-, rather than homoleptic, the 

structure still bears similarities to the previously discussed Ba6Fe2Te3S7 phase, in the vertex-

sharing arrangement of the tetrahedra along the c-axis. 

 

4.4.4. BaMTeS – Outlook and Potential Structural Analogs 

Through the course of this project, only the BaFeTeS analog was investigated in depth. Future 

work on this system would include full characterization of the remaining three analogs. 

Additionally, there are some further measurements that may be beneficial for understanding the 

observations of BaFeTeS: If a single crystal sample of sufficient size may be obtained, Raman 

spectroscopy could elucidate on potential dynamic behavior in the compound. Neutron data of 

the Fe analog could potentially also be useful, although with the lack of magnetic ordering 

observed in the Mössbauer spectra, this is tenuous. 

On the topic of discovering further substitutions and analogs, the full range of first-row 

transition metal elements were all tested for whether they could achieve this structure, but only 

the four species mentioned were found. Interestingly, while BaCoSO exists, the Co variant 

failed to form a sulfide-telluride analog during trials. Exhibiting an ionic radius between Zn and 

Fe, there is no structural reason why BaCoTeS should not form, so the failure of the phase to 

form should be rooted in thermodynamic origins. In fact, cobalt has no reported instances of a 

sulfide-telluride phase in the literature, which would corroborate this perspective. 

It should be noted that the possibility of a partially occupied structure with a four-valent cation 

was not considered until it was observed in the Ge analog, so such half-occupied structure 

compositions have not been tested. The most likely elements that could potentially assume the 
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half-occupied structure are Ti and V. Vanadium could be considered a decent candidate, as the 

V4+ species has been observed to assume a structural analog of the chemically related 

Ba3GeTeS4, (section 4.5.2) but this compound exhibits homo- rather than heteroleptic 

coordination. Titanium, like cobalt, is among the elements with a low likelihood for forming 

sulfide-tellurides, and BaTi0.5TeS is thus unlikely to form under simple synthesis conditions. 

For this structure type, reducing the size of the spacer cation is unlikely to work, as observed 

when the Ba in the Ba-TME-S-O is substituted with Sr, which assumes a hexagonal structure 

of the CaZnSO type. The SrFeTeS analog was attempted, but no evidence of any compound 

beyond simple binaries were observed in the product. Substituting the sulfide with selenide may 

work, but it is likely the composition will end up as a solid solution, rather than a superstructure. 

Iodide substitution of the telluride is possible, which could allow for monovalent substitution 

of the heteroleptic position, with either monovalent Li or Cu exhibiting a suitable ionic radius. 

Finally, in consideration of the half-occupied structure, there aren’t any (high spin) divalent 

species which could match the ionic radii of Ge4+, so there are no obvious candidates for this 

arrangement in a sulfide iodide. 

 

4.5. Other Bichalcogenides 

In addition to the previous four categories, several other phases were discovered throughout the 

course of this project. These were all found to be analogous to previously discovered sulfides 

or oxysulfides. A pure phase for further analysis could not be attained for these phases in time, 

thus only the structural refinement data are provided in the appendix. 

 

4.5.1. Ba9Fe4Te3.5S12.5+δ 

This compound comprises the high-temperature phase of the Ba-Fe-Te-S system, being 

observed as a side product whenever the other two phases decomposed. It was initially 

discovered during a cursory investigation of the Ba-Fe-Te-S system. Upon heating past the 

decomposition temperature of this compound (some point below 1000 °C), only simple sulfides 

and tellurides have been observed. The compound is a specular black, same as the other phases 

of the Ba-Fe-Te-S system. The compound assumes the P41 (No. 76) space group, with lattice 

parameters a = 9.7818(3) Å and c = 34.851(2) Å.194 The structure refinement parameters and 

ionic positions are given in appendix 9.1.1. 
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The difficulties with synthesizing this compound lie in the fact that the synthesis appears to 

require temperatures which exceed the decomposition or sublimation temperatures of the 

precursors and intermediates, which leads to a loss of reactants and thus loss of stoichiometry. 

The Ba9Fe4Te3.5S12.5+δ crystal structure is a partial substitution analog of the Ba9Fe4Se16 

structure type,195 as well as α-Ba9Fe4S15 (the reported crystal structure gives a nominal 

stoichiometry Ba9Fe4S16.63),180 the latter of which was reported first. It should be noted that 

while it is certain that the crystal structure of the sulfide-telluride is related to the respective 

monoanion sulfide- and selenide compounds, the exact composition (and thus the site 

occupancies) is not known. Due to several partial occupancies and potentially mixed-occupancy 

sites, determining the stoichiometry from only the SC-XRD data is challenging. The presented 

composition is an educated estimate, based on SC-XRD refinement and experimental 

observations, but exact determination would necessitate obtaining a pure phase of the 

compound. 

The original sulfide exhibits disordered occupation of several sulfide positions, which are 

replaced with a more ordered, but still partially occupied polyselenide chain in the selenide 

analog. The polyselenide/sulfide regions of the monoanion variations are selectively replaced 

with polytelluride chains in the structure of Ba9Fe4Te3.5S12.5+δ. A comparative illustration 

between the three related structures is shown in Figure 19. The main structural differences are 

most prevalently observed at the center of each figure. 
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Figure 19: A comparative illustration between the crystal structures of the similar Ba9Fe4S16.63, 
Ba9Fe4Se16 and Ba9Fe4Te3.5S12.5+δ phases. 

 

Directly comparing the three structures, one may observe that the sulfide-telluride assumes the 

same crystal structure as the monoanions, but a distinct form of disorder, intermediate between 

the sulfide and selenide forms. The selenide exhibits only a centered chain, while the sulfide 

additionally exhibits four adjacent sulfide positions. The telluride exhibits a similar central 

chain, with additionally two adjacent telluride positions. Additionally, while the arrangement 

of Te in the central chain are similar to the Se analog, the Te positions exhibit further splitting 

along the a-axis. 
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The Te – Te interatomic distances are sufficiently short to indicate there is a significant degree 

of interaction between them. Considering the structural disorder there are likely several 

polytelluride species present in the structure. The presence of pertelluride is likely, but the 

species beyond this cannot be said with any certainty. There are several Te – Te distances that 

are too short to be realistic, and as such it possible the Te-chain is incommensurate with the 

remainder of the crystal structure, or multiple different motifs are represented in a smaller unit 

cell, resulting in an apparent disorder. 

A notable feature of the sulfide-telluride is the fact that, as far as the structure is presently 

resolved, is the apparent coordination of polytelluride species with sulfide positions, which 

might imply one of the following: a mixed-species polychalchogenide, the associated tellurium 

being nearly charge neutral, or a tellurium-polytelluride coordination, any of which would be 

unusual. 

The partial replacement of the anions had the obvious effect of lowering the symmetry 

somewhat; the original structure type exhibits the space group I41/a, while the sulfide-telluride 

loses the body-centric symmetry and glide plane, assuming the P41 symmetry. 

In terms of outlook for this compound, potential structural analogs for Ba9Fe4Te3.5S12.5+δ are 

somewhat uncertain, as the oxidation states are ambiguous due to the polytelluride species 

present. More broadly, structural motifs of monoanion chalcogenides which exhibit linear 

polychalcogenide structures may be substituted as sulfide-tellurides. A direct example of a 

potential compound that may exist from these considerations is Ba9V3Te6S9, from the 

Ba9V3Se15 structure type,196 potentially exhibiting parallel polytelluride chains.  

Substituting polytelluride with polyiodide is also a possibility, although either partial valency 

or a mixed substitute of the Fe positions would be necessary. 

 

4.5.2. Ba3VTeS4 

The Ba3VTeS4 phase was discovered after an attempt at the previously suggested Ba9V3Te6S9 

phase.194 It assumes a known crystal structure described by the Cmcm (No. 63) space group 

with lattice parameters a = 6.7533(3) Å, b = 16.1831(7) Å and c = 9.6458(4) Å (Figure 20). 

The detailed crystal structure, along with the refinement data, are supplied in appendix 9.1.2. 

The crystal structure was originally observed in the Ba3GaS4I phase,197 and later for 

Ba3GeTeS4.190 It is a specular black compound which readily forms large crystals, suitable for 
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SC-XRD. The crystal used for the structure determination was prepared as an impure phase by 

heating a nominal composition of Ba9V3Te6S9 to 800 °C for 48 hours. 

The crystal structure exhibits V4+ in a tetrahedral, homoleptic coordination with sulfide. The 

barium positions exhibit two different heteroleptic 2+6 coordinations, with the telluride 

positions arranged in fac/trans-coordinations in both cases, but the central Ba positions are 

coordinated as either square prismatic or square antiprismatic. 

While two analogs of this structure type are already known, this phase is the first magnetically 

active variant, exhibiting V4+ with a d1 electron configuration. Preliminary theoretical 

investigation by DFT+U is inconclusive in determining the magnetic behavior of the 

compound, suggesting FM at lower values of Ueff, transitioning to AFM at higher Ueff. The 

coupling energy is comparatively small, as could be expected of a dilute system of d1 magnetic 

ions. 

 

Figure 20: Crystal structure of Ba4VTeS4. 
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4.5.3. Ba2Mn3Te2S3 

The Ba2Mn3Te2S3 phase was discovered as a secondary phase during attempts to synthesize a 

pure product of BaMnTeS, formed after heating a stoichiometric mixture of the latter 

composition to 900 °C for 72 hours.194 The crystal structure and composition were determined 

by SC-XRD (Figure 21). The compound assumes an orthorhombic crystal structure described 

by the Pbam (No. 55) space group, with lattice parameters a = 11.8025(4) Å, b = 9.0163(3) Å 

and c = 4.8592(2) Å. The crystal structure and the refinement data are supplied in appendix 

9.1.3. 

Ba2Mn3Te2S3 is a structural analog to the known Sr2Fe3S2O3 structure type,193 with one crucial 

difference: While the Sr2Fe3S2O3 structure is fully ordered, Ba2Mn3S3Te2 appears to exhibit 

structural disorder in the Mn positions. The implication is obvious; the size of the ions present 

in the structure are not of a suitable ratio for the ordered crystal structure to form properly, thus 

the stress is released by shifting the position of a few ions. In the shown structure, only the Mn 

position is distorted, but an adjacent sulfide position situated between two such Mn positions 

exhibits distinctly elongated thermal parameters, indicating that the adjacent local structure 

reorganizes sufficiently to be detectable. 

Preliminary investigations of the crystal structure by DFT affirm the general idea that the fully 

ordered Sr2Fe3S2O3 structure type is unstable, and that the structure would indeed assume at 

least some degree of structural disorder, within the unit cell representation derived from SC-

XRD. 

Between structural considerations and preliminary DFT analysis, the origin of the disorder 

could be suggested to be the size of the sulfide ions being too large to accommodate the Mn 

positions in a fully square lattice, resulting in distorted arrangements. Alternatively, one might 

consider the Mn ion too small to properly coordinate with the telluride, causing the Ba-Te lattice 

to collapse in, and the sulfide square lattice to distort.  

Nominally, disregarding the distortion in the crystal structure, the Mn positions in the crystal 

structure exhibit two different heteroleptic coordinations: A 2+4 trans-octahedral 

configuration, as well as an unusual 3+3 mer-idional octahedral arrangement. All barium in the 

structure is arranged in a single symmetric position, exhibiting a 4+5 c-fac-square antiprismatic 

coordination. 
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Synthesis of a pure phase of this compound was, as with the other Mn-based phase in this work, 

complicated by uncontrolled loss of reagents to sublimation and decomposition at the necessary 

synthesis temperature. 

In terms of outlook, possible analogs of this crystal structure depend on what part of the crystal 

structure is causing the distorting strain. We may consider the typical substitution of Mn2+, Fe2+, 

as well as Co2+, which is known from the oxysulfide analog. Cobalt is, as previously mentioned, 

not known to form sulfide-tellurides, making the Fe analog the only one likely to exist. If it 

does exist, it is also the most likely analog to be easily prepared as a pure phase under simple 

synthesis conditions. Another potential substitution is replacing Ba with Sr, but this seems 

unlikely to succeed, as the reduced size of the spacer would further reduce the available space 

in the already strained square lattice. If one assumes the distortion is due to the Mn ion being 

too small for the sulfide lattice, a larger alternative such as Pb2+ could be a possibility. 

 

Figure 21: The crystal structure of Ba2Mn3Te2S3. 
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4.5.4. La10Te14+xS1-x and La2TeS2 

These two compounds, La10Te14+xS1-x and La2S2Te are direct analogs of their well-known 

oxysulfide equivalents.194 The latter is also a lanthanum substitution of the known Nd2S2Te 

phase. The crystal structures and refinement data are given in appendix 9.1.4 and 9.1.5. 

The preparation of pure phases of these compounds was primarily hindered by the tendency of 

lanthanum to form the oxysulfide analog, reacting with the corundum crucibles to form 

La10S14+xO1-x
 impurities, as well as the ease of forming La10Te14+xS1-x while targeting La2S2Te. 

Rather simple analogs, they have not been characterized to any degree beyond determining the 

crystal structure. Comparing the sulfide-tellurides with their respective oxysulfides from the 

literature the lattice parameters of the former are all significantly greater, as would be expected 

from the substitution with larger anions. 

As simple lanthanide-based compounds, structural analogs of all trivalent lanthanides are likely 

to exist, and doping with optically active lanthanides is likely easily achieved. 

 

4.6. A Discussion of the Bichalcogenides in General 

4.6.1. Characteristics and Notes of Synthesis 

A common characteristic observed for bichalcogenide synthesis in general is that the resulting 

compounds are typically good crystal formers. The syntheses require no mineralizer, nor 

extrinsic melt, to produce crystals of significant size. Even if the initial composition was very 

different from the resulting phase, the components of the initial mixture would often segregate 

to form useful crystals. Every compound discovered in this work has formed crystals of 

sufficient size and quality to be characterized by SC-XRD. This includes the phases that 

necessitated a low-temperature synthesis, so it is not simply a consequence of high synthesis 

temperature relative to the respective melting points of the compounds involved. Many of the 

phases did show a tendency for intergrowth, forming multi-crystals and/or twins. 

Characterization of the crystal-forming behavior of the bichalcogenides is a full project in itself, 

and beyond the scope of this text, but SEM analysis of both mixed and pure phase compositions 

offer certain indications. In particular, a series of observations during the attempts to produce a 

pure phase of LFCSO are of interest: In the mixed phases, a consistent observation was that 

crystals with clear habitus were distinctly growing out of other, more amorphous-looking 

crystal structures. This feature was no longer observed in the final pure phase, suggesting a 
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complex growth behavior of various elements. Other observations, such as notable lack of 

habitus in pure crystals also supports this perspective. 

From observing the characteristics of the synthesis products, the majority of bichalcogenide 

syntheses appear to melt incongruently, resulting in a solid-liquid phase mixture, or remaining 

solid-state throughout, as opposed to forming a single melt. This melting behavior is broadly as 

expected, and may be attributed to the wide range of melting temperatures for the different 

precursors and intermediates. For instance, for BaGe0.5TeS, the melting points of the binaries 

is 2508 K for BaS,198 and 998 K for GeTe.199 A relatively simple behavior was observed for 

BaZnTeS, which only formed upon crystallizing a congruent melt. 

There were also observations of systems where non-stoichiometric bichalcogenide 

compositions appeared to assist with formation of certain phases. One particularly clear 

example was observed with attempted BaMnTeS syntheses: PXRD analysis of the product 

obtained from heating a stoichiometric composition exhibited no traces of BaMnTeS formation. 

However, a synthesis of with the nominal composition Ba2Mn3Te2S3, under identical heating 

conditions, would distinctly exhibit the BaMnTeS phase among the products. 

In general, the constituent elements of the syntheses did not exhibit particularly unusual 

diffusion rates through the synthesis; long synthesis times and multiple rounds of regrinding 

were typically a necessity to obtain pure phases. The necessity for low-temperature synthesis 

for less stable phases exacerbated this in some cases, but the optimized syntheses aiming for 

pure phases typically proceeded in a fairly unremarkable manner for solid-state syntheses. 

 

4.6.2. Considerations for Investigation of Bichalcogenide Systems 

When explicitly searching for novel crystal structures in bichalcogenide systems, there are few 

reference points on how to proceed. There is very little information available on phase diagrams 

and stability of multianion systems in the literature, and the compositions of entirely novel 

crystal structures are difficult to predict. Finding nominal compositions which produce novel 

phases in sufficient quantity to identify the crystal structure can be very challenging.  

Through this project, this difficulty was mostly avoided by utilizing the favorable crystal 

forming characteristics of many bichalcogenides. Due to the bichalcogenide phases having a 

tendency to separate out as single crystals, a rather simple approach could be adapted for 

discovering entirely novel phases: The initial stage of the search was to simply start from a 
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rough initial composition, close to the center of the common phase diagram. The resulting 

product was then analyzed, both by PXRD, and by manually testing crystals by SC-XRD. Upon 

the discovery of a novel phase, the potential avenues for finding more compounds in the same 

phase diagrams was considered, although the specifics depended on the particular phase. The 

main two approaches were testing alternate points within the same phase diagram as where the 

initial compound was found and substitution of elements. 

For the lanthanum oxysulfide phases, the full scope of a five-element phase diagram was simply 

too large to extensively investigate under the constraints of the relatively short time frame 

available.  After the initial discovery of LFCSO, the chosen approach was to attempt to make 

use of the favorable crystallization properties again to obtain single crystal samples. The 

lanthanum, sulfur and oxygen compositions were kept fixed at a roughly centered position in 

the phase diagram, while the transition metal elements were varied: both the ratio between them, 

as well as the elements included in the composition. The decision to keep the La-O-S elements 

static was rooted in two factors, beyond simply limiting the scope of the search: Firstly, it was 

a composition known from the literature to be capable of forming a range of structural 

arrangements as a matrix component, and secondly, as the three elements would always form 

the phases La2O2S and La10S14+xO1-x in the absence of other reactions, both of which are very 

stable.61,62 The latter factor, as both oxygen- and sulfur-rich phases were available, meant that 

the La-O-S component of a trial synthesis could spontaneously adapt for a wide range of shifts 

in the stoichiometry from the transition elements reacting to form a stable phase. 

Simultaneously, the number of secondary phases was kept to a minimum, consisting of mostly 

easily identifiable compounds, thus making novel species easily spotted in PXRD. The initial 

tests focused on variation of the Fe:Cu ratio, followed by substitution of Fe with other first-row 

transition elements. Syntheses targeting the LFCSO composition with other first row transition 

elements was also attempted. The substitution of Fe, rather than Cu, was chosen on the basis 

that the crystal structure of LFCSO appears more closely related to the known La-Cu-S-O 

phases. This sweep led to the discovery of the LICSO and LCCSO phases.  

For the barium sulfide-telluride phases, the search for compounds followed a similar approach, 

except the synthesis temperature was found to be more critical. With the four-element 

compositions of the sulfide-tellurides, varying the full composition during the search for 

different phases was more viable. Additionally, searching for a range of sulfide-telluride 

analogs of simple oxysulfide structures proved viable. 
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Ultimately, this project was only allotted so much time, and the degree to which any of the 

phase diagrams under consideration in this thesis have been investigated remains sporadic. At 

this point, the feasibility of the formation of stable compounds in a series of compositions has 

been established. A full systematic investigation of every phase diagram where a compound 

was discovered through the course of this project remains as tasks for further work. 

Predicting whether a particular combination of elements is suitable for forming a stable bianion 

compound is a very complex matter, and the difficulty escalates as the number of elements 

increases. It is possible to make a rough guess on the viability of a given system, as well as the 

complexity of the necessary synthesis, utilizing the physical phase transition temperatures of 

both the precursors and the likely intermediates. If these are roughly similar, it may be 

considered a positive indication for the viability of a multianion phase forming. If they are too 

different, obtaining a multianion compound is complicated even if a nominally stable phase 

does exist, perhaps necessitating alternative synthesis routes such as chemical vapor transport. 

If the necessary reaction temperature is above the decomposition temperature of the multianion 

phase, forming this compound may be unattainable without more involved synthesis 

procedures. It is possible to avoid this issue to some extent by explicitly avoiding 

thermodynamic minima in a synthesis composition. If the ratio of anions to cations does not 

match that of particularly stable undesired species, it is plausible to push the synthesis towards 

the desired multianions.  

Even for compatible groups of elements, the thermodynamics may be very complex, as shown 

by the phase stability behavior of the Ba-Fe-Te-S phases. There are also instances where the 

bianion compound is the more stable state, but one of the precursors or intermediates will 

decompose or sublimate away at the synthesis temperature, which was observed with BaMnTeS 

in particular. Complete phase diagrams for quaternary multianion systems are scarce, but some 

do exist, a bichalcogenide example being the Tl2S – Sb2Te3 diagram.200 This system only forms 

solid solution structures of the monoanionic species, but the phase behavior is already very 

complex. 

A crude approach to simplify the search for compatible elements for a particular bianion pair, 

is to search for elements that form at least one quaternary compound with this pairing (the 

existence of a ternary phase is not a useful indicator). For instance, all three of the TME 

subdivisions of the lanthanum oxysulfide phases discovered in this work, La-Fe-S-O, La-Cr-S-

O and La-Cu-S-O, are all individually known to form at least one compound each.78,175,201 

Conversely, certain cations may be inherently difficult to incorporate with a given bianion pair, 
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indicated by a complete absence of known compounds. A previously noted case is the 

incorporation of cobalt in sulfide-tellurides, probably due to stable Co-based binaries. 

Among the unsuccessful attempts in synthesizing bichalcogenides over the course of this 

project, the cation-anion pairing simply being incompatible and producing a mixture of 

monoanion compounds is by far the most commonly observed mode of failure. Another 

difficulty with bichalcogenide synthesis is that certain combinations of ions (this may be either 

just between anions, or cations with anions) are incompatible from a redox perspective. While 

attempting the synthesis of barium oxysulfides, the extremely stable barium sulfate (barite) was 

typically found to have formed instead. Barium oxysulfides do exist,188 so it is possible to 

stabilize them, but the conditions where the possibility exists are comparatively limited. 

A major complicating factor in the investigation of bichalcogenide systems, especially 

involving selenide or telluride ions, is the possibility of polychalcogenide formation. These 

species are known to exhibit a wide range of structures and oxidation states from single-anion 

chemistry, but the existing literature on their behavior in multianion chemistry is lacking. 

Predicting the coordination behavior of a particular polychalcogenide species is doable, 

observed examples mostly follow the HSAB principle. However, anticipating if and/or what 

polychalcogenide will form under given multianion conditions, is not likely to be reliable 

without further data. 

Ultimately, the library of known bichalcogenides compounds is still limited. As such, a 

synthesis aiming for novel compounds is still very likely to yield unexpected results; these 

results add to the knowledge, such that a comprehensive understanding of multianion structures 

and properties may eventually be attained. General methodologies for targeting specific 

structural characteristics in multianion crystal structures are described in the next section 

(4.6.3). 

DFT could also be used as an assisting measure in the search for multianion compounds. Once 

a crystal structure has been discovered, it is possible to calculate the enthalpy of formation of 

this crystal structure with different elements. This may provide theoretical insight into what 

compositions are potentially viable, and narrow down the scope of the work necessary for 

experimental analysis. 
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4.6.3. Design of Synthesis: Targeting Specific Properties 

Here, we expand the scope slightly. The principles described in this section apply to 

bichalcogenides, but they are sufficiently general that they may be considered a viable 

perspective to bi- or even multi-anion syntheses in general. 

Within the field of monoanionic compounds, a very large library of stable phases has been 

established over the years. Through analysis of this data set, a number of rules and general 

expectations have been established. These inform what crystal structure types could result from 

a particular composition, what elemental substitutions are likely to be viable, and what 

properties this compound is likely to have. 

With the introduction of a second anion with a significantly different radius, completely new 

strategies and systems need to be established. There are, as has been previously noted, cases 

where the direct substitution of a second anion into a monoanionic crystal structure results in 

an isostructural arrangement with anionic superstructure, but this is still rare. Typically, the 

resulting compound will assume a completely different crystal structure. As such, if one wishes 

to target a specific crystal structure, the only somewhat reliable approach is to target the 

composition of a previously known multianionic composition, which exhibits the desired 

crystal structure. 

For multianion synthesis targeting specific properties, the number of known multianion 

compounds, and the degree of characterization for these compounds, is still too low. The 

introduction of a second anion significantly complicates the prediction for what crystal 

structures are likely to occur, so accurate predictions require a wide range of precedents to 

extrapolate from. However, while detailed predictions for compounds remain very imprecise at 

present, it is possible to design a synthesis such as to improve the likelihood of particular 

characteristics or properties occurring in the product compound. 

One of the desired aspects, when tuning multianionic compounds, is the coordination of the 

cation of interest (henceforth referred to as the functional element/cation through this section 

(4.6.3)). At the most basic level, the likelihood of homo- vs. heteroleptic coordination of any 

particular species, is primarily decided by the HSAB principles, as well as the composition of 

the synthesis. As has been previously noted, the harder anions (hardness increasing with smaller 

radius and greater charge) in the bichalcogenide systems will preferentially coordinate with the 

harder cations. As such, you may induce particular cationic species to a certain coordinations 

by judicious selection of elements around the target cation and its oxidation state. 
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Considering the case of preparing a trial synthesis, aiming for a novel bianion compound with 

particular characteristics: If, for a given functional cation, one aims for a homoleptic 

coordination by the softer anion, the factors which would promote this are: increasing the 

proportion of soft anions, including one or more harder cations in the composition (for instance 

in the selection of spacer cation(s)), and a proportion of harder cations large enough to fully 

coordinate all of the harder anions (a 1:1 ratio is the minimum). Promoting the formation of a 

homoleptic coordination of the harder anions would entail the opposite considerations. 

Targeting a heteroleptic coordination is more involved, as there are multiple strategies that may 

be utilized to promote the desired outcome. The first option is to choose the elements involved 

such that one anion preferentially coordinates with the functional element (again, as per HSAB), 

and limiting the quantity of this preferentially coordinated anion. If the supply of this anion is 

too low, such that it cannot fully occupy all coordinations of the functional element, this will 

promote a heteroleptic coordination. This approach may also be utilized to target structural 

features in the resulting crystal structures: If the preferentially coordinated anion is in short 

supply, the functional cations are more likely to coordinate around these limited anions, forming 

structural elements such as chains, planes or networks as necessary to maximize the more 

favorable coordinations. By controlling the proportion of anions, one may theoretically tailor 

specific structural elements. By extension, the prevalence of specific heteroleptic coordinations 

may also be manipulated. 

The second option for targeting heteroleptic coordinations, is to utilize spacer elements with 

similar hardness to the functional element. For example, the hardness of alkaline earth elements 

is quite similar to that of divalent first-row transition metal elements. In this case, there is 

limited thermodynamic preference for coordination of particular cation-anion pairs, limiting the 

influence of HSAB on the coordinations. In this case, the crystal structures are more likely to 

assume crystal structures closer in line with the principle of closest-packing crystal structures. 

Consequently, among bichalcogenides (or isovalent multianion compounds in general), these 

compounds are the most likely to allow higher-symmetry structures, with compositions 

involving similar proportions of elements. If one is aiming for lower-symmetry structures, this 

may be achieved by shifting the anion ratio further towards one species or the other. 

In addition to the previous considerations, the synthesis temperature may be critical, as 

multianion systems may well exhibit low-temperature phases, with completely different 

compositions and crystal structures. Depending on the elements involved, and what cations are 

the target for a particular coordination, the requirements for the synthesis temperature change. 
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For elements with multiple possible oxidation states, the choice of temperature may determine 

oxidation state, which could completely change the viable crystal structures (even if another 

ion changed oxidation state to compensate) as per the HSAB rules. This is especially 

complicated with the potential for formation of polychalcogenides.  

While predicting precise outcomes for novel synthesis remains difficult at present, the above 

principles may be employed to target desired qualities. An example where tailoring of particular 

heteroleptic coordinations could be of significant, is in development of phosphors. The emission 

wavelengths of fluorescent ions are significantly dependent on the crystal field splitting. Thus, 

the ability to tailor-make host materials with specific heteroleptic coordinations would allow 

for a novel approach to the preparation of phosphors with unique properties. The potential of 

heteroleptically coordinated lanthanides has already been demonstrated with the applications 

of for instance Gd2O2S,202 but another possibility is the substitution of Er2+ into barium- or 

strontium-based compounds for the same purposes.  

The effect of the crystal field splitting may also be considered as what was previously 

introduced (section 2.1.2.2.1) as the forced Jahn-Teller effect. For heteroleptic coordinations of 

transition elements (or open-shell f-elements) with the appropriate electron configurations, this 

may result in strong single ion anisotropy and single-ion molecular magnets. 

 

4.6.4. Cross-Compound Structural Considerations 

With regards to the La-O structures observed in LFCSO, LTCSO and related compounds, there 

is an interesting observation to be made: the structures constitute an anti-structure of common 

arrangements for tetrahedral metal coordinations. The similarity of the [La4O] units are trivial, 

but [LaO] planes, for instance, are matched one-to-one by FeAs in the LaFeAsO203 structure, 

and the hourglass-shaped units observed in LTCSO are observed in a configuration of infinite 

chains in Ba9(Fe2S4)8.204 This is of interest, as the many potential coordinations of the TMEs is 

a field where a lot of work has been previously carried out.205 Further efforts in the field of 

[LaO] unit construction may thus build off this in the search for yet further rare-earth 

coordinations. 

An interesting parallel one may observe in the lanthanum oxysulfide phases discovered in this 

work, is that they both exhibit some form of disorder or partial occupancy. LFCSO is the worst 

offender, but the partial occupancy and disordered sulfide positions of LTCSO falls under the 

same case. This behavior extends beyond the two structural motifs here and may be traced to 
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the La-TME-O-S phase systems in general. Of the known compounds in this system, several 

exhibit at least some degree of disorder: La5Cu6O4S7,175 La8Ti10S24O4,206 and La4Ti3S4O8
207 all 

exhibit this trait.  

The prevalence of apparent disordered compounds observed in this work emphasizes a 

particular difficulty with proper characterization of the structure of multianion phases in SC-

XRD: There are often major structural elements, which may consist of all the heaviest elements 

in the compound (due to the HSAB preferences for anion-cation pairing), repeating through the 

structure with a comparatively small unit cell. Other elements, often the small, lighter species, 

are arranged in a lattice with order that requires a several times larger unit cell to describe. 

However, as the major structural units dominate the reflections in XRD-based techniques, the 

subtle superstructure indicating the longer lattice of the smaller species’ ordering is lost in the 

background signal.  

One can imagine this is less of a frequent issue in monoanionic compounds; with only a single 

anionic species, there is no thermodynamic incentive for a specific species of atoms to 

preferentially group together in units with a smaller dimensionality than the rest of the structure, 

reducing the incidence of cases where a smaller sub-periodicity overshadows the full cell. 

Over the course of this project, three phases in the Ba-Fe-Te-S system were discovered: 

BaFeTeS, Ba6Fe2Te3S7, and Ba9Fe4Te3.5S12.5+δ phases, constituting the low-, intermediate- and 

high-temperature phases respectively. It may be noted that their characteristics follow a 

temperature trend: Only the low-temperature phase exhibits heteroleptic coordination of the 

iron positions. It is also the only phase which exhibits divalent Fe. The mid-temperature phase 

exclusively coordinates trivalent Fe with sulfur, and while the oxidation states in the high-

temperature phase are somewhat uncertain, they should still be closer to trivalent. The high-

temperature phase also predominantly coordinates Fe with S, although the partial occupancies 

render matters somewhat unclear. This preference may be explained from a thermodynamics 

perspective, as the iron-sulfide coordination is comparatively more stable. Further, only the 

mid- and high-temperature phases exhibit polytellurides. It may also be noted that the 

polytellurides increase in length from oligomer to polymer with temperature, but assuming this 

to be a trend from just two examples is excessive. In both cases, the polytellurides appear to 

consist at least partially of telluride triplets, similar to [Te3]4-, despite the different arrangements 

of the polytellurides themselves, which is interesting. This four-valent triplet may be preferable 

in the multianion environment. Additionally, similar disordered polytelluride chains to those 

found in Ba9Fe4Te3.5S12.5+δ were observed in other novel crystal structures discovered through 
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this work as well. The crystal structures of these compounds were only partly resolved, and the 

compositions remain uncertain, thus they are not further remarked upon. 

Expanding beyond the purview of the bichalcogenides, the existence of the BaMxTeS (x = 0.5, 

1) (M = Fe, Mn, Zn, Ge), Ba2Mn3Te2S3 and La10Te14+xS1-x phases as analogs of the equivalent 

oxysulfides, opens for the possibility that other multianionic species may be scaled 

equivalently, while obtaining the same crystal structures. Following periodicity, one may make 

a prediction that structural analogs of fluoride-chlorides may exist among the chloride-iodides, 

or similarly for other anionic groups. As an extension, this may also apply to multianion 

pairings with anions from two different groups: Oxychlorides may have analogs in the sulfide-

iodide system, etc. 

A quick literature search showed that there are in fact cases of sulfide-iodides assuming 

oxychloride structural motifs. An example is the La3(SiS4)2I and La3(SiO4)2Cl compositions 

assuming the same structure.208,209 This, again, couples back to the sulfide-tellurides: As 

observed with Ba3VTeS4 being an analog of a sulfide-iodide structure, iodide may substitute 

for telluride positions in crystal structures. This makes sense, as their ionic radii are very similar. 

There are several implications to this possibility. Firstly, every sulfide-iodide structure is a 

potential motif for sulfide-tellurides, and vice versa, if a second species is appropriately 

substituted to balance the charge difference. As an example, the BaMTeS structure could be 

substituted for a BaMSI motif, with a monovalent species M, for instance Cu or Li. 

Alternatively, a partial substitution of Te by I in sulfide-tellurides could allow for doping of an 

active element, such as achieving a subvalent state of Fe in BaFeTeS, which would be of interest 

for the compound as a potential iron superconductor. Whether this potential for substitution 

extends to polyiodides is unknown, a literature search found no examples of known isostructural 

polytellurides and polyiodides. Further, examples of multianion compounds of polyanion 

components are scarce, leaving few structural examples to consider. There are cases which 

indicate similar behaviors between polytellurides and polyiodides in multianion conditions, 

such as the K10(Nb2O2F9)3(I0.5(I3)0.5) compound of the K10(Nb2O2F9)3Br structure type210 

exhibiting remarkable similarity to the case of telluride substitution observed with 

Ba9Fe4Te3.5S12.5+δ, but due to this lack of documented examples, the potential for substitution 

of (poly)telluride with (poly)iodide and vice versa is simply too uncertain to say much about.  
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4.6.5. Final Remarks 

Between the fully characterized phases in this work, a wide range of qualitative properties were 

observed: From cluster glass to singlet-state magnetism, to compounds which unexpectedly fail 

to assume an ordered spin state. Disordered crystal structures with variable-range charge-carrier 

hopping and narrow band gap semiconductors with anomalous temperature dependence and 

Mössbauer spectra. 

While covering a wide range of properties and characteristics, there is one notable absence in 

this list: There is not a single example of a compound behaving in a manner fully described in 

simple terms, without some complicating factor. Every phase proved to require extensive 

investigation and consideration to properly describe, if a full description was even possible with 

the available data. Some characteristics required extensive trailing of the literature to 

understand; others could not be found elsewhere at all. 

While this observation may be from a small selection of novel compounds, the complexity and 

uniqueness of the compounds’ characteristics is rather telling: At this point, we know quite little 

about the bichalcogenides. Whether their possible crystal structures, properties and practical 

applications, most aspects remain largely unknown. There is a vastness of challenges remaining 

ahead; so, here, we have taken a few more steps. 
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5. Summary, Conclusion and Outlook 

Through this work, a number of novel bichalcogenide compounds have been discovered and 

characterized. 

La18Fe5Cu4S24O8 was found to exhibit a novel crystal structure with a very unusual guest-in-

host motif, with a substantial degree of structural disorder in the guest-part of the structure. This 

disorder was resolved to suggest an ordered local motif, but with the separate guest regions 

being out of phase with each other to produce the experimentally observed disorder. The 

compound was determined to be a magnetic cluster glass at lower temperatures, a property 

assigned to freezing of spin dynamics. 

A pair of chemically similar compounds to La18Fe5Cu4S24O8, La14TME6CuS24O4 (TME = Fe, 

Cr), were found to exhibit certain structural similarities, in the form of preferential Lanthanum 

– Oxygen coordination, and a degree of structural disorder. The compounds assume a novel 

crystal structure, exhibiting multivalent chains of TME positions. While the compound is 

suspected to form large magnetic domains, the exact nature of the magnetic properties of these 

compounds remain unknown, as evidence suggests contradictory properties. 

Ba6Fe2Te3S7 exhibits a novel crystal structure, exhibiting an unusual dimeric coordination of 

Fe3+, as well as a very rare polytelluride species, [Te3]4-. The compound was found to assume 

a singlet spin-state, with the Fe in each dimer only coupling locally. 

The BaMTeS (M = Fe, Mn, Zn, Ge) phases were found to be structural analogs of the previously 

known BaMSO (M = Co, Zn) phases, exhibiting anisotropic magnetic coupling along different 

axes. The BaFeTeS analog was found to behave very differently from BaCoSO, not assuming 

magnetic ordering, nor a paramagnetic state across the 2-300 K range. The Fe analog also 

exhibited a Mössbauer anomaly which could not be easily explained. A dynamic charge density 

wave model was proposed to explain the observations. 

Finally, several other sulfide-telluride phases were discovered, but not characterized beyond 

the crystal structure: Ba3VTeS4, Ba9Fe4Te3.5S12.5+δ, Ba2Mn3Te2S3, La10Te14+xS1-x and La2TeS2 

all exhibit crystal structures analogous with previously known compounds. 

The aim of this project was the discovery, synthesis, and characterization of novel 

bichalcogenide compounds. We have described and discussed the observations and notes 

pertaining to the experimental synthesis of bichalcogenides, and the approaches utilized to 

increase efficiency in discovery of novel phases. Over the course of the work, thirteen novel 
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phases, with nine different crystal structures, have been discovered. Of these, five were 

prepared as sufficiently pure samples for detailed characterization, while the remaining eight 

had their crystal structures and compositions determined.  

The common structural motifs in the crystal structures of the compounds discovered through 

this project, and the trends in how these form, have been discussed. Further, how these 

considerations couple into the wider field of bichalcogenides and multianion compounds in 

general, has been considered. 

Much further work is needed; novel phases were discovered at such a rate that efforts to 

optimize syntheses for sufficiently pure phases could not keep up. There are a wealth of as-yet 

undiscovered bichalcogenide compounds, and many do not require more than simple solid-state 

synthesis conditions to form. The exploration of the sulfide-tellurides, in particular, is 

underdeveloped. As demonstrated with several of the new phases discovered in this project, 

structural motifs accessible for the oxysulfides are also viable for the sulfide-tellurides. Thus, 

the larger library of known oxysulfide phases represents potential motifs in the sulfide-telluride 

phase diagrams, and grounds for further work on the topic. 
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6. On the Optimization of Colloidal Zn3N2 Nanoparticle Synthesis  

6.1. Introduction and Inspiration 

Interest in semiconductor nanoparticles as functional materials has drastically increases in 

recent decades, reaching a milestone in 2023, with the Nobel Prize in chemistry being awarded 

for the discovery of quantum dots and its synthesis.211 The size-tunable properties of these 

materials make them highly adaptable, which now sees them used in a wide range of 

applications, including displays and LEDs,212,213 solar panels,214 biomedical applications215,216 

and many more.217–221 

Unfortunately, current day technology employs nanoparticles based on environmentally 

harmful elements such as cadmium, as well as expensive and technology critical elements such 

as indium.220–222 The latter example, indium, is commercially utilized as InP in Samsung QD-

LED screens.223 As such there is an interest in finding replacements for the current technology 

using environmentally friendly, cheap and abundant elements. 

A prime candidate for such a replacement is Zn3N2. This compound has, for instance, previously 

been identified as a viable nontoxic alternative for QD LED displays.224 Zn3N2 is a direct, small-

gap semiconductor. The width of the bulk band gap is somewhat uncertain, with a range of 

values ranging from 1 – 3.2 eV being reported in the literature.225–227 It is worth noting that the 

upper boundary of this range coincides closely with the bulk band gap of ZnO of 3.37 eV.228 

Zn3N2 is relatively difficult to work with, as it is prone to oxidation on any contact with oxygen 

in air or water.229 Critically, this oxidation is not self-limiting and results in complete oxidation 

if exposure continues for too long.230 

In 2014, Taylor et al. published a paper detailing a new approach to synthesis of zinc nitride 

nanoparticles with tunable particle size (D = 2.1-7.1 nm) and optical properties in the visible 

range  ( = 585-1073 nm), by injection of diethylzinc into a mixture of 1-octadecene and 

oleylamine under ammonia gas flow.231 On inspecting their results, a number of points for 

improvements were identified. 

The primary point of note was the colloidal hot-injection methodology Taylor et al. employed 

to tune the size of the product nanoparticles. This was achieved by repeated swift injections of 

diethylzinc into the emulsion and progressively grow the nanoparticles larger, until the desired 

nanoparticle size fraction was obtained. In the reported results, the photoluminescence emission 

spectra exhibit comparatively very wide full-width half maximum (FWHM) values of 117 nm, 



90 
 

163 nm and 282 nm for peak emission wavelengths corresponding roughly to yellow (585 nm), 

deep red – to infrared (752 nm) and infrared (1073 nm), respectively. Along with the TEM 

images provided, the results suggest a significant degree of polydispersity in the obtained 

nanoparticles. Similar broad FWHM are also observed in a later study by Ahumada et al. (with 

Taylor among the authors) on the fundamental optical properties of Zn3N2 nanoparticles, using 

the same methodology.226 We identified the repeated injections as a likely cause of the 

polydispersity, as this would cause multiple nucleation events. 

As such, we aimed to reduce the polydispersity of the Zn3N2 nanoparticles by using only a 

single injection for the synthesis, and rather tune the nanoparticle size by adjusting the reaction 

temperature of the synthesis. In this approach, only a singular instance of nucleation conditions 

occurs during the synthesis, which give more control on the nucleation step relative to the 

growth period for all the nanoparticles, and thus reduce the polydispersity. Further, by using 

dilute diethylzinc, rather than pure, the heat evolution from the reaction of diethylzinc with 

ammonia, as well as premature reaction of diethylzinc with ammonia prior to dispersion in the 

solvent mixture would be braked down, improving control of the reaction. 

 

6.2. Methodology 

6.2.1. Chemicals 

1-octadecene (Synthesis Grade, Sigma-Aldrich), oleylamine (70% Technical grade, Sigma-

Aldrich), diethylzinc (≥ 52 wt.% Zn basis, Sigma-Aldrich), hexane (95% HPLC Plus, Sigma-

Aldrich) and isobutyronitrile (99%, Sigma-Aldrich) were obtained from Merck. Due to the 

oxygen sensitivity of both the precursor and the product, all solvents were degassed by the 

freeze-pump-thaw (FPT) method, carrying out as many FPT cycles as necessary for bubbling 

during the thawing process to stop. The prepared solvents were then stored in an MBraun glove 

box operated in Ar (O2 < 0.1 ppm; H2O < 0.1 ppm). Ar (≥ 99.999%) and ammonia (NH3) (≥ 

99.999%, Water Free) were obtained from Nippon Gases and used as received. 

 

6.2.2. Synthesis Procedure – Equipment and Preparation 

Prior to the start of a synthesis, all glassware and other equipment that would be exposed to the 

reactant or solvents, except needles, were dried at 150°C in a heating cabinet, before being 
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moved into the MBraun glove box. The equipment was then left in the glove box overnight to 

allow any remnant humidity to desorb. 

The diethylzinc solution is prepared inside the glove box by first inserting 1 mL of 1-octadecene 

into a 50 mL round bottom flask with a magnetic stir bar (Figure 22i). Then, 0.5 mL of 

diethylzinc is drawn out by syringe from the bulk storage and inserted into the same round 

bottom flask. An unpenetrated silicone septum is used to seal the round bottom flask. The 

diethylzinc solution was kept in the glove box until directly prior to injection. (Certain earlier 

syntheses were carried out with a 1:4 ratio between diethylzinc and 1-octadecene.) 

 

Figure 22: i) Round flask for diethylzinc; ii) four-neck synthesis flask as arranged when 
removed from the MBraun glove box operated in Ar, sans the solvent mixture; iii) four-neck 
synthesis flask prepared for removal of water; iv) synthesis setup equipped with the 400 mm 
water cooled condenser and wrapped in an aluminum foil; v) Ar- flushing round flask. The left 
needle is for in-flow and the right needle is for out-flow, vi) injection needle with a cut sleeve 
to act as a spacer. 

 

The main synthesis setup, sans the condenser column, was assembled in the glove box to ensure 

no air pockets within the system. A magnetic stir bar, 30 mL of 1-octadecene and 1 mL of 

oleylamine was added to a four-necked 250 mL round-bottom flask (Figure 22ii). Each neck of 

this round-bottom flask was connected to, respectively: a glass liner for the thermocouple (glass 

thickness of 1 mm) (a, Figure 22ii), a glass tube for bubbling gas into the solvent mixture (b, 
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Figure 22ii), a silicone septum (c, Figure 22ii), and a regular glass stopper in the neck for the 

condenser column (d, Figure 22ii). Each glass joint was lined with Teflon tape. The gas bubbler 

tube (b, Figure 22ii) was sealed with a screw cap, with a penetrable septum. 

Once sealed, the four-neck flask was removed from the glove box and placed in a heating block 

mounted on an IKA® RCT basic hotplate in a fume hood located in the main laboratory. A 

needle connected to the (Ar and NH3) gas supply was penetrated through the gas bubbler septum 

(neck b, Figure 22ii) to maintain an Ar overpressure within the synthesis environment. A second 

needle was inserted through the silicone septum (neck c, Figure 22ii) to release excessive 

overpressure during this step. A K-type thermocouple was inserted into the designated glass 

sleeve (neck a, Figure 22ii), and connected to a FLUKE 54 II B digital thermometer.  

Under a high Ar flow, the glass stopper (neck d, Figure 22ii) was removed, and a narrow-necked 

hose adapter plug was set in place and left open (Figure 22iii). This plug was needed for water 

removal in the synthesis, prior to the attachment of the 400 mm water cooled condenser column. 

The purpose of the adapter plug is to narrow down the opening where Ar flows out. This 

increases the rate of flow of Ar through the opening, preventing inflow of air, without 

necessitating an increased volume of exchanged gas. With the hose adaptor plug in place, the 

needles for equilibrating pressure were removed (neck c, Figure 22iii).  

Separately, a syringe for Zn-precursor injection was prepared by repeatedly flushing it with Ar, 

and then leaving it with the needle inserted into an Ar flushing bottle; see Figure 22v. The Ar 

flushing bottle has a constant Ar flow, with the in-flow of gas at a sufficient rate to keep an 

overpressure in the flask relative to atmospheric conditions, ensuring no oxygen or humidity 

passes into the syringes until they were needed. 

 

6.2.3. Synthesis Procedure – Synthesis 

The synthesis procedure is based on the standard hot-injection approach. Maintaining a high 

flow of Ar, the stir bar was turned on, with a speed of 400 revolutions per minute (rpm). The 

solvent mixture is heated to 150°C and left at this temperature for 30 minutes to remove any 

potential remnants of water. Then the gas flow is increased, while the narrow tube adapter is 

removed (neck a, Figure 22iii), and the condenser column is put in place (neck a, Figure 22iv). 

The upper end of the condenser column is attached to a gas bubbler to maintain a slight 

overpressure in the synthesis system, and for visual inspection of the gas flow. With the column 

in place on the four-neck round bottom flask, the system is flushed with high flow of Ar for 
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another 15 minutes to clear out air and moisture from the condenser column. The water cooling 

of the condenser column is then turned on, the Ar flow is turned off, and a 5 standard cubic 

centimeters per minute (sccm) flow of NH3 gas is bubbled through the solvent mixture. The 

four-neck round bottom flask was subsequently covered in aluminum foil to insulate the system 

(Figure 22iv), and finally the temperature was increased and stabilized at the target temperature 

for the synthesis. 

Once the targeted synthesis temperature was attained, the diethylzinc solution was retrieved 

from the glove box to prepare for injection. It was placed on a magnetic stirring plate under 

constant stirring at an arbitrary rpm. The previously prepared syringe to be used was first filled 

with about 2 mL Ar from the Ar flushing bottle (Figure 22v). Then, while the needle was 

directly above the diethylzinc round flask (Figure 22i), about half of that volume was 

continuously expelled, while inserting the needle through the septum. Then, the remaining 1 

mL Ar was expelled inside the round flask to create a small overpressure of Ar. In the next step, 

0.5 mL of the diluted diethylzinc was drawn into the syringe, followed by a small quantity of 

Ar to fill the needle itself and form an inert buffer between the air and the diluted diethylzinc. 

The diethylzinc was then injected into the four-neck reaction flask (Figure 22iv) in one rapid 

go. A cut needle sleeve was used as a spacer (Figure 22vi) to ensure the needle was at a constant 

position between different syntheses. The reaction was kept at the pre-fixed reaction 

temperature for 20 minutes after the injection before the hotplate was turned off, the aluminum 

insulation was removed, and the NH3 gas flow was stopped and replaced with 15 sccm of Ar. 

In this configuration, the reaction mixture was allowed to cool to room temperature. 

Once cooled, the condenser column is removed, and the four-neck round-bottom flask is 

stoppered under high Ar flow (with a needle to equilibrate overpressure) and moved into the 

MBraun glove box. Needles through the septum were used to equilibrate the pressure inside the 

round-bottom flask during flushing of the antechamber. 

The suspensions were then bottled for long-term storage inside the MBraun glove box. The 

product was found to be stable in an inert atmosphere, remaining visually unchanged for more 

than half a year.  
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6.2.4. Washing Procedure 

During the washing procedure, all handling of solvents and the unsealed sample took place 

within the MBraun glove box. The sample was sealed and moved outside the glove box for each 

centrifugation run, but never exposed to ambient conditions. 

The washing procedure took place in four steps. First, the raw reaction mixture was centrifuged 

in a (VWR® 15 ml, 12500g, Conical-bottom, PP) centrifuge tube at 9500 rpm for 10 minutes 

to expel larger impurities. Second, 1 mL of the reaction mixture was added to an identical 

centrifuge tube with an inserted glass liner, and mixed with 1 mL of isobutyronitrile, before 

centrifuging at 9500 rpm for 5 minutes. Third, the resulting sediment was re-dispersed in 1 mL 

of hexane, before adding 1 mL of isobutyronitrile, and centrifuging at 9500 rpm for 5 minutes. 

The fourth step is a repeat of the third. 

It is important to note that isobutyronitrile, and especially a mixture of hexane and 

isobutyronitrile, will swiftly leach material from plastic equipment. Glass, or glass lined 

equipment is a necessity to avoid contamination of the suspension. 

The washing solvents need to be extensively dried using molecular sieves. If they are not 

completely dry, the nanoparticles will be severely damaged during the washing procedure. 

 

6.2.5. Characterization 

There were four different approaches utilized in the attempt to characterize the nanoparticles: 

UV-fluorescence spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM) 

in transmission imaging mode, and scanning transmission electron microscopy (STEM). 

The initial characterization attempts were made with XRD. Two different XRD instruments 

and several approaches were attempted to obtain XRD data on the particles. Initially, a Bruker 

D8-A25 instrument with a Ge(111) Johanssen monochromator for selection of CuKα1 X-rays 

and a Lynxeye detector was utilized for capillary XRD measurements. As the sensitivity of the 

particles were a known variable, it was initially attempted to carry out XRD directly on the 

product suspension, stored in a capillary which was sealed against the atmosphere with putty. 

This failed, as the concentration of the nanoparticles was too low to obtain any significant 

signal, even with the largest capillaries available (2 mm diameter). Subsequent attempts tried 

to improve the same approach by increasing the concentration of nanoparticles by a single 
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flocculation with ethanol, and redispersing the particles with a minimal quantity of hexane, but 

this too failed, resulting in practically zero signal. 

For other attempts, a Bruker D8 Discover instrument with a Bragg-Brentano geometry and a 

Ge(111) Johanssen monochromator, CuKα1 X-rays, and Lynxeye detector was employed. 

Samples were prepared within the MBraun glove box by the washing procedure described 

above, with the final hexane dispersion being deposited on a zero-background-oriented silicon 

XRD sample plate, and left to dry. This process was repeated until a suitable quantity of 

nanoparticles were deposited on the plate. The sample was then covered with Kapton® tape to 

protect it from exposure to ambient conditions before being moved from the glove box to the 

instrument. This approach failed, as any potential signal from the nanoparticles failed to stand 

out from the background. A third approach, employing transmission XRD through a sample 

held in place by two layers of Kapton® tape again failed with no discernable signal. 

Characterization by SEM imaging was carried out with a Hitachi SU8230 field emission 

scanning electron microscope in transmission imaging mode with an acceleration voltage of 25 

kV, utilizing TEM grids of holey carbon film supported on copper 300 square mesh. Washed 

nanoparticles were prepared by applying a single drop of the hexane suspension to a TEM grid, 

which was subsequently left to dry in the MBraun glove box. The dry TEM grid was mounted 

on a holder and placed in a plastic box with a lid to maintain inert atmosphere for transport to 

the SEM. Outside the glove box, the sample holder was directly moved from the box to the 

SEM instrument. 

UV-fluorescence spectroscopy was carried out using a 385 nm UV-source, and a FLAME-S-

XR1 spectrometer. Shorter wavelengths were attempted on certain samples, but this failed to 

yield more useful data. The incident UV-source and the detector were arranged at a 90° angle 

to each other. The measurements were carried out directly on the product of the synthesis 

suspensions, except that the larger impurities had been removed by the initial step of the 

washing procedure. A suitable quantity of the suspension was transferred to a dried glass sample 

holder and sealed with an air-tight cap, before the sample was removed from the glove box. 

STEM characterization was carried out using a FEI Titan G2 60-300 kV equipped with a CEOS 

DCOR probe-corrector and Super-X-EDS detectors. The FEG electron source was operating at 

an acceleration voltage of 300 kV. The images were obtained using a high-angle annular dark 

field (HAADF), bright-field (BF) and dark-field (DF4) detectors. To ensure inert conditions 

during transport of the sample between the argon glove box and the STEM instrument, a Gatan 
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Double Tilt Vacuum Transfer Holder (Model 648) was used. The samples were otherwise 

prepared in the same manner as for the SEM. 

 

6.3. Results 

The goal of the current study was to develop the Tayler et al.231 colloidal synthesis route for 

Zn3N2 nanoparticle synthesis. We aimed to document that a narrower nanoparticle size 

distribution could be obtained by tuning the nanoparticle size with manipulation of the reaction 

temperature and concentration of the reactants rather than number of diethylzinc injections. The 

work was unfortunately halted during the experimental period due to unviability of the key 

reactant, diethylzinc. A replacement could not be obtained as the waiting time from ordering 

turned out to be more than a full year due to repeated delays from supplier. Based on this, solely 

the initial experiments were completed. These are listed in Table 1 along with the resulting 

product characteristics. 

Table 4: Overview of the colloidal Zn3N2 nanoparticle syntheses carried out, with associated 
ID, synthesis conditions, purpose of the experiment, photo luminescence (PL) color and other 
notes. For syntheses ID 1-8, 29 mL 1-octadecene and 1 mL oleylamine was used. Syntheses 
ID 9 and later used 30 mL 1-octadecene and 1 mL oleylamine. The NH3 flow for all syntheses 
was 5 sccm. Undiluted NH3 was used, there was no flow of Ar during the injection step. 

ID Concentration 
(Per Volume) 
(diethylzinc:1-
octadecene) 

Injection 
Volume 
(mL) 

Reaction 
Temperature 

Purpose PL Color Notes 

 Initial tests for optimizing the experimental procedure 
 

1 1:4 0.5 229°C Concentration 
Test 

Blue-Green  

2 1:2 0.5 225°C Concentration 
Test  
+ 
Temperature 
Test 

Yellow Photo in 
Figure 23 
SEM imaging 

3 1:2 0.5 240°C Temperature 
Test 

Orange Photo in 
Figure 23 
 
Sample 
preparation 
testing 
(XRD/SEM) 
 
SEM imaging 
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4 1:2 0.5 210°C Temperature 
Test 

Indistinguishable 
from the UV 
source 

Photo in 
Figure 23 

5 1:2 0.5 250°C Temperature 
Test 

Orange Sample 
preparation 
testing 

6 1:2 0.5 200°C Temperature 
Test 

Indistinguishable 
from the UV 
source 

 

7 1:2 0.3 225°C Injection 
Quantity 
Test 

Indistinguishable 
from the UV 
source 

 

8 1:1 0.4 225°C Concentration 
Test 

Darker Orange Very 
vigorous 
reaction 

 Optimized synthesis conditions (according to description in Experimental) 
 

9 1:2 0.6 225°C Injection 
Quantity 
Test 

Orange UV-VIS 

10 1:2 0.6 225°C Replicate Orange UV-VIS 
Outlier: 
Exceptionally 
narrow 
FWHM 

11 1:2 0.6 225°C Replicate Yellow Failed 
Injection; 
Faulty 
Needle 

 Completely Reproducible Synthesis 
 

12 1:2 0.6 225°C Replicate Orange UV-VIS 
13 1:2 0.6 225°C Replicate Orange UV-VIS 

 

The initial eight syntheses (ID 1-8) were carried out to establish best practices and approaches 

for the synthesis procedure, as well as initial observations on the effect of varying the synthesis 

parameters. Syntheses IDs 2-6 were focused on determining the effect of varying the reaction 

temperature, and establishing the limits of how far the temperature could be varied, while still 

producing useful products. Syntheses IDs 1, 2 and 8 were intended to investigate the effects of 

varying the concentration of diethylzinc, while ID 7 and ID 9 were intended to investigate the 

effects of varying the injection quantity. Synthesis ID 3 and ID 5 were also the batches used to 

test washing procedures, SEM imaging and XRD approaches. 

Starting from synthesis ID 9, the synthesis setup was fully established, and the goal shifted to 

targeting highly reproducible syntheses. Starting from synthesis ID 12, this objective was 
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achieved. Sans the failed synthesis ID 11, the products of these four syntheses were all 

characterized by fluorescence spectroscopy, which is further discussed later. From the few 

experiments carried out, we still can extract some initial key findings useful for further work. 

In the following we will elaborate on the key findings. 

1. Role of tuning the reaction temperature, keeping all other synthesis parameters fixed. 

The experiments show that controlling the nanoparticle size by adjusting the reaction 

temperature, while keeping all other factors constant, is indeed possible. The nanoparticle size 

increases with increasing reaction temperature, and vice versa. This is seen in the change in the 

fluorescent color of the product nanoparticles (Figure 23). The redder color corresponds to a 

longer wavelength of light emitted, which directly correlates with the nanoparticles being 

larger, as this effect is a consequence of quantum confinement: The diameter of the physical 

particle confines the wave function, such that the smaller the particle, the greater the energy 

gap responsible for the emitted color becomes, which directly correlates with a shift towards 

colors with shorter wavelengths. By the observed trend, one would expect the smallest particles 

corresponding to the blue colors at temperatures below 225°C. 

 

Figure 23: Variation in visible fluorescence of Zn3N2 nanoparticles when varying the reaction 
temperature in the range from 200 to 250oC whereof all other parameters were constant (see 
Table 1). The synthesis at 210°C does not fluoresce properly, but rather scatters and broadens 
incident UV light. The synthesis at 250°C was visually identical to the 240°C product. 
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However, the temperature-variation approach has certain limitations: Reducing the reaction 

temperature to obtain smaller nanoparticles has a hard limit for how far you can go. The exact 

temperature limit is not determined in this study, but at 210°C and below, the nitride 

nanoparticles do not form, or at least, do not fluoresce properly. This is visually observed as the 

product of the synthesis exhibiting a pale yellow color under regular light. Under UV light, the 

reaction mixture does not exhibit a single color characteristic color like the nitride 

nanoparticles, but rather varies with the UV source. Measured under fluorescence spectroscopy, 

one observes that the product of these low-temperature syntheses (200°C and 210°C) rather 

scatters and broadens incident UV light, as opposed to emitting a characteristic color. Shorter 

wavelengths of UV was attempted with these samples, in case the wavelength used for other 

measurements was insufficient, but this yielded the same outcome. Synthesis at 240°C and 

250°C give products with visually indistinguishable fluorescent color, showing a practical 

ceiling to the available temperature range for tuning the synthesis. It should be noted that these 

upper and lower limits have only been studied for the 1:2 precursor:solvent concentration. How 

the change in the precursor concentration affects these limits is a matter for further work. 

2. Role of tuning the quantity of injected precursor. 

Another variable that was tested, was the volume of injected precursor. With reference to 

synthesis IDs 2, 7 and 9, we noticed the greater the volume of precursor for a given diethylzinc-

concentration, the larger the nanoparticles. Equivalent with the temperature variation, a larger 

injection volume resulted in a product which emitted at longer wavelengths. Injection volume 

also showed a lower limit for synthesis, where nanoparticles failed to form, resulting in the 

same UV-scattering product as insufficient temperature produced. A failure to form 

nanoparticles due to insufficient injection volume was observed in synthesis 7, despite the molar 

quantity of diethylzinc being greater than synthesis 1, which succeeded. 

3. Evaluation on the reproducibility of the synthesis when the procedure was optimized. 

Pertaining to the syntheses which are categorized as controlled (ID 9-13), it is emphasized that 

the synthesis produces highly reproducible results. The fluorescence emission spectra of the 

four final syntheses (except the failed ID 11) are shown in Figure 24, which show excellent 

homogeneity in the products, sans the one outlier with a notably narrower FWHM. The peak 

emission wavelengths, as well as the FWHM of these four syntheses, are given in Table 5. It 

should be noted that the results show the same shoulder at longer wavelengths as Taylor et al.231 

Whether this is a sign of rod formation or if it is of a different cause, has not been investigated.  
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Figure 24: Fluorescence spectroscopy of the four final syntheses (IDs 9, 10, 12 and 13). The 
legend gives the synthesis ID. 

 

Table 5: Peak Emission Wavelength and FWHM values of the product under optimized 
synthesis conditions. 

Synthesis ID Peak Emission Wavelength 

(nm) 

FWHM (nm) 

9 635.4 94.5 

10 642.4 79.5 

12 632.1 87.6 

13 632.5 85.1 
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The fluorescence emission wavelength of a given nanoparticle is predominantly decided by its 

size. As such, the FWHM of the emission may be interpreted as a direct indicator of the size 

dispersity of the produced nanoparticles; the narrower the FWHM, the less the dispersity.  

The quality of the produced nanoparticles, as judged by the FWHM of the fluorescence, are a 

major improvement over the original procedure of Taylor et al.231 Comparatively, Taylor et al. 

reports FWHM values of 117 nm and 163 nm for peak emissions at 585 nm and 752 nm, 

respectively, while this alternate synthesis approach results in a FWHM of 86 nm for peak 

emission at 632 nm for the final two syntheses. All four final syntheses give an average FWHM 

of 87 nm. Interpolating the FWHM of Taylor et al. to the peak emission at 632 nm, this is a 

reduction of the FWHM by roughly 30%. The outlier, synthesis 10, produced a FWHM of 79.5 

nm, a nearly 40% decrease from Taylor, showing that further improvement is possible. 

While the particles were damaged by an incomplete washing procedure, TEM images, (Figure 

25) along with EDS elemental spectroscopy, were taken of some selected particles of synthesis 

ID 12. The results showed that, while there were remnants of nitrogen in the particles, the 

washing procedure had substantially damaged the product. Furthermore, the damaged particles 

exhibited a tendency to flocculate into larger clusters. These clusters made determining the size 

of the individual nanoparticles very challenging, with a large degree of uncertainty. We did 

succeed in obtaining atomic resolution on the images, ascertaining that the particles were indeed 

crystalline (Figure 25). While the quality of the damaged nanoparticles was insufficient for a 

detailed analysis of the size distribution, it was still sufficient to make out the general magnitude 

of the particle sizes. This range was found to be around 3-8 nm, in rough agreement with the 

particle diameters reported by Taylor et al.231 
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Figure 25: STEM image of a cluster of damaged Zn3N2 nanoparticles, showing atomic 
resolution. 

 

4. Role of lack of inertness in the synthesis apparatus and stability of product in air 

In the earlier parts of the work, we did have one instance where the synthesis setup was 

insufficiently inert (not included in the list of syntheses). The resulting product had a wrong 

color compared with what we were expecting, along with a murky color and lack transparency 

that did not occur with the proper syntheses. The most prominent color also corresponded to a 
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shorter wavelength than expected for the nitride, as one would expect from oxidation damage 

which is known to increase the band gap, or smaller particle size.  

We also carried out a couple of tests on the product to see how it reacted with ambient air and 

direct water exposure. Adding water to the reaction mixture resulted in immediate destruction 

of the Zn3N2 nanoparticles, converting it into colorless ZnO. Leaving the sample exposed to air 

resulted in approximately the same outcome, only slower. Over the course of 15 minutes, the 

originally rust-brown drop of the product suspension gradually turned clear starting from the 

edges (Figure 26). Notably, the nanoparticles don’t change color, their color simply fades in 

intensity until nothing. 

 

Figure 26: Effect of air exposure on a drop of the product from a synthesis. The destruction of 
the zinc nitride occurred over the course of about 15 minutes. 

 

6.4. Discussion and Challenges in the Work 

The key finding in this project is that the FWHM of the PL peak emission at 632 nm of the 

Zn3N2 nanoparticle product may be significantly reduced by utilizing a single-injection 

approach rather than multi-injection during the colloidal hot-injection synthesis route. As the 

FWHM directly correlates with the size distribution of the nanoparticles, the resulting product 

may be inferred to exhibit significantly more monodisperse particles compared with those of 

Taylor et al.231 As an alternative to repeated injections, we tested the effect of altering the 

reaction temperature of the synthesis to tune the nanoparticle size. Initial results show that this 

approach is indeed a viable approach, with an increased reaction temperature resulting in larger 

nanoparticles.  

Observing larger nanoparticles when increasing the reaction temperature is opposite of what 

one would expect from the kinetics of nanoparticle nucleation/growth. We suggest that the 

reaction is limited by the solubility of ammonia in the 1-octadecene – oleylamine mixture. With 

increased temperature, the concentration of dissolved ammonia in the solvent decreases, while 
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simultaneously increasing the rate both at which the reaction proceeds, and the zinc precursor 

decomposes to nitride monomers. The reaction kinetics for the formation of the product also 

increases. In effect, the nucleation step proceeds with limited monomers available, resulting in 

fewer nuclei to form, which grow larger as the ammonia is replenished at a relatively slow rate. 

The observation also fits the general LaMer explanation, when the supersaturation is decreasing 

when NH3 concentration is reduced implying nucleation is suppressed. The formation of fewer 

nuclei will allow increased particle growth in the next step as the reminding monomers is 

distributed between fewer nuclei. This view agrees with the work of Taylor et al., who observed 

that the particle size of the product increased when they decreased the flow of ammonia at 

constant temperature, and vice versa.  

Further, we observed an upper limit to the effect of increasing the temperature. It is possible 

that once the temperature exceeds a certain threshold, the limiting factor is no longer the 

solubility of ammonia in the solution. A similar feature was observed in Taylor et al.’s paper,231 

where the upper size limit of the nanoparticles appeared to plateau according to the amount of 

diethylzinc per injection, independent of the number of injections. 

If one wished to construct a synthesis matrix for tuning the size of the zinc nitride nanoparticles, 

we have four variables to consider: Temperature, NH3 flow rate, molar quantity of precursor, 

and precursor concentration. The first three have all been established to control the nanoparticle 

size; the first and third show a direct correlation with the nanoparticle size while the second has 

an inverse relation. With three established variables to alter to tune a single characteristic of the 

product, there is a fair degree of freedom for optimizing the product, while keeping the particle 

size constant. The effects of the fourth variable, precursor concentration, was not fully 

established, but reducing the concentration (reducing the ratio of diethylzinc to 1-octadecene) 

did significantly reduce the vigor of the reaction. This may help to improve the quality of the 

products, but this has not been properly established. 

The one-injection approach is an excellent choice for obtaining monodisperse Zn3N2 

nanoparticles with highly reproducible results. Further, with several options for tuning the size 

of the nanoparticles, judicious choice of parameters may allow for a wide range of particle sizes, 

even while constrained to a single injection of precursor. 

The primary challenge throughout this work was ensuring that the synthesis setup was always 

fully inert at all times. Even trace contaminations (O2, H2O) in the steps prior to the diethylzinc 
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injection step could greatly affect the outcome of the synthesis. As such, every step of the 

process required extra considerations, to extract all points of failure from the equation. 

The same applied for the steps connected to the handling of the produced nanoparticles as they 

were highly sensitive to both oxygen and water, causing rapid reaction to form colorless ZnO 

particles. As previously described, even protected by the reaction mixture, the damage was 

discernable to an observer after a few minutes of exposure.  

The final challenge for this project ended up the washing procedure, in attempts to prepare the 

nanoparticles for TEM imaging, with the purpose to document nanoparticle size, the size 

distribution within one synthesis batch as well as correct stoichiometry (Zn:N = 3:2). Initial 

attempts tried using ethanol as the washing agent, and hexane as redispersing agent, however it 

was found that regardless of drying procedure, the zinc nitride nanoparticles would be destroyed 

by the washing procedure. Ultimately, it was concluded that the ethanol itself had to be reacting 

with the nanoparticles.  

As protic solvents were not suited for the task, the next choice was isobutyronitrile. 

Unfortunately, the mixture of isobutyronitrile and hexane proved to rapidly dissolve small 

quantities of plastic from the centrifuge tubes and micropipette tips, contaminating the samples 

with a non-volatile solution of dissolved plastics. Use of glass pipettes and glass-lined 

centrifuge tubes eventually solved this issue. 

The final issue that prevented TEM imaging is believed to simply be the presence of water in 

the isobutyronitrile, which would require a drying procedure prior to being used for washing, 

by for instance molecular sieves. 

Throughout this work, the sensitivity of the zinc nitride nanoparticles to oxygen and water, and 

even protic solvents like ethanol, has thus been the central concern for the synthesis procedure. 

However, there have been two recent reports of zinc nitride synthesis being carried out in 

aqueous conditions (from mostly the same authors).232,233 From our observations through the 

course of this work, we note that these claims do not agree with our experience on the matter. 
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6.5. Beyond Zn3N2 – A Wider Point of View 

6.5.1. The Zn3N2 Synthesis Procedure in Perspective 

When the development of controlled (non-oxide) nanoparticle synthesis started in the 1980’s, 

there were a series of realizations on three critical conditions which could drastically affect the 

quality of the product: Crystallinity, inert conditions, and particle capping.234,235 

The challenges of ensuring inert conditions has been extensively discussed previously in the 

text, and applying the crystallinity condition is simple: improving the crystallinity of the 

nanoparticles could be attained simply by increasing the synthesis temperature. 

The concept of capping the particles is more involved. Nanoparticles, as directly synthesized, 

often have highly reactive surfaces, which is simultaneously both a useful and problematic 

characteristic. Increased reactivity is useful while you seek to modify the surface of the particle, 

but it is deleterious to the stability of the nanoparticle after the conclusion of the synthesis. This 

reactivity may be quenched by forming a shell structure around the nanoparticle. This may be 

achieved by growing a layer of a less reactive compound around the core particle, or simply 

modifying the core surface with a less reactive. Beyond chemical stability, shell structures also 

allow for tuning the particle properties, reduces surface defects of the core, and numerous other 

possibilities.236 In practice, capping for the purpose of passivating the particle surfaces, is 

utilized in all commercially applied nanoparticles. More complex nanoparticles, again, often 

intended for commercial applications, may have multiple layers of capping with different 

compounds, intended to optimize particular properties. An example is the multilayer structure 

of InP/ZnSe/ZnS nanoparticles utilized in Samsung QLED screens.223 

The synthesis procedure we employed, utilized the first two principles: Extensive effort was 

placed into ensuring inert conditions, and the synthesis occurred at a relatively high 

temperature, promoting higher crystallinity. We did not have the opportunity to attempt 

different alternatives for capping the nitride nanoparticles, although this could potentially have 

resulted in a substantial increase in the resilience of the product against oxygenating conditions. 

If the width of the FWHM we observed for our products was substantially caused by surface 

defect effects, rather than particle size distribution, proper application of capping could also 

have reduced the FWHM. Possibilities for capping of the Zn3N2 nanoparticles is discussed in 

more detail shortly.  

To attain further improvement of the basic Zn3N2 nanoparticles with the current fundamental 

approach, would mainly come down to optimization of parameters. Both general optimizations, 
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and specific tuning depending on the target particle size is potentially possible, with the number 

of variable parameters available in this system: Total solvent volume, solvent-to-surfactant 

ratio, precursor injection volume, ammonia flow rate and synthesis temperature are all potential 

variables that may potentially be tuned. Carrying out the synthesis within a fully inert 

environment, rather than moving equipment through ambient conditions could also improve the 

results. 

More sophisticated methods of controlling the growth of colloidal nanoparticles beyond the 

simple, rapid, hot-injection methodology have been devised through the years. One such 

example is particle size tuning by constant, slow addition of precursors to a solution at synthesis 

temperature.237 The synthesis approach we have utilized could potentially be refined by 

applying this approach, but this would necessitate the introduction of more complex equipment. 

 

6.5.2. Nanoparticles of Other Nitrides 

Nitride nanoparticles at large is not an obscure topic in the literature. Several nitride compounds 

have received significant attention from the scientific community. However, there is a major 

imbalance in what compounds receive attention: Nanoparticles of the more stable nitride 

compounds, such as TiN, Si3N4, BN, and especially graphitic carbon nitride, constitute major 

parts of the total literature by number of associated articles, according to Web of Science. The 

transition metal nitride nanoparticles specifically have received attention for potential 

applications in heterogeneous catalysts,238 biomedical use,239,240 battery applications241,242 and 

more. 

Many of the nitrides under typical consideration do not appear to be as heavily constrained by 

the need for completely inert conditions even after synthesis. The nitrides that receive the 

greater attention in the literature are, as mentioned previously, also more generally stable. This 

allows, for instance, synthesis procedures involving precursors such as metal oxide243 or 

hydroxide-based compounds,244 or even direct synthesis of nitride nanoparticles in air.245 A 

majority of reported syntheses do occur under inert, reactive nitrogen or ammonia atmospheres, 

so the presence of oxygen can and often will be problematic during synthesis, but it doesn’t 

seem to be a specifically marked issue in most instances. Do note that this is likely at least in 

part due to the tendency in scientific literature to only report the final success, with limited 

mentions of what difficulties were encountered. 
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6.5.3. Fluorescent Nanoparticles – Comparison of Properties 

The final syntheses of this project produced nanoparticles with peak photoluminescent emission 

at a wavelength of 632 nm, with a FWHM of 86 nm. As previously discussed, these results are 

a significant improvement over Taylor et al.231 However, compared with currently 

commercially utilized nanoparticles, there is a significant difference. The best non-toxic 

systems available around the same wavelengths, namely InP/ZnSe/ZnS quantum dots, exhibit 

emission FWHM of about 35 nanometers.223 The results obtained in this our work is thus still 

far from the commercial standard, although this is to be expected; the experimental synthesis 

procedure is still rough, relatively speaking. And again, these InP nanoparticles are developed, 

and utilized by Samsung,223 meaning the resources available for development greatly exceeds 

ours. 

The main advantage of this work is rather the materials involved. Current commercial quantum 

dots rely in large part on toxic elements, cadmium in particular has remained a part of the cutting 

edge for decades, as well as scarce elements such as indium.221 If these could be exchanged for 

the cheap, abundant, non-toxic and environmentally friendly combination of zinc and nitrogen, 

it would reduce the harmful impacts of growing utilization of quantum dot technologies. The 

possibility of tuning the particles for the full human visual range is also very useful, as the 

nitrides could potentially be used for any light-emission application for human purposes. 

 

6.5.4. The Path Forwards – Core-Shell Structures and Multianion Nanoparticles 

An obvious path forwards for the zinc nitride nanoparticles, when aiming for functional 

properties, would be the addition of one or more layers of other compounds around the main 

Zn3N2 nanoparticle. This is, as implied in the previous section, a common approach to the 

optimization of nanoparticle properties. This principle could be applied for the improvement of 

the properties of the Zn3N2 nanoparticles as well. Beyond optimization of the basic properties, 

the shell would serve a critical purpose in protecting the zinc nitride core from reacting with 

ambient conditions, making them more reasonably applicable in commercial products.  

The possible choices for the shell immediately adjacent to the zinc nitride are likely quite 

limited. Oxides are unusable, as the synthesis process would undoubtedly destroy the nitride. 

The nitride being generally unstable, most anions in reactive synthesis conditions would also 

likely replace the nitrogen. As such, it is difficult to suggest any compounds apart from other 

nitrides as potentially suitable candidates. Unfortunately, many of these have unsuitable 
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properties for synthesis in similar conditions to the zinc nitride; devising a synthesis procedure 

which allows the formation of a nitride shell layer without damaging the zinc nitride core would 

likely be challenging. The air-stable, wide band gap nitrides which could serve as a protective 

outer layer for an optically active core, Si3N4, BN and GaN, often require synthesis 

temperatures of 1000 °C or higher by conventional approaches, which is unattainable in this 

case.246–248 There are, however, reports of both Si3N4 and GaN being formed at much lower 

temperatures, including the range available to the Zn3N2 synthesis setup.249,250 As such, it is 

possible that devising a suitable approach for capping Zn3N2 with one of these highly stable 

nitrides is achievable. 

For active shell structures, intended to interact with the core and modify its properties rather 

than just shield it, there are a couple of options that may have potential. Synthesis of one of the 

iron nitrides, for example, has been reported with annealing at the relatively low temperature 

of 300 °C.251 As such, this compound may potentially form within similar synthesis conditions 

to what we have utilized in this project, which could allow for direct of a core-shell structure in 

one synthesis. The practical viability would also hinge on whether there exists a suitable 

precursor, which is both sufficiently reactive, and won’t harm the Zn3N2 with side products. 

One of the initial goals for this nanoparticle synthesis project was to establish a synthesis 

procedure for nanoparticles of the multianion Zn2NF phases. This was the original link between 

the two thematically isolated aspects of this Ph.D. work; the synthesis of the nitride was 

intended as an initial step for testing, verifying and improving the inert synthesis conditions 

prior to the introduction of fluoride anions into the synthesis. 

The possibilities of multianion chemistry have gained attention in recent years, and as the field 

gained traction, increased efforts were devoted to the branching possibilities of multianion 

materials, beyond the properties of simple bulk materials. These efforts have seen nanoparticle 

development in the more actively investigated multianion phases such as certain oxysulfides,252 

but for the less developed multianion fields such as the nitride-fluorides, work remains entirely 

within the range of bulk materials. 

A major advantage of the hypothetical Zn2NF nanoparticles over the pure nitride would have 

been expected to be an increase in stability of the compound. Zn3N2, as extensively observed 

through this work, is highly sensitive to air and water in ambient conditions. It is thus difficult 

to work with, complicating production and limiting the potential applications. Zn2NF, as 

indicated by previous reports, is significantly more stable, and does not appear to react swiftly 
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with water. Combined with a favorable alignment of the energy gap edges relative to water, it 

has been tested as a photocatalytic agent for water splitting.253 

Zn2NF is an aliovalent substitution of the ZnO composition, which also forms a range of 

compositions of the form ZnO1-x-yNxFy (0 ≤ x, y ≤ 0.5). If the proportion of oxygen is about 0.2 

or greater substituted from fluorine, the compound assumes the hexagonal crystal structure of 

ZnO.253 Below this oxygen content, the compound may assume two forms, α- or β-, 

corresponding to the low- and high-temperature structures, respectively. These forms are 

orthorhombic (P212121 No. 19) and tetragonal (P41212 No. 92), again respectively. 

Interestingly, both forms assume enantiomorphic crystal structures, exhibiting anionic 

superstructures. Based on an enantiomorphic crystal structure, Zn2NF nanoparticles could 

potentially exhibit properties such as nonlinear optics, or different biological activity between 

each handed form, but this is purely hypothetical at the current stage. A range of zinc nitride-

halides have been reported to exist; these compounds could also potentially be considered for 

multianion nanoparticle synthesis by an approach similar to what we have employed here.254  

An anticipated difficulty with nanoparticles in the Zn – N – F system, is the number of different 

potential phases that may form. There are three different compounds in the system which are 

currently known, with two of them having at least two possible crystal structures. In addition 

to the nanoparticle size, the synthesis procedure would also require tuning to minimize the 

quantity of secondary phases forming, which could potentially prove to be a greatly 

complicating factor, beyond the initial challenge of forming nitride-fluorides in the first place. 

 

6.6. Conclusion and Outlook 

We have synthesized zinc nitride nanoparticles by a hot-injection methodology utilizing a single 

injection of the diethylzinc precursor, rather than the multiple previously employed. The 

obtained nanoparticles were found to fluoresce with a substantially reduced FWHM compared 

with the multi-injection approach, and the resulting nanoparticle product were found to be 

highly reproducible. A cursory investigation into the effects of precursor quantity and 

temperature indicated that the particle size could be adjusted with either parameter, but the 

project was interrupted before a proper range of syntheses and replicates could be carried out. 

There are a lot of potential avenues to explore off the initial findings in this work. In addition 

to completing the work which was interrupted in this study, the full synthesis matrix requires 

further investigation to identify the optimal synthesis conditions. As the outlier synthesis (ID10) 
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showed, there is still room for major improvement of the synthesis conditions. Potential further 

work, beyond the parameters of just nitride synthesis, could include the introduction of other 

reactive gasses in addition to ammonia, to attempt to form multianion nanoparticles, or multi-

step syntheses, to form a protective shell around the reactive zinc nitride nanoparticles with a 

more inert substance. These directions would have been the natural next steps in this project, if 

we had not encountered so many challenges. 
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8. Appendix – Other Work 

This section covers work that was carried out in association with this Ph. D. project, but 

ultimately did not yield results suitable for inclusion in the main text of the thesis, whether 

because no usable results were obtained, or because the subject was not found to fall within the 

main topic. The elements herein discussed are intended as a record of the difficulties 

encountered, and the results obtained. 

 

8.1. FeI2 • 4H2O – A Case Study in Deceptive Crystal Twinning 

During a cursory search for novel multianion compounds in a synthesis with nominal 

composition Fe2SIO, a high quality, colorless single crystal was obtained. 

Refining the structure after measuring SC-XRD data for the compound, a structure described 

by the Cmcm space group was obtained, with a predicted composition SIO2 (Figure 27). The 

lattice parameters were a = 4.605(4) Å, b = 12.291(10) Å and c = 7.404(6) Å. The refinement 

parameters and atomic positions are given in appendix 9.1.6. While the compound proved air 

sensitive and decomposed during the measurement, the refinement parameters of the structure 

looked excellent. PXRD suggested a considerable amount of the compound had formed, and so 

attempts to synthesize this compound pure commenced. 
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Figure 27: Apparent crystal structure of the twinned SIO2 structure. 

 

Reliably synthesizing the compound proved impossible; the conditions where the compound 

appeared to form appeared to be random. SEM/EDX analysis gave wildly varying results and 

failed to identify the composition with any reliability. The compounds presence was not 

observed again in the PXRD. New single crystals were intermittently obtained and measured, 

but the resulting crystal structure, and corresponding composition, was always the same. 

In retrospect, knowing what the compound was, the deciding factor for its formation was 

atmospheric humidity. The hydrate only appears to form under rather specific humidity: To 

low, and the formation is slow to nonexistent. Single crystals do not appear to form either, only 

poorly diffracting powder. If the humidity is too high, the iron iodide either does not form usable 

hydrate single crystals, or deliquesces to lose all structure, and cannot be measured.  

The true composition of the SIO2 compound was in fact FeI2•4H2O, which exhibits the same 

structure type as the chloride and bromide analogs: A monoclinic structure with the P21/c space 

group. The actual lattice parameters, again determined by SC-XRD data, are a = 6.5577 Å, b = 

7.3954 Å, c = 9.1963 Å, and β = 110.3814°. The crystal structure is shown in Figure 28, and 
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the refinement details are given in appendix 9.1.6. As one would expect from the ionic radii, all 

lattice parameters are increased compared with the Cl and Br analogs. The lattice angle, 

however, consistently decreases as the anion radius increases. 

 

Figure 28: The real crystal structure of the “SIO2” phase, with composition FeI2•4H2O. The 
hydrogen ions are not depicted. 

 

FeI2•4H2O is a poorly characterized compound, with information scattered and poorly 

referenced. This is likely due to the sensitivity of FeI2 to atmospheric water, and possibly the 

purported existence of di-, tetra-, hexa- and nona-hydrates (unsourced Wikipedia claim, no 

online source could be found for any hydrate except the tetra coordination, although this may 

be language barriers) complicating and conflating matters. 

The tetrahydrate is reported to be either black,255 or green,256 although the latter may be a 

spelling error for white, as the Russian source uses abbreviated words for the compound color, 

so white and green only differ by one letter (бел vs. зел). We observed the individual crystals 

to be colorless, which would yield a white powder. The crystals did gradually change color 

during measurement, slowly turning black, but this was accompanied by a gradual loss in 

diffraction intensity. The fully converted black crystals gave no discernable diffraction spots, 

indicating low to nonexistent crystallinity in this converted species. It should be noted that the 

single crystal reflections did not distort or change as the black phase formed, only weakened, 
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so there does not appear to be a different crystalline phase formed during the decomposition of 

the tetrahydrate. 

The cause behind the confusion of the crystal structure and its composition, is partly the 

propensity of FeI2•4H2O to form crystal twins, and partly a coincidental relation between the 

nominal composition of the synthesis and the atomic numbers of the constituent atoms. 

The twin law describing the crystallographic twins of FeI2•4H2O is a c-mirror law, one of the 

most common variations of crystal twinning for monoclinic systems. It is an example of a non-

merohedral twinning arrangement, where certain positions within the resulting unit cell are 

doubly occupied, while others overlap. In this particular case, the iodine- and oxygen-positions 

overlap with themselves, which makes no difference, while the Fe-positions end up with an 

apparent halved occupancy. However, a Fe2+ ion has 24 electrons associated with it. With a 0.5 

occupancy, this is indistinguishable from S4+, or S5+ as the composition SIO2 would 

theoretically have, for XRD-based methods. 

Now, while working backwards to find the twinning arrangement from the correct structure is 

trivial with modern computer tools, which will directly solve the problem at the press of a 

button, determining the correct crystal structure when all measurements give a completely 

different unit cell is a significantly more complicated matter. The author is not aware of any 

simple computer tool which can solve this particular case.  

Due to the apparent randomness of the “SIO2” synthesis conditions, and the sensitivity of the 

compound to atmospheric conditions, obtaining a usable sample for EDX analysis was difficult. 

When a usable sample was finally obtained, the indication that the compound consisted at least 

in part of iron and iodine was the first indication that the crystal structure was derived from a 

twin. Reexamining the crystal structure of “SIO2” with this perspective, and starting from the 

apparent Cmcm crystal structure that results from the measurement, the process to realize the 

correct structure went as follows: 

1. Assume the Cmcm structure is the product of a twin crystal, with half-occupied Fe-

positions. 

2. Double the a- and b-axes, while filling in with the atomic positions with unit cells, as 

this is the minimum cell to resolve for an ordered arrangement from the 0.5 occupancy 

of Fe. 

3. Selectively remove Fe-positions to obtain an ordered crystal structure that could 

theoretically be stable, without immediately rearranging. 
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4. Search the resulting structure for a smaller unit cell, which turned out to be monoclinic. 

5. Use the new monoclinic cell as a starting point and constraint for redetermination of the 

unit cell from the raw SC-XRD data. 

6. Refine the structure from the new unit cell, including the appropriate twin law. 

Once the correct crystal structure was known, it was swiftly identified as an analog of the 

FeX2•4H2O (X = Cl, Br) compounds, which made the identity of the compound obvious. 

Another factor that served to deceive as to the correct nature of this compound, was the PXRD, 

gathered on the same sample from which “SIO2” was originally discovered. The twinned Cmcm 

and correct P21/c crystal structures would theoretically have very similar PXRD signals, but 

the monoclinic structure should exhibit different peak intensities, certain split peaks, and some 

additional peaks. The PXRD, however, showed none of the features that would indicate the 

final monoclinic structure, and rather matched better with the expected diffraction from the 

twinned Cmcm structure.  

 

8.2. Oxy- and Nitride-Fluorides 

The initial plan for the nitride-fluorides and oxyfluorides, was to employ the same methodology 

as for the bichalcogenides, utilizing a corundum crucible with a silica ampoule. This ran into 

an immediate stumbling block, as fluorides are volatile, and highly reactive at elevated 

temperatures. It was found that the fluorides would sublimate off, either as fluorides or as 

transient oxyfluorides, react with the SiO2 in the ampoule, and transport the SiO2 back into the 

initial reaction mixture to form silicate impurities. Depending on the atomic species involved 

in a given reaction, and the duration of the synthesis, the quantity of silicates could become the 

majority constituent of the product. It was evident that this was a gas diffusion-based side 

reaction from the fact that certain syntheses would be halfway converted; only the half closer 

to the opening of the crucible would have formed silicates. 

As many fluorides would also readily react with Al2O3, even at comparatively low 

temperatures, the corundum crucibles were also found to be unsuitable for the task. In an 

attempt to remedy these issues, crucibles of a Monel alloy (composed primarily of Nickel and 

Copper with smaller quantities of iron and other metals), which could be crimped shut, were 

attempted. These worked well for pure fluorides, but mixtures of oxides and fluorides remained 

problematic, due to what is assumed to be multiple reasons. Firstly, the fluorides exhibited a 

trend to sublimate at temperatures needed for the oxides to react at any appreciable rate. 
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Secondly, the combination of oxides and fluorides appears to form transient, volatile species 

with excellent gas transport properties.  

This same issue affected the attempts at nitride-fluoride syntheses as well. The commercial 

nitrides utilized were rarely completely free of oxygen contamination. The small initial 

proportion of oxygen started the oxyfluoride transport mechanism, which proceeded to bring in 

more oxygen from the ampoule walls, leading to a feedback loop that continuously sped up the 

introduction of more oxygen. The eventual consequence was usually a complete loss of the 

nitride species by conversion to oxides or oxy-nitrides depending on the cations involved. 

An interesting observation made over the course of these experiments, was that a mixture of 

certain oxides and fluorides, if heated to 750-800 °C in the presence of a Monel alloy, would 

cause gas transport of SiO2 from the amorphous silica ampoule to the Monel alloy surface, 

forming a fibrous material, soft to the touch, of crystalline quartz. The transport is believed to 

be caused by the formation of silicon oxyfluorides, which are highly volatile.257,258  

Two examples of compositions which would cause this effect was ZnF2 + ZnO in a 1:1 molar 

ratio at 800 °C, and CoF3 + CoO + Co in a 5:4:1 molar ratio at 750 °C. The result from these 

syntheses are illustrated in Figure 29. SEM imaging of the latter is shown in Figure 30. 

 

Figure 29: Monel crucibles covered in fibrous quartz after attempted oxyfluoride synthesis. The 
left and right crucibles correspond to “ZnOF” and “Co10O4F15” syntheses, respectively. 
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Figure 30: SEM image of fibrous quartz structures observed to form on Monel alloy crucibles 
during certain attempts at oxyfluoride syntheses. 

 

The fibers mostly range in thickness from around 100 nm in diameter up to a couple hundred, 

with some outliers exhibiting a diameter of about 1.5-2 μm. They are highly electrically 

insulating and attempting to image them close up results in severe distortion of the image from 

build-up of charge. 

It should be noted that we have no data on how large a proportion of the fibrous structure is 

crystalline; it is possible that only certain parts of the fibrous structures are crystalline, while 

the remainder consists of fibrous glass, but this would lack a thermodynamic incentive for the 

silica to selectively transfer off the glass walls. 

A potential usage case for such quartz fibers would be as a potential alternative to asbestos, 

similar to the usage of glass fiber. This would, of course, depend on whether these fibers are 

less harmful to humans than asbestos. Another usage case would be as an inert matrix for 

deposition of an active coating. 

 

 



138 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



139 
 

9. Appendix – Additional Data 

9.1. Appendix – Crystal Structure Refinement Data 

This section provides further details on the refinement statistics for the compounds not 

discussed in full articles. Further, the ionic positions of the crystal structures are provided in 

full. 

9.1.1. Appendix – Refinement Data and Crystal Structure of Ba9Fe4Te3.5S12.5+δ 

Table 6: Structure and refinement data of Ba9Fe4Te3.5S12.5+δ. 

Formula Ba9Fe4Te3.5S12.622 

Radiation Mo Kα (λ = 0.71073 Å) 

Instrument BRUKER D8 Venture 

Physical Appearance Black 

Crystal System Orthorombic 

Space Group P41 (No. 76) 

Formula Weight/g mol-1 2310.71 

Temperature/K 293 

a/Å 9.7818(3) 

c/Å 34.851(2) 

V/Å3 3334.7(2) 

Z 4 

ρcalc/g cm-3 4.6025 

Independent Reflections 9304 

No. of variables 306 

GOF (obs) on F2 1.82 

GOF (all) on F2 1.79 

R1 (obs)/% 3.23 

R1 (all)/% 3.58 

wR2 (obs)/% 9.57 

wR2 (all)/% 9.67 

 

Table 7: Atomic sites, occupancies and isotropic thermal parameters for the refinement of 
Ba9Fe4Te3.5S12.5+δ. 

Atom Site x y z Occupancy Uiso (Å2) 
Ba1 4a  0.23033(5)  0.75160(5)  0.51902(3) 1  0.0120(2) 
Ba2 4a  0.36084(6)  0.56736(6)  0.41271(3) 1  0.0185(2) 
Ba3 4a  0.83927(6)  0.98127(7)  0.54918(3) 1  0.0243(2) 
Ba4 4a  0.09607(6)  0.95442(5)  0.41730(2) 1  0.0182(2) 
Ba5 4a  0.62338(6)  0.95787(6)  0.37499(3) 1  0.0194(2) 
Ba6 4a  0.88865(6)  0.57192(5)  0.37031(2) 1  0.0179(2) 
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Ba7 4a  0.00917(7)  0.36466(6)  0.48683(2) 1  0.0238(2) 
Ba8 4a  0.62033(6)  0.52860(7)  0.54987(3) 1  0.0284(2) 
Ba9 4a  0.45151(7)  0.14136(6)  0.48936(3) 1  0.0288(2) 
Te1 4a  0.8528(5)  0.2425(3)  0.39609(9) 0.81(2)  0.0296(7) 
Te2 4a  0.1310(5)  0.2831(2)  0.3905(2) 0.79(2)  0.0298(7) 
Te3 4a  0.4928(1)  0.26250(8)  0.39502(3) 0.810(2)  0.0300(2) 
Te4 4a  0.0364(2)  0.3140(2)  0.58147(4) 0.224(3)  0.0288(5) 
Te5 4a  0.6727(2)  0.5686(2)  0.45551(5) 0.153(3)  0.0296(6) 
Te6 4a  0.6842(3)  0.3486(3)  0.44717(7) 0.243(2)  0.0231(8) 
Te7 4a  0.787(6)  0.2570(9)  0.3924(2) 0.16(2)  0.053(7) 
Te8 4a  0.193(4)  0.2712(8)  0.3949(2) 0.15(2)  0.039(4) 
Te9 4a  0.8232(4)  0.2984(4)  0.5907(2) 0.16(4)  0.024(2) 
Fe1 4a  0.5973(2)  0.7999(2)  0.47381(4) 1  0.0124(3) 
Fe2 4a  0.8654(2)  0.7076(2)  0.47482(4) 1  0.0125(3) 
Fe3 4a  0.1821(2)  0.1191(2)  0.56372(4) 1  0.0131(3) 
Fe4 4a  0.2750(2)  0.3884(2)  0.56292(4) 1  0.0124(3) 
S1 4a  0.0364(2)  0.3140(2)  0.58147(4) 0.776(3)  0.0288(5) 
S2 4a  0.6727(2)  0.5686(2)  0.45551(5) 0.847(3)  0.0296(6) 
S3 4a  0.1261(2)  0.9223(2)  0.59589(6) 1  0.0130(5) 
S4 4a  0.3403(2)  0.5775(2)  0.59713(6) 1  0.0141(6) 
S5 4a  0.9187(2)  0.6599(2)  0.53708(6) 1  0.0155(6) 
S6 4a  0.5407(2)  0.8457(2)  0.53602(7) 1  0.0183(6) 
S7 4a  0.4019(2)  0.1935(2)  0.57882(6) 1  0.0159(6) 
S8 4a  0.7910(2)  0.9269(2)  0.45903(6) 1  0.0154(6) 
S9 4a  0.3243(2)  0.4437(2)  0.50083(6) 1  0.0152(6) 
S10 4a  0.0619(2)  0.6521(2)  0.44186(6) 1  0.0139(6) 
S11 4a  0.4067(2)  0.8644(2)  0.44028(6) 1  0.0152(6) 
S12 4a  0.1341(2)  0.0646(2)  0.50183(7) 1  0.0170(6) 
S13 4a  0.7272(3)  0.2574(3)  0.50643(1) 1  0.044(1) 

 

9.1.2. Appendix – Refinement Data and Crystal Structure of Ba3VTeS4 

Table 8: Structure and refinement data of Ba3VTeS4 

Formula Ba3VTeS4 

Radiation Mo Kα (λ = 0.71073 Å) 

Instrument BRUKER D8 Venture 

Physical Appearance Black 

Crystal System Orthorombic 

Space Group Cmcm (No. 63) 

Formula Weight/g mol-1 718.8 

Temperature/K 293 

a/Å 6.7533(3) 

b/Å 16.1831(7) 

c/Å 9.6458(4) 

V/Å3 1054.18(8) 
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Z 4 

ρcalc/g cm-3 4.5290 

Independent Reflections 1182 

No. of variables 31 

GOF (obs) on F2 1.71 

GOF (all) on F2 1.67 

R1 (obs)/% 1.66 

R1 (all)/% 1.95 

wR2 (obs)/% 4.55 

wR2 (all)/% 4.62 

 

Table 9: Atomic positions and isotropic thermal parameters for the refinement of Ba3VTeS4 

Atom Site x y z Uiso (Å2) 

Ba1 8f 0 0.34498(1) 0.47912(2) 0.01405(6) 

Ba2 4c ½  0.55131(2) ¼  0.01149(7) 

V1 4c ½  0.31441(4) ¼  0.0099(2) 

Te1 4c 0 0.50845(2) ¼   0.01314(7) 

S1 8g 0.2436(2) 0.23140(5) ¼  0.0150(2) 

S2 8f ½  0.38652(5) 0.44374(8) 0.0162(2) 

 

 

9.1.3. Appendix – Refinement Data and Crystal Structure of Ba2Mn3Te2S3 

Table 10: Structure and refinement data of Ba2Mn3Te2S3. 

Formula Ba2Mn3Te2S3 

Radiation Mo Kα (λ = 0.71073 Å) 

Instrument BRUKER D8 Venture 

Crystal System Orthorombic 

Space Group Pbam (No. 55) 

Formula Weight/g mol-1 790.87 

Temperature/K 293 

a/Å 11.8025(4) 

b/Å 9.0163(3) 

c/Å 4.8592(2) 

V/Å3 517.09(3) 

Z 2 

ρcalc/g cm-3 5.0795 

Independent Reflections 2685 

No. of variables 36 
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GOF (obs) on F2 1.98 

GOF (all) on F2 1.72 

R1 (obs)/% 3.67 

R1 (all)/% 7.69 

wR2 (obs)/% 6.77 

wR2 (all)/% 8.19 

 

Table 11: Atomic sites, occupancies and isotropic thermal parameters for the refinement of 
Ba2Mn3Te2S3. 

Atom Site x y z Occupancy Uiso (Å2) 
Ba1 4g 0.33999(2) 0.90514(2) 0 1 0.01194(4) 
Te1 4h 0.33579(2) 0.60023(2) ½  1 0.01555(5) 
Mn1 4e ½  ½  0.9064(4) 0.5 0.0466(6) 
Mn2 4h 0.6015(2) 0.7743(2) ½  0.5 0.0233(3) 
Mn3 4h 0.5613(2) 0.7292(2) ½  0.5 0.0233(3) 
S1 2d ½  0 ½  1 0.0136(3) 
S2 4g 0.59176(6) 0.73102(8) 0 1 0.0114(2) 

 

9.1.4. Appendix – Refinement Data and Crystal Structure of La2TeS2 

Table 12: Structure and refinement data of La2TeS2 

Formula La2TeS2 

Radiation Mo Kα (λ = 0.71073 Å) 

Instrument BRUKER D8 Venture 

Crystal System Trigonal 

Space Group P3m1 (No. 164) 
Formula Weight/g mol-1 469.53 

Temperature/K 293 

a/Å 4.7127(1) 

c/Å 7.8044(3) 

V/Å3 150.110(7) 

Z 1 

ρcalc/g cm-3 5.1940 

Independent Reflections 607 

No. of variables 9 

GOF (obs) on F2 1.83 

GOF (all) on F2 1.71 

R1 (obs)/% 3.84 

R1 (all)/% 5.78 

wR2 (obs)/% 7.31 

wR2 (all)/% 7.68 
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Table 13: Atomic positions and isotropic thermal parameters for the refinement of La2TeS2 

Atom Site x y z Uiso (Å2) 

La1 2d 0.33333 0.66667 0.26536(4) 0.01005(9) 

Te1 1a 0 0 0 0.01058(2) 

S1 2d 0.66667 0.33333 0.36388 0.0111(3) 

 

9.1.5. Appendix - Refinement Data and Crystal Structure of La10Te14+xS1-x 

Table 14: Structure and refinement data of La10Te14+xS1-x. 

Formula La10Te14.077S0.923 

Radiation Mo Kα (λ = 0.71073 Å) 

Instrument BRUKER D8 Venture 

Crystal System Tetrahedral 

Space Group I41/acd (No. 142) 

Formula Weight/g mol-1 3214.86 

Temperature/K 293 

a/Å 16.930(3) 

c/Å 22.485(3) 

V/Å3 6445(2) 

Z 8 

ρcalc/g cm-3 6.6268 

Independent Reflections 1150 

No. of variables 58 

GOF (obs) on F2 1.98 

GOF (all) on F2 1.69 

R1 (obs)/% 6.63 

R1 (all)/% 14.96 

wR2 (obs)/% 14.17 

wR2 (all)/% 15.89 

 

Table 15: Atomic positions and isotropic thermal parameters for the refinement of 
La10Te14+xS1-x 

Atom Site x y z Occupancy Uiso (Å2) 

La1 16f 0.3633(2) 0.1367(2) 0 1 0.0145(8) 

La2 32g 0.1381(2) 0.0101(2) 0.07004(9) 1 0.0194(8) 

La3 32g 0.6301(2) 0.2238(2) 0.07766(9) 1 0.0241(9) 

Te1 32g 0.8422(2) 0.1763(2) 0.0329(1) 1 0.0193(9) 
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Te2 32g 0.6768(2) 0.0382(2) 0.0452(1) 1 0.0186(9) 

Te3 32g 0.4769(2) 0.1323(2) 0.1196(2) 1 0.0262(9) 

Te4 16e ¼  0.1487(2) 0.125 1 0.040(2) 

Te5 8a 0 0 0 0.08(2) 0.037(7) 

S1 8a 0 0 0 0.92(2) 0.037(7) 

 

9.1.6. Appendix – Refinement Data and Crystal Structures of FeI2•4H2O and the Twinned 

“SIO2” 

Table 16: Structure and refinement data of FeI2•4H2O. The effect of hydrogen is neglected. 

Formula FeI2•4H2O 

Radiation Mo Kα (λ = 0.71073 Å) 

Instrument BRUKER D8 Venture 

Physical Appearance Colorless 

Crystal System Monoclinic 

Space Group P21/c (No. 14) 

Formula Weight/g mol-1 373.65 

Temperature/K 293 

a/Å 6.5578(8) 

b/Å 7.3956(8) 

c/Å 9.197(2) 

β/Å 110.380(4) 

V/Å3 418.1024(8) 

Z 2 

ρcalc/g cm-3 2.9680 

Independent Reflections 1151 

No. of variables 35 

GOF (obs) on F2 1.73 

GOF (all) on F2 1.58 

R1 (obs)/% 3.80 

R1 (all)/% 6.86 

wR2 (obs)/% 7.98 

wR2 (all)/% 8.75 

 

Table 17: Atomic positions and isotropic thermal parameters for the refinement of FeI2•4H2O 

Atom Site x y z Uiso (Å2) 

Fe1 2a ½  0  ½  0.0250(5) 

I1 4e 0.17538(7) 0.27928(9) 0.4201(2) 0.0322(2) 

O1 4e 0.498(2) 0.9982(8) 0.2680(5) 0.050(3) 
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O2 4e 0.7369(8) 0.2005(7) 0.558(1) 0.043(2) 

 

Table 18: Structure and refinement data of the twinned structure “SIO2”. 

Formula SIO2 

Radiation Mo Kα (λ = 0.71073 Å) 

Instrument BRUKER D8 Venture 

Physical Appearance Colorless 

Crystal System Orthorombic 

Space Group Cmcm (No. 63) 

Formula Weight/g mol-1 230.81 

Temperature/K 293 

a/Å 4.605(4) 

b/Å 12.29(1) 

c/Å 7.404(6) 

V/Å3 419.0(6) 

Z 4 

ρcalc/g cm-3 3.6586 

Independent Reflections 231 

No. of variables 17 

GOF (obs) on F2 1.94 

GOF (all) on F2 1.63 

R1 (obs)/% 3.93 

R1 (all)/% 8.17 

wR2 (obs)/% 7.64 

wR2 (all)/% 8.48 

 

Table 19: Atomic positions and isotropic thermal parameters for the refinement of twinned 
structure “SIO2”. 

Atom Site x y z Uiso (Å2) 

S1 4a 0 0.1625(2) ¼ 0.0535(6) 

I1 4c 0 0 0 0.040(2) 

O1 4b ½ 0 0 0.060(6) 

O2 4c 0 0.119(2) ¾  0.099(9) 

 

9.2. Appendix – Failed Syntheses 

This appendix is intended as a record of the phase diagrams that were probed for novel phases 

over the course of this work, but which failed to yield any products aside from previously 
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reported phases. These are here briefly listed so that next-coming researcher in this field does 

not have to repeat the same failures. 

Table 20: A record of phase diagrams which were probed for new phases, but failed to yield 
anything of note, beyond previously reported compounds. 

System Synthesis Temperature (°C) 

CaO + CoF3 750 – 1000 
SrO + CoF3  750 
MnO + CoF3  750 – 850 
Al2O3 + CoF3  750 
CoO + CoF3 + Co  750 – 950 
ZnO + ZnF2 500 – 950 
MnO + ZnF2 750 
ZnF2 + MnF2 + Fe2O3  750 
La2O3 + CoF3 750 
La2O3 + MgF2 750 
La2O3 + ZnF2 750 
La2O3 + CaF2 750 
La2O3 + MnF2 750 
La2O3 + LiF 750 
La2O3 + TiF3 750 
La2O3 + NaH 500 
La2O3 + CaH2 500 
Li3N + MgF2 500 
Li3N + ZnF2 500 
Li3N + CaF2 500 
Li3N + MnF2 500 
Li3N + LiF 500 
Li3N + TiF3 500 
Zn3N2 + CaF2 500 
Zn3N2 + MgF2 500 
Zn3N2 + MnF2 500 
Zn3N2 + LiF 500 
Zn3N2 + TiF3 500 
Ca3N2 + CoF3 500 
Ca3N2 + MgF2 500 
Ca3N2 + ZnF2 500 - 750 
Ca3N2 + MnF2 750 
Ca3N2 + Zn3N2 + MnF2 + ZnF2 500 
Li2O + ZnO + TiF3 1000 
Ca3N2 + TiF3 1000 
Mg3N2 + CoF3 750 
Mg3N2 + MnF2 750 
Mg3N2 + ZnF2 750 
Mg3N2 + CaF2 750 
Mg3N2 + MnF2 750 
Mg3N2 + LiF 750 
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Mg3N2 + TiF3 750 – 1000 
CaO + CaF2 1000 - 1100 
Al2O3 + TiF3 450 - 800 
Al2O3 + ZnF2 500 
LiF + Cr2O3 + SrO 500 
LiF + Cr2O3 + Al2O3 750 
Cr2O3 + MnF2 750 
Cr2O3 + MnF2 + SrO 750 
SrO + TiF3 500 
SrO + TiH2 500 – 1000 
TiO + TiH2 800 – 900 
SrF2 + TiH2 800 – 1100 
Ti + TiH2 + TiF3 450 – 800 
La2O3 + TiO2 + Ti + TiF3 800 
TiO2 + TiH2 600 – 800 
Ni + TiH2 + TiF3 800 
LaN + TiF3 500 
LaN + Co + CoF3 500 
LaN + TiF3 + Ti 500 
LaN + MnF3 500 
LaN + CoF3 500 
LaN + CoF3

 + Co 500 
LaN + MnF2 + Mn 500 
LaN + MgF2 500 – 1000 
LaN + ZnF2 500 
LaN + CaF2 500 – 1000 
LaN + LiF 500 
LaN + SrF2 500 
LaN + BaF2 500 
LaN + CoF3 + Ni 500 
NbN + CoF3 500 
NbN + CoF3 + Co 500 
NbN + MgF2 500 
NbN + ZnF2 500 
LaN + MgF2 + Mg 500 
NbN + CaF2 500 
NbN + MnF3 500 
NbN + LiF 500 
LaN + SrO 1000 
LaN + Si3N4 + SrF2 1000 
LaN + AgF2 400 
LaN + La + I 700 
Si3N4 + AgF2 400 
Si3N4 + CaF2 1000 
Si3N4 + BaF2 1000 
Si3N4 + LaN + La + MnF3 900 
LaN + BaF2 + AgF2 400 
ZnF2 + SeO2 300 



148 
 

ZnF2 + TeO2 700 
BaF2 + SrO + Ni + Cu + S 800 
Si3N4 + TiN + TiF2 800 
La + Li + Te + S 900 
La + Cr2O3 + Cr + S 1000 
Ti + Te + TiH2 300 
CaH2 + Te  500 
La + ZnO + S 1000 – 1100 
La + Fe + ZnO + S 1000 – 1100 
La + Fe + CaO + S 1000 – 1100 
La + Fe + CaO + Se 1000 – 1100 
La + La2O3 + Al2O3 + Fe + S 1000 – 1100  
La + La2O3 + Ni + S 1000 – 1100 
La + La2O3 + Fe + Ti + S 1000 – 1100 
La + La2O3 + Fe + V + S 1000 – 1100 
La + La2O3 + Al + Cr + S 1000 – 1100 
La + La2O3 + Al + Mn + S 1000 – 1100 
La + La2O3 + Al + Ni + S 1000 – 1100 
La + La2O3 + Al + Zn + S 1000 – 1100 
La + La2O3 + Al + Ti + S 1000 – 1100 
La + La2O3 + Al + V + S 1000 
La + La2O3 + CdS + Al + S 900 
La + La2O3 + CdS + Fe + S 900 
La + CuO + Al + S 1000 
La + Ga + Fe + La2O3 + S 1000 
La + MnO + S 1000 
La + MnO + Fe + S 1000 
La + La2O3 + Fe + Cr + S 1000 
La + La2O3 + Fe + Co + S 1000 
La + La2O3 + Fe + Ni + S 1000 
La + La2O3 + CdS + Ga + S 900 
Ga + Te + S 850 
La + TiO2 + S 1000 
Na2S + V2O5 + V + S 700 
La + La2O3 + Cr + S 1000 
La + La2O3 + Ti + S 1000 
La + La2O3 + V + S 1000 
La + La2O3 + Co + S 1000 
La + La2O3 + Cu + S 1000 
Cs2O + V2O5 + V + Se 700 
CsCl + Fe + S + Te 750 
Ni + S + Te + I  600 
SrS + Fe + Fe2O3 + S 1000 
CsCl + La2O3 + Cu + S 800 
Li + Ni + S + I 700 
Ni + In2O3 + S 1000 
La + Fe + Te + S 750 
CuO + Ge + CdS + S 800 
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SrS + Cu + Te 700 
HgO + Cu + I 400 
La2O3 + HgO + Cu + I 400 
CaF2 + Fe + B 1000 
SrF2 + SrO + CuO 900 
CdS + HgO 600 
CdS + HgO + I 450 - 500 
SrS + Fe + Te 700 - 1000 
BaS + CdS + Fe + Te 900 
La2O3 + CdS + Cu + S 900 
SrS + SrO + Fe + S 1000 
TeO2 + I 1000 
SeO2 + I 1000 
BaS + CdS + NiS + Ge + Te 800 
La + HgO + I 700 
HgCl2 + Fe + As 700 
La2O3 + In2S3 + CdS + CuO 800 
BaS + Ti + Te 800 – 1000 
BaS + Co + Te 800 – 1100 
BaS + Ni + Te 1000 
La + Fe + As + Te 800 
La2O3 + Cu + Mn + S 800 
La2O3 + Cu + V + S 800 
La2O3 + Cu + Co + S 800 
La2O3 + Cu + Ni + S 800 
BaS + Sc + Te 700 – 900 
Ca + Fe + Te + S 750 – 900 
La + HgO + Te 600 
La2O3 + Ti + Cu + S 1000 
La2O3 + V + Cu + S 1000 
La2O3 + Mn + Cu + S 1000 
La2O3 + Co + Cu + S 1000 
La2O3 + Ni + Cu + S 1000 
La2O3 + Zn + Cu + S 1000 
La2O3 + Ni + Ti + S 1000 
La2O3 + Ni + Cr + S 1000 
Tl + Fe + Te + S 800 
HgO + Ti + S 550 
HgO + V + S 550 
HgO + Co + S 550 
HgO + Fe + S 550 
HgO + Ni + S 550 
HgO + Cu + S 550 
HgO + Zn + S 550 
Tl + Ti + S + Te 600 – 700 
BaS + Fe + Ge + Te 650 – 700 
La2O3 + Sc + Cu + S 1000 
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10. Appendix – Associated Papers 1–4 
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Magnetic Singlet State
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ABSTRACT: A new quaternary sulfide telluride, Ba6Fe2Te3S7, was
synthesized by a solid-state reaction, and its crystal structure is novel. X-ray
diffraction data on powder and single crystals reveal an orthorhombic lattice
with a = 9.7543(3) Å, b = 18.2766(6) Å, and c = 12.0549(4) Å, and the
noncentrosymmetric space group Cmc21 (No. 36). The properties of the
compound were studied by magnetic susceptibility investigations, specific
heat measurements, Mössbauer spectroscopy, and density functional theory
calculations. Assuming Ba2+ and, as verified by the Mössbauer spectra, Fe3+,
the charge balance requires the presence of a polytelluride, suggested to be a
straight-chain [Te3

4−] polyanion. Further, the crystal structure contains
[Fe2S7]8− dimers of two vertex-sharing tetrahedra, with a nearly linear Fe−S−

Fe atom arrangement. The dimer exhibits antiferromagnetic coupling, with a
coupling constant J = −10.5 meV (H = −2JS1S2) and S = 5/2, resulting in a
spin singlet ground state. The interdimer magnetic interaction is so weak that
the magnetic dimers can be treated as individuals.

■ INTRODUCTION

Iron is the fourth most abundant element in the Earth’s crust,1

and it is environmentally friendly and cheap. As such, the
discovery that the element could form high-temperature
superconductors was a matter of significant interest to the
scientific community. Iron can, in fact, form superconducting
compounds with heavier chalcogenides. FeSe is probably the
most widely known example,2 but FeTe has also been shown
to assume a superconducting state under strained conditions.2,3

Sulfur-based compounds are not known to superconduct under
ambient conditions, but BaFe2S3 has been reported to undergo
a superconducting transition under high pressure.4 Iron is the
essential component in other superconductors as well, such as
LiFeAs5 and NaFeAs,6 underlining its importance to
fundamental science. Iron telluride also exhibits spin density
waves along with several other spin arrangements, depending
on the exact composition.7,8

As such, there is an incentive to search for novel compounds
in iron chalcogenide systems. A relatively new approach, to this
end, is the search for ordered multianionic compounds.9,10

According to Hume-Rothery, two distinct anionic species
cannot form solid solutions if the ionic radii differ by more
than approximately 15%. Beyond this limit, the two ions will
assume distinct atomic sites.11 As the radius of Te is more than
15% larger than that of sulfur, telluride sulfides should contain
ordering among the chalcogenide ions. Tellurides are also
prone to forming polyanions of greatly varying lengths, ranging
from simple pertelluride ions in FeTe2 to 15-chain

polytellurides or infinite arrangements, making them a
structural component with great potential for forming novel
crystal structures.12−14 This makes iron bichalcogenide systems
very interesting to investigate.

Here, we introduce a novel quaternary telluride sulfide,
Ba6Fe2Te3S7, and report its synthesis, crystal structure, charge
configuration, heat capacity, magnetic properties, and calcu-
lated properties, as obtained by density functional theory
(DFT).

■ EXPERIMENTAL SECTION

Sample Preparation. All of the handling of the sample during the
synthesis took place inside an argon-filled glovebox (H2O and O2 < 1
ppm). A stoichiometric mixture of about 0.5 g of BaS (Alfa Aesar,
99.7%), Fe (Alfa Aesar, 99%), and Te (Thermo Scientific, 99.99%)
powders was homogeneously mixed in an agate mortar and pressed
into a 13 mm diameter pellet with 3 tons of pressure. The resulting
pellets were broken, and the fragments were placed in a corundum
crucible. The crucible was sealed inside an evacuated silica ampule
using an oxygen−hydrogen torch. Subsequently, the sample was
placed in a muffle oven and heated to 700 °C at a 5 °C min−1 heating
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rate. The synthesis progressed at this temperature for 48 h before the
furnace was turned off. The cooled sample was put back into the
glovebox. All steps, including grinding, pelletization, sealing in a silica
tube, and heating at 700 °C with subsequent cooling, were performed
four times for a total of 192 h at 700 °C before the final sample was
obtained. The single crystals, used for structure determination, were
obtained from a similar synthesis with 46 h of heating but with a
different target stoichiometry, Ba9Fe4Te4S12, while attempting a
different synthesis.

The powder sample and single crystals of the title compound were
specular black and appeared to be stable under ambient conditions. A
minor Te (0.16 vol % from Rietveld refinement) impurity was
observed in the powder X-ray diffraction (pXRD) pattern, but no
other secondary phase was observed.

X-ray Structure Determination. The pXRD data were obtained
using a Bruker D8 Discover instrument with a Bragg−Brentano
geometry and a Ge(111) Johanssen monochromator, CuKα1 X-rays,
and a Lynxeye detector. A zero-background-oriented silicon crystal
XRD plate, covered with silicone grease, was used as the sample
holder. An energy filter in the detector suppressed the fluorescence
from Fe. The single-crystal data were collected at room temperature
using a Bruker D8 Venture single-crystal diffractometer equipped with
a MoKα InCoatec microfocus X-ray source and a Photon 100
detector. The atomic structure was determined and refined using the
JANA2006 software.15

Physical Property Measurement System (PPMS). The electric,
magnetic, and heat capacity properties were determined using a
Quantum Design PPMS. For the heat capacity measurements
between 2 and 300 K, sintered polycrystalline pellets were used in
the non-adiabatic thermal relaxation approach, and the sample was
equilibrated at each temperature (15 min of extra waiting) before
starting measurements. Apiezon N grease was used to attach the
sample to the holder. Two sequential measurements were carried out
at each temperature point, and the sample coupling never fell below
97% throughout the investigation. The magnetic measurements were
performed on a powdered sample from a ground pellet in a
polypropylene sample holder. To subtract a proper background signal,
the empty holder was measured with the same parameters as those
used for the sample measurement. For DC magnetization measure-
ments, field-cooled (FC) protocols were carried out between 2 and
300 K with applied magnetic fields of 1, 3, and 6 T. A magnetization
measurement was carried out at 300 K to determine the effect of
ferromagnetic impurities, with applied fields from −7 to 7 T (data not
shown). The electric conductivity of the sample was measured at
room temperature, but the compound was found to be completely
insulating within instrument measurement capacity (>2 MΩ).

For magnetic measurements above 300 K, a Lake Shore
Cryotronics 7400-S Series VSM was utilized with an applied magnetic
field of 1 T. The sample holder was made of BN, and the sample was
held under a protective argon atmosphere during measurement.

Scanning Electron Microscope (SEM) Imaging and Energy
Dispersive X-ray (EDX) Analysis. SEM imaging and EDX analysis
were carried out using a Hitachi SU 8230 Field Emission Gun
Scanning Electron Microscope with an XFlash 6|10 EDX detector. A
15 keV acceleration voltage was used for both SEM and EDX. EDX
analyses were carried out by determining the elemental composition
of 13 separate crystallites and averaging the obtained values. The
heaviest element, barium, was used as a reference point for the
composition.

Mo ̈ssbauer Spectroscopy. 57Fe Mössbauer spectra were
collected at temperatures between 5 K and room temperature (295
K) using a standard WissEl spectrometer operated in the constant
acceleration mode (57Co/Rh source) and a Janis SHI 850−5 closed-
cycle refrigerator. About 30 mg of Ba6Fe2Te3S7 powder was mixed
with BN and distributed in an acrylic glass sample container with an
inner diameter of 13 mm. All isomer shifts are given relative to α-iron.
The data were evaluated with the MossWinn program16 using the thin
absorber approximation.

Computational Details. The theoretical calculations were carried
out using the Vienna Ab initio Simulation Package (VASP)17,18

utilizing the generalized gradient approximation (GGA) approach for
the exchange-correlation energy, as formulated by Perdew-Burk-
Ernzerhof (PBE).19 The calculations employed projected augmented
wave (PAW) pseudopotentials20 with a plane wave energy cutoff of
400 eV and self-consistent field energy convergence criteria of 10−6

eV. To describe the strong correlation of the Fe-3d orbital electrons, a
Hubbard Ueff repulsion term is added under the rotationally invariant
Dudarev approach.21 A range of Ueff values from 0 to 6 eV were
employed to observe how the parameter affected the description of
the compound. Integrations over the Brillouin zone were carried out
with a 4 × 2 × 3 gamma-centered sampling grid using the tetrahedron
method with Blöchl corrections. Density of states (DOS) calculations
were carried out with a doubled grid for integration of the Brillouin
zone (8 × 4 × 6). The band structure path was determined with the
Materials Cloud SeeK-path tool.22,23

An initial, noncollinear calculation incorporating spin−orbit
coupling was carried out on a static structure relaxed nonmagnetically
at Ueff = 0 eV to determine the alignment of the iron spin states
relative to the structure and to investigate whether the ground state
involves a noncollinear spin arrangement. These calculations utilized
the same sampling grid used for the Brillouin zone. The use of
symmetry was disabled for these calculations. As the ground state was
found to be spin-collinear, all other calculations utilized a spin-
collinear configuration. With one exception, the structures of all
magnetic alignments were allowed to fully relax with respect to both
unit cell and ionic positions until all forces were less than 10−2 eV Å−1.
The calculation of magnetic couplings utilized static unit cells, which
were structurally relaxed with the ground-state magnetic alignment.

Using the PBE024 and HSE0625 functionals, hybrid functional
calculations were carried out to determine the magnetic couplings,
using only the gamma point for sampling the Brillouin zone and
Gaussian smearing with a width of 0.02 eV. Otherwise, the parameters
were the same as for the GGA calculations.

■ RESULTS

Crystal Structure. The analysis of the single-crystal XRD
data of Ba6Fe2Te3S7 at room temperature reveals a unique
crystal structure, described in the Cmc21 (No. 36) space group
symmetry, with lattice constants a = 9.7522(5) Å, b =
18.093(1) Å, c = 12.0036(7) Å, V = 2117.9(2) Å3, and Z = 4
(Figure 1). The complete unit cell is given in Figure 1, and the
refinement and structural parameters are given in Table 1 and
Table 2, respectively.

Each of the four distinct Ba2+ ions in the structure exhibits
an individual coordination to sulfur and tellurium, with two,
three, or four telluride neighbors (Figure 2). Ba2 and Ba3
assume a similar distorted-square, antiprismatic arrangement
with four and two telluride coordinations, respectively. The
even number of telluride ions allows the coordination to
assume a symmetric arrangement of the anions. For Ba2, the
position is bonded to four anionic species arranged separately
on two perpendicular planes, similar to a mer-idional
coordination, exhibiting an mm2 symmetry. The Ba3 arrange-
ment is similar except that two tellurides are replaced by sulfur;
the two remaining tellurides are situated adjacently. Ba1 is
coordinated by three telluride ions and assumes a fac bicapped
trigonal prismatic arrangement, with the telluride ions arranged
on one side. Finally, Ba4 coordinates 3 Te and 5 S, but the
spatial separation of Te by S can be represented as a 1+5+2
coordination, with the telluride ions occupying opposite sides
of the barium ion and a five-coordinate belt of sulfur ions
separating the unequally distributed telluride ions.

Three Te ions are arranged along an essentially straight
vector parallel with the bc-plane, with a Te1−Te2−Te3 angle
of 179.8(1)° (Figure 1). There are two different vectors the
telluride chains follow within a single bc-plane, which differ by
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a 32.2° angle (Figure 1). The three tellurides have slightly
different spacing among them, with Te1 and Te2 being 2.90 Å
apart and Te2 and Te3 being 3.27 Å apart, indicating the
presence of a pertelluride. The Te1−Te2 bond length is
slightly longer than that of a pertelluride ion coordinated with
barium (2.77 Å in BaTe2

26) but about equal with the bonding
in FeTe2 (2.90 Å12). Alternatively, the Te trimer row in the
title compound may be a [Te3

4−] polytelluride ion. In 2009, a

review stated that no isolated, linear example of this species has
ever been reported.13 The same review also remarked that
species isoelectronic with [Te3

4−], such as linear [I3
−], may

exhibit deviation from the ideal centrosymmetric distribution,
which matches the observations for Ba6Fe2Te3S7. However,
very recently, a centrosymmetric variation of the [Te3

4−] ion
was suggested in Ba14Si4Sb8Te32(Te3),27 having the same total
length of the ion, which could indicate that it is a polytelluride
ion. Alternatively, the [Te2

2−][Te2−] straight chain is a
coincident atomic arrangement. Beyond the trimer, the
smallest Te−Te interatomic distance is at least 4.4 Å, so the
chains would not behave as an extended polytelluride. The low

Figure 1. Extended unit cell content of the Ba6Fe2Te3S7 crystal
structure. The dashed red lines represent the vector along which the
telluride triplets are arranged, and the angle between these vectors is
given. The Te−Te distances are given in Å.

Table 1. Single-Crystal Data Refinement Parameters for
Ba6Fe2Te3S7

formula Ba6Fe2Te3S7

radiation Mo Kα (λ = 0.71073 Å)

instrument Bruker D8 Venture

physical appearance specular black

crystal system orthorhombic

space group Cmc21 (No. 36)

formula weight 1542.95

temperature (K) 293

a (Å) 9.7522(5)

b (Å) 18.093(1)

c (Å) 12.0036(7)

V (Å3) 2117.9(2)

Z 4

ρcalc (g cm−3) 4.8389

no. of independent reflections 1827

no. of variables 97

GOF (all) on F2 1.67

R1 (obs) (%) 3.04

R1 (all) (%) 3.50

wR2 (obs) (%) 6.95

wR2 (all) (%) 7.09

CSD No. 2264569

Table 2. Ionic Positions of Ba6Fe2Te3S7, as Determined by
Single-Crystal X-ray Diffraction

atom site x y z U (Å2)

Ba1 8b 0.2809(1) 0.4360(1) 0.3252(1) 0.0166(3)

Ba2 4a 0 0.4185(1) 0.0275(1) 0.0162(4)

Ba3 4a 0 0.1632(1) 0.4844(1) 0.0115(3)

Ba4 8b 0.2495(1) 0.1829(1) 0.1868(1) 0.0181(3)

Fe1 4a 1/2 0.4723(2) 0.5965(3) 0.021(1)

Fe2 4a 1/2 0.2701(2) 0.4116(2) 0.021(1)

S1 4a 1/2 0.3045(3) 0.2326(5) 0.015(2)

S2 8b 0.3042(4) 0.2153(2) 0.4588(3) 0.022(2)

S3 8b 0.3066(4) 0.5311(2) 0.5587(3) 0.018(2)

S4 4a 1/2 0.3725(5) 0.5031(7) 0.031(2)

S5 4a 1/2 0.4342(4) 0.7755(5) 0.021(2)

Te1 4a 0 0.3120(1) 0.2728(2) 0.0193(5)

Te2 4a 0 0.3763(2) 0.4941(2) 0.0193(4)

Te3 4a 1/2 0.0518(1) 0.2437(2) 0.0215(5)

Figure 2. Barium ion coordinations. The Te−Te and S−S
connections are to clarify coordination rather than bonding. The
two polygons of thin lines represent the two mirror planes that
penetrate the Ba2 site.
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electrical conductivity at room temperature corroborates this
perspective.

The two distinct iron positions assume a vertex-sharing
dimeric arrangement tetrahedrally coordinated with sulfur,
forming an Fe−S−Fe angle of 178.8(5)°. The tetrahedra are
arranged in a staggered configuration (Figure 3). It should be

noted that other single-crystal measurements were refined to
give an Fe−S−Fe angle even closer to 180°, including
179.6(6)° and 180.0(6)°. The central sulfide ion seems to
be almost at an inversion symmetric point for the dimer,
although this is not a symmetry in the suggested space group,
and the Fe−S distances are slightly different between the two
tetrahedra. The uneven spacing of the ions in the Te triplet
also contributes to a different chemical environment between
the two iron positions. The Fe−S−Fe dimers occupy the same
bc-planes as the telluride chains, stacked alternatingly along the
a-axis (Figure 1).

Edge-sharing Fe dimers, such as K3FeSe3,28 Rb6Fe2S6,29 and
others,29 are known and characterized. For vertex-sharing
arrangements, there are selected organic salts which exhibit
transition metal elements in similar structures when bonded
with transition metal (oxy-) halide anions such as [Fe2OBr6]2−,
[Fe2OCl6]2−, and [Hg2I7]2−.30−32 The dimeric arrangements of
Fe3+ consistently exhibit a singlet spin state.

Powder XRD. A refinement from pXRD yields more
accurate lattice parameters compared to those from single-
crystal measurements. Rietveld refinement (Figure 4) of the
lattice parameters from the pXRD data yields a = 9.7543(3) Å,
b = 18.2766(6) Å, and c = 12.0549(4) Å. Overall, the
measured and calculated diffraction patterns match excellently.

SEM and EDX Analysis. Viewed in SEM, Ba6Fe2Te3S7

exhibits roughly rectangular prism crystal shapes, consistent
with the expected mode of growth from the unit cell (Figure
5 ) . E D X a n a l y s i s g i v e s t h e c o m p o s i t i o n
Ba6.00(8)Fe2.06(9)Te3.06(4)S7.1(2), in excellent agreement with the
determined crystal structure. Further, using the composition of
Ba6Fe2Te3S7 in a synthesis resulted in an X-ray pure sample.

Mössbauer Spectroscopy. The room-temperature Möss-
bauer spectrum of Ba6Fe2Te3S7 consists of a single quadrupole
doublet with an isomer shift (IS) = 0.174(1) mm s−1 and a
quadrupole splitting (QS) = 1.086(3) mm s−1 (Figure 6). The
crystal structure actually exhibits two distinct lattice sites for

Figure 3. Dimeric structure of iron in Ba6Fe2Te3S7. Interatomic
distances are given in Å.

Figure 4. Rietveld refinement of Ba6Fe2Te3S7 pXRD data. The
vertical lines (green) indicate the Bragg positions. Differences
between the observed data (red) and the calculated data (black)
are given in blue. The inset shows the fitting of the most prevalent
peaks in more detail.

Figure 5. SEM images of (a) a single crystal of Ba6Fe2Te3S7 and (b) a
larger cluster of crystallites. The scaling bars correspond to 4 and 10
μm, in (a) and (b), respectively.

Figure 6. Mössbauer spectra of Ba6Fe2Te3S7 at room temperature and
5 K. Dots and solid lines correspond to the experimental and
calculated spectra, respectively.
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Fe; however, the difference in their local coordination
geometries is too small to be resolved in the Mössbauer
spectra. The quadrupole doublet persists despite cooling, and
down to 5 K there are no signs of magnetic ordering or
freezing. The Mössbauer parameters at 5 K are IS = 0.283(1)
mm s−1 and QS = 1.101(2) mm s−1. The small isomer shift
values are typical for Fe3+ in a tetrahedral environment;33 for
example, IS = 0.16 mm s−1 at 300 K for KFeS2, and IS = 0.155
mm s−1 for Rb6[Fe2O6], an oxoferrate(III) with edge-sharing
Fe dimers.29 Remarkably, the QS is quite large for Fe3+ where,
for the half-filled e2t2

3 configuration, only a lattice but no
valence contribution to the electric field gradient occurs. As
expected for Fe3+ and in contrast to Fe2+, the QS is nearly
independent of temperature. The large QS can be attributed to
the asymmetric local environment of Fe3+, which is due to the
formation of dimers in the crystal structure.29 Thus, the
compound can be formulated as either Ba6

2+Fe2
3+Te3

4−S7
2− or

Ba6
2+Fe2

3+Te2
2−Te2−S7

2−, in agreement with the crystal
structure analysis indicating the presence of per- or
polytellurides. Finally, it is noted that within the error limits
of about 2%, there are no signs of Fe-containing impurities.

Magnetic Properties. The magnetic susceptibility of
Ba6Fe2Te3S7 corresponds to neither a typical (anti)-
ferromagnetic behavior nor a paramagnetic behavior (Figure
7). The majority of the 2−750 K temperature range is

dominated by an apparent asymptotic increase in susceptibility
with increasing temperature, although it should be noted that
the reliability of the absolute values for the susceptibility
measured in the 300−750 K region is lower than that of the
measurements in the low-temperature region. The high-
temperature values in the Figure 7 inset have been shifted by
simple addition to ensure continuous overlap with the low-
temperature measurements. The increase in susceptibility at

the lowest temperatures is probably due to paramagnetic iron
impurities.

There are a number of irregularities in the curves, but the
origin of these cannot be specified. Due to the small absolute
scale of the susceptibility, even marginal effects from impurities
would appear as major contributions, making the assignment
of any meaning to these anomalies uncertain. At least some of
the irregularities, particularly in the 200−300 K range, are due
to instrumental errors.

Considering the structural motif of iron dimers and the
results from Mössbauer spectroscopy, it can be assumed that
the shape of the magnetic susceptibility curve of Ba6Fe2Te3S7

reflects antiferromagnetic coupling of the S = 5/2 (Fe3+)
centers within the dimers via the bridging S2− ions, which leads
to a diamagnetic singlet ground state (S′ = 0).

The magnetic properties of the dimeric magnetic species are
typically described by the isotropic spin-exchange Hamiltonian
H = −2JS1·S2. Using the Van Vleck formula (eq 1) with S1 = S2

= 5/2 affords28,32,34−37

=
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where =x
J

k TB
, NA is the Avogadro constant, g is a g-factor

(fixed to 2 in our fitting to avoid overparameterization), μB is
the Bohr magneton, kB is the Boltzmann factor, T is the
temperature in Kelvin, p is the fraction of magnetic Fe3+

impurities, and J is the magnetic coupling constant. TIM is a
temperature independent of paramagnetic contribution.
Exponential parts of the equation correspond to the thermal
population of the excited spin states of the dimer with S′ = 1, 2,
3, 4, and 5, respectively.

The Van Vleck equation provides an adequate fit to the
measured data (inset of Figure 7) over the entire temperature
range, although there is a consistent mismatch for the location
of the susceptibility minimum between the fit and the
measurement, with the fitted minimum always located at a
slightly higher temperature. The obtained value for the
coupling constant J is −10.5(2) meV or −85(2) cm−1,
averaged between three measurements at 1, 3, and 6 T. This
value is comparable to the coupling constants of −14.2 and
−10.4 meV reported for the edge-sharing dimers in the
compounds Na3FeS3 and Cs3FeS3, respectively.37 The overall
shape and magnitude of the curves reported in the same paper
correspond well with those observed here. The fitted θ and p
values are field-dependent due to saturation of the para-
magnetic contribution. The obtained p values range from
about 0.8% to 1.9%, increasing with the applied magnetic field.

Heat Capacity. The heat capacity of Ba6Fe2Te3S7 exhibits
no distinct features beyond discontinuities that we assign to
minor measurement errors (Figure 8). There is no indication
that the compound undergoes a common long-range magnetic
or structural transition.

Density Functional Theory (DFT). The initial consid-
eration that the magnetic structure might be noncollinear at 0
K was extracted from the alignment of the iron positions.
Comparison of collinear and noncollinear arrangements with
spin−orbit coupling effects indicated that the collinear,
antiferromagnetic arrangement of spins is the more stable

Figure 7. Field-cooled (FC) DC magnetic susceptibility of
Ba6Fe2Te3S7 with temperatures in the range 2−300 K, for applied
fields of 1, 3, and 6 T. The values shown in the figure are corrected for
the contribution of ferromagnetic impurities, instrumental back-
ground from the sample holder, and the standard diamagnetic
contribution of the atomic species present.38 The inset shows an
extended curve, synthesized from two different measurements,
ranging from 2−300 and 300−750 K, respectively, with an applied
field of 1 T. The absolute value of the higher-temperature
measurement has been shifted by simple addition to match the
transition temperature with the lower-temperature measurement. The
purple dashed curve in the inset is the Van Vleck fitting.
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configuration. The difference in energy between the collinear
and noncollinear arrangements was 3.4 meV per dimer.

The overall agreement of the relaxed unit cells with the
pXRD refinement lattice parameters is exceptional (Figure 9a).

With Ueff = 0 eV, only the b-parameter differs from the
experimental values by more than 1%, although the calculated
values consistently overestimate the lattice parameters.
Applying the +U correction caused the a-parameter to increase
nearly linearly across the full Ueff range, while the b- and c-
parameters plateau at Ueff values of 4−5 eV.

Bader charge analysis of the telluride ions shows that the
number of electrons associated with each position in the triplet
chains is not an even distribution or a distinct pertelluride−

telluride pairing. Rather, the terminal telluride positions are
associated with similar electron charges, while the central
position is associated with significantly fewer electron charges.
Utilizing the Bader charge distribution of BaTe and BaTe2 as
references for tellurides and pertellurides, respectively, one
finds that the central telluride position is associated with
approximately the equivalent charge of a pertelluride species.
The terminal telluride positions are associated with an
intermediate amount of charge between telluride and
pertelluride characters. With a linear interpolation between
the pure telluride and pertelluride extremes, the terminal
telluride positions exhibit roughly equal character of both.
Interpreting the character as valency and summing between the
tellurides in each triplet, this equals the associated charge that
one would expect from a total valency of −4, which is the value
one should expect. The comparatively similar charges of the
terminal positions strongly suggest a three-chain polytelluride.
If the chains were formed from a discrete pertelluride−telluride
pair, [Te2

2−][Te2−], the terminal positions should exhibit a
substantial difference in character. The difference in the
calculated valence is roughly 11%, with the more isolated ion
being associated with a greater charge. This behavior is largely
independent of the Ueff parameter and occurs with both hybrid
functionals. As such, the Bader analysis may be considered to
provide substantial support toward the view of the [Te3

4−]
polytelluride description.

Ba6Fe2Te3S7 is found to be a semiconductor, although the
nature of the band gap varies with the Ueff parameter. As the
Ueff value exceeds 2 eV, the band gap changes character and
becomes comparatively independent of Ueff (Figure 9b). The
obtained band gaps range from 0.85 to 1.36 eV for the GGA
+U approach.

The local magnetic moment of the Fe ions ranges from 3.2
to 4.0 μB, increasing nearly linearly with the Ueff parameter
(Figure 9c). This high value agrees with the high-spin state of
Fe3+. The values displayed in the figure are averages, as the two
iron ions in the dimer are not exactly equal due to the lack of
symmetry to enforce an identical environment. The calculated
magnetic moments for the Fe ions in one dimer differ by 0.030
to 0.017 μB as Ueff varies from 0 to 6 eV, respectively.

The change in the bandwidth of Ueff is accompanied by a
change in the nature of the gap transition. When Ueff is
between 0 and 2 eV, the transition is of mixed character
between a Mott insulator and a charge transfer insulator. The
valence band (VB) maximum is composed of Fe-3d orbitals
along with S-3p orbitals with roughly equal contributions,
while the conduction band (CB) minimum is predominantly of
Fe-3d character (Figure 10a).

At Ueff values exceeding 2 eV, the composition of the edges
of the band gap changes and the influence on the valence-
band-maximum (VBM) by the Fe-3d orbitals is greatly
diminished. Instead, the transition approaches a pure charge
transfer-like character, with equal contributions from S-3p and
Te-5p orbitals. Further increase in the Ueff parameter shifts the
VBM character further toward a Te-5p composition (Figure
10b).

A feature of the band structure that occurs for all tested
values of Ueff is that the electronic states are spin-dependent
(Figure 11). For Ueff = 0 eV, this results in the lowest energy
transitions involving spin reversal. The lowest energy

Figure 8. Specific heat measurements of Ba6Fe2Te3S7, with the
Dulong-Petit limit inserted in red. The inset depicts the specific heat
divided by the temperature vs temperature.

Figure 9. (a) The difference between the calculated and experimental
lattice parameters with a varying Hubbards parameter, expressed in
terms of percentage deviation. (b) The band gap of Ba6Fe2Te3S7 with
variation in Ueff. (c) The local magnetic moment on the Fe ion with
variation in Ueff.
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transitions are the Γ−Y and Γ−Γ transitions, which have
nearly equal energy. For transitions without spin reversal, the
indirect T−Y transition is the smallest, with a gap of 0.88 eV.

At Ueff = 3 eV, the lowest energy transition occurs from an
off-symmetry position in the VBs, between Γ and Z, to an Γ

position in the CB. Notably, the entirety of the lowest energy
CB states, as well as the VB maximum, are composed of
electronic states with a single spin.

The most favorable magnetic interaction remains constant
throughout the range of Ueff values. Singlet-arranged dimers are
where the paired Fe ions exhibit spins in opposite directions.
Energy contributions from interdimeric magnetic interactions
are marginal and can be disregarded. A diamagnetic, low-spin
configuration is enormously unfavorable, with energy levels
that are about 2−4 eV per dimer higher compared to the high-
spin configuration (depending on the Ueff employed), further
suggesting that the system is not in a low-spin Fe2+

configuration. The most favorable long-range collinear
antiferromagnetic configuration with iron in alternating bc-
planes exhibits opposite spins, and the ferromagnetic spin
arrangements are 0.48 and 0.54 eV per dimer, respectively,
above the lowest energy state, with Ueff = 0 eV. These values
are notably quite similar, suggesting that the interdimeric
coupling is much weaker than the intradimer coupling.

The typical approach for determining the coupling constant
J of dimeric species in DFT is the broken symmetry approach.
Based on the same spin-exchange Hamiltonian H = −2JS1·S2,
as defined in the experimental description, the coupling
constant, per dimeric pair, may be determined from the
difference in energy between singlet and triplet states39

=J
E E

S S4

singlet triplet

1 2 (2)

The coupling constant obtained from this equation is
dependent on the accuracy of the exchange-correlation
functional employed. For S, either the ideal value or the
DFT calculated value may be employed. For high-spin Fe3+

with S = 5/2, eq 2 becomes

=J
E E

25

singlet triplet

(3)

Using the ideal spin value (5/2) for Fe3+, the coupling
constant comes out in the range of −24.9 to −8.9 meV,
decreasing with a higher +Ueff parameter. The hybrid
calculations give coupling constants of −14.3 and −14.4
meV for PBE0 and HSE06, respectively. The closest
approximation to the hybrid calculations is obtained with
+Ueff = 3 eV, giving a coupling constant of 14.2 meV. The
hybrid results exhibit decent agreement with the experimental
fittings but overestimate the magnitude by about 36−37%.
DFT is known to substantially overestimate the magnitude of
magnetic coupling energies, with the scope of error potentially
up to two- to four-fold the experimental value,40−42 although
literature on calculations with dimeric sulfur-based compounds
is scarce. Studies suggest hybrid functionals provide signifi-
cantly more accurate coupling constants, with HSE and PBEh
providing coupling constants with a mean absolute percentage
error of about 10% for organic compounds with Fe dimers.39

In general, the model corroborates the experimental
expectation of a singlet state. Analysis of the spin density of
the singlet system shows that the system exhibits super-

Figure 10. DOS of Ba6Fe2Te3S7, calculated with (a) Ueff = 0 eV and
(b) Ueff = 3 eV.

Figure 11. Band structure of Ba6Fe2Te3S7, calculated with (a) Ueff = 0
eV or (b) Ueff = 3 eV. The black bands represent spin-up states, and
the red bands represent spin-down states. The energy scale is relative
to the Fermi energy.
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exchange mediated via a p orbital on the shared-vertex sulfide
ion.

■ DISCUSSION

The different analyses of Ba6Fe2Te3S7 give a coherent picture
of the origin of its unusual susceptibility data. Mössbauer
spectroscopy data and DFT calculations both agree that Fe in
Ba6Fe2Te3S7 is in a trivalent high-spin state, with antiferro-
magnetic coupling rendering the total spin state of each dimer
a singlet at low temperatures. In effect, the bulk material
exhibits a very low magnetic susceptibility, despite exhibiting
strong electronic correlations. The lack of magnetic coupling
between the spin dimers, as suggested by DFT calculations,
agrees with the Mössbauer spectroscopy and heat capacity,
indicating the absence of magnetic long-range ordering down
to 2 K. The temperature dependence of the magnetic
susceptibility can be described reasonably well over the
whole measured temperature range of 2−750 K, if isotropic
exchange between the S = 5/2 Fe3+ centers within the dimer is
assumed and the corresponding Van Vleck equation is used.
The pronounced antiferromagnetic coupling with an exchange
constant of −10.5 meV (85 cm−1) is a consequence of
superexchange through the central sulfide ion, as per the
Goodenough-Kanamori rule,43,44 and combined with the high
magnetic isolation of the diamagnetic matrix, each dimer
essentially behaves like a binuclear entity.

The exact nature of the telluride triplets in the structure is
difficult to assign accurately from experimental data due to the
sliding-scale nature of polytellurides. Among the charge
balancing, the trivalent Fe ions, and the interatomic distances,
the shorter telluride−telluride distance may be confidently
established as a feature of a pertelluride. Whether the third
telluride in the chain is part of a [Te3

4−] unit is likely true
because of the recently observed centrosymmetric [Te3

4−]
unit. Bader charge analysis provides a case toward the [Te3

4−]
description, with a similar charge assignment on the terminal
positions. While the distortion from a centrosymmetric chain
likely gives the tellurides a mixed nature between [Te2

2−]-
[Te2−] and [Te3

4−], the latter is deemed to be a better
description for the smaller difference in charge character
between the terminal positions. Thus, the most reliable
representation of the compound charge distribution is
(Ba2+)6(Fe3+)2(Te3)4−(S2−)7.

■ CONCLUSION

Powder and single crystals of Ba6Fe2Te3S7 were prepared by
solid-state synthesis, heating a mixture of BaS, Fe, S, and Te.
Characterization of the compound by structural determination,
magnetic and heat capacity measurements, Mössbauer spec-
troscopy, and DFT analysis suggests the presence of trivalent
iron arranged in dimers with a spin-singlet ground state. The
telluride component of the compound was determined to
constitute a straight-chain [Te3

4−] polyanion. The compound
was measured to be an electric insulator at room temperature,
which was confirmed by DFT analysis of the band structure.
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