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Abstract 

 The crystal structures and physical properties of several new group 14 and 15 

chalcogenides are discussed in this thesis. The thesis discusses the chalcoantimonates TlLa2Sb3Se9 

and La12+zSb9-ySe38-z (simplified as La12Sb9Se38). TlLa2Sb3Se9 crystallizes in an ordered variant of 

the KLa2Sb3S9 structure type (space group = P212121). The thermoelectric properties of 

TlLa2Sb3Se9 were enhanced through p-type doping by replacing La3+ with Ca2+. The largest 

thermoelectric figure-of-merit was 0.078 at 623 K in the TlLa0.95Ca0.05Sb3Se9 sample.  

The La12Sb9Se38 (Pm3̅) structure type features La3+/Sb3+ disorder and S2-/S2
2- disorder, 

making it possible to produce nonstoichiometric compounds within a narrow phase width. The low 

thermal conductivities of samples with the nominal compositions La12.17Sb8.5S38 and 

La12.17Sb8.5S37.75 were around 1 W m-1 K-1. 

 The latter half of this document focusses on Si, Ge, and Sn selenides. Ba6Ge2Se12 (P21/c) 

and Ba7Ge2Se17 (Pnma) adopt new structure types—both possess positional disorder confirmed 

via a single crystal, Rietveld, and pair distribution function models. The Ba6Ge2Se12 structure 

contains disordered Se2
2- dumbbells which may align for quasi-infinite 1D chains, whereas the 

Ba7Ge2Se17 structure contains disordered [GeSe5]
4- anions. The thermal conductivities of 

Ba6Ge2Se12 and Ba7Ge2Se17 range from 0.3 – 0.4 W m-1 K-1.  

Substituting Si into the Ge compound Ba6Ge2Se12 compounded produced the new 

compound Ba6Si2Se12 (P1̅). Up to 75% of the Si atoms in the Ba6Si2Se12 structure may be replaced 

with Ge while preserving the triclinic structure. The Si4+/Ge4+ disorder and the positional disorder 

in the Se2
2- dumbbells were studied using powder X-ray diffraction patterns collected using 
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synchrotron radiation. The ultra-low thermal conductivity of Ba6Si2Se12 ranges from 0.3 to 0.5 W 

m-1 K-1. 

 The final chapters discuss Sr compounds as well as Ba compounds. Sr8Ge4Se17 (P1̅) and 

Ba8Sn4Se17 (C2/c) share stoichiometries but adopt different structure types. The Ba8Sn4Se17 unit 

cell may be regarded as a 2 × 1 × 4 supercell of the Sr8Ge4Se17 unit cell. The structures of these 

two compounds were finalized using Rietveld refinements on powder X-ray diffraction data 

collected using synchrotron radiation, as no disorder was observed in these structures. Despite not 

having structural disorder, the ultra-low thermal conductivity of Ba8Sn4Se17 was found to be as 

low as 0.3 W m-1K-1 due to its complex structure. 

 The final compound discussed is the noncentrosymmetric compound Sr6Ge3OSe11 (P3m1). 

This chapter explores partial isovalent substitution to design noncentrosymmetric structures by 

promoting the alignment of [GeOSe3]
4- anions. The second-order nonlinear susceptibilities (dil) of 

Sr6Ge3OSe11 were calculated to be d15 = -12.9 pm V-1, d22 = -15.4 pm V-1, d33 = 15.0 pm V-1 and 

deff = 17.0 pm V-1. Size-dependent second harmonic generation intensity experiments revealed that 

Sr6Ge3OSe11 is phase matchable at 1064 nm with an intensity equal to 0.62 × KH2PO4.  
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CHAPTER 1  

Introduction 

1.1 Chalcogenide Background 
 

 Within materials science, researchers have long been fascinated by chalcogenides' 

remarkable structural diversity and appealing semiconducting properties. These materials have 

garnered significant interest in nonlinear optics,1 ferroelectrics,2,3 and thermoelectric materials.4 

The complex structures formed by the chalcogenides of group 14 and 15 elements give rise to 

various properties of significant interest. One characteristic of these elements is that they can form 

various so-called building blocks that can be packed together to form novel structure types. For 

example, the group 14 element, Ge, can form a variety of polyatomic anions due to its capability 

to adopt the 4+ and, less commonly, 3+ oxidation states when paired with S or Se. Compounds 

containing chalco-germanate structural motifs such as [GeQ4]
4- (Q = S, Se), [GeQ5]

4-, [Ge2Q5]
4-, 

[Ge2Q7]
6-, [Ge2Q6]

6-, and [Ge4Q10]
8- have already been observed.5,6 Se can generate multiple 

selenide anions, including Se2
2-, Se3

2-, and Se5
4-.7,8 In contrast to the isolated building blocks of the 

group 14 elements chalco-antimonates tend to form quasi-infinite edge sharing sheets.9,10 

Additionally, the sterically active lone pair around Sb3+ results in Sb3+ being able to accommodate 

a variety of distorted coordination spheres. Despite numerous reported compounds within this 

phase space, the vast potential for structural diversity within these elements suggests that 

researchers have only begun to explore the myriad of possible stoichiometries available. 
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1.2 Motivations 
 

The physical properties of a material are intimately connected to the atomic structure of 

the material. By understanding and manipulating the structural arrangements of atoms within a 

crystal lattice, researchers can harness the inherent properties of materials to achieve desired 

functionalities.  

Ultra-low thermal conductivity has garnered significant interest due to its relevance in 

thermoelectric materials. In the mid-twentieth century, radioisotope batteries were developed, 

which converted the heat emitted from the decay of radioactive isotopes to electricity.11 This 

technology found use in deep-space satellites, which are too far from the Sun to utilize solar panels. 

More recent applications of thermoelectric generators are present in gadgets powered by body 

heat,12–14 cooling systems,15–18 and sensors.19,20 The prospective significance of thermoelectric 

materials may be in the “Internet of Things,” a concept that refers to internet-connected electronics 

and future items embedded with microprocessors.21 The combination of thermoelectric materials 

alongside microprocessors enables the creation of devices with extended lifespans that are less 

dependent on batteries.22,23  

Thermoelectric materials maintain a temperature gradient by inhibiting heat flow while 

simultaneously conducting charge carriers through the material. It is well understood that complex 

structures with large unit cells, such as those found in the skutterudite family, have low thermal 

conductivities owing to Umklapp scattering and the reduced number of short phonon modes in 

large unit cells.24,25 We successfully synthesized several new compounds with novel complex 

structure types by incorporating large cations with high coordination numbers into compounds 

with group 14 and 15 structural motifs.  
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Complex structures have not only found usefulness as thermoelectric materials but also in 

nonlinear optics. Nonlinear optical materials can convert lasers' frequencies through processes 

such as second harmonic generation. However, a compound must adopt a noncentrosymmetric 

crystal structure to be nonlinearly active. The design goals for new nonlinear optical materials are 

strong second-harmonic generation and a large laser damage threshold. These two goals are at 

odds in practice since the laser damage threshold is increased by widening the optical band gap. 

This comes at the cost of second harmonic generation intensity as materials with wider band gaps 

have greater ionicity and, thus, lower polarizability. In recent years researchers have looked at 

fluorooxyborates and oxychalcogenides in the ultra-violet (UV) and infrared regions (IR), 

respectfully to combine large polarizable groups with electronegative elements to minimize 

tradeoffs.26–31 

While it is possible to consistently create noncentrosymmetric structures by crystallizing a 

single enantiomer of a chiral molecule, chemists have focused on synthesizing inorganic 

compounds for their higher tolerance to laser damage. Additionally, substitutions can be made in 

existing noncentrosymmetric structure types, such as the chalcopyrite structure (double 

zincblende), to design new noncentrosymmetric compounds.7,32–35 Most commercial infrared 

nonlinear optical materials adopt the chalcopyrite structure but suffer from low laser damage 

thresholds, leading to continued exploration for competitive alternatives.36 Since several inorganic 

compounds have unique structure types, researchers have tried to implement a few strategies to 

increase the likelihood that their eventual new compound adopts a noncentrosymmetric space 

group. Strategies to design noncentrosymmetric compounds include using cations which undergo 

second-order Jahn-Teller distortions, using cations which contain a non-bonding lone pair of 

electrons, and incorporating NCS building blocks such as tetrahedrally coordinated polyatomic 
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anions.37 These factors decrease the local symmetry around a coordinated cation. Second order 

Jahn-Teller distortions commonly occur in d0 cations such as Ti4+, V5+, and W6+ with non-

degenerate ground-states and low-lying excited states. Cations such as Tl+, Pb2+, Bi3+, and Te4+ 

distort neighbouring atoms with a non-bonding lone pair of electrons.38–41 Finally, pertinent to this 

work is to include noncentrosymmetric building blocks like trigonal planar and tetrahedral anions. 

By extension, in recent years, chemists have begun to develop noncentrosymmetric building 

blocks that contain several anions to create a net polarity to the anion that can align head-to-tail 

with other like anions and avoid tetrahedra from aligning antiparallel to each other.  

1.3 Thesis Overview 
 

The following is an overview of this thesis: Chapter 2, presents a summary of the physical 

phenomena pertinent to later chapters, including a physical description of thermoelectricity, 

second harmonic generation, and X-ray diffraction. Concepts such as single-crystal, Rietveld, and 

pair distribution functions are also described. Further, we discuss the experimental methods used 

in synthesizing the compounds of interest and the measurements of the physical properties thereof.  

 Chapter 3 is dedicated to the crystal structure and thermoelectric properties of TlLa2Sb3Se9. 

TlLa2Sb3Se9 adopts an ordered variant of the KLa2Sb3S9 structure type. TlLa2Sb3Se9 is a lustrous 

grey solid semiconductor with a narrow band gap. We opted to investigate the thermoelectric 

properties of TlLa2Sb3Se9 since it was a candidate to have relatively high intrinsic electrical 

conductivity and low thermal conductivity due to its narrow band gap and complex structure, 

respectively. Theoretical investigations of the electronic structure revealed that the electronic 

bands are relatively flat. This is an indication of low charge carrier mobility through the structure. 

Initial measurements of the transport properties showed that TlLa2Sb3Se9 is a p-type 
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semiconductor with low intrinsic conductivity. To boost the electrical conductivity of TlLa2Sb3Se9, 

we attempted to increase the number of positive charge carriers by doping La3+ sites with Ca2+ 

ions. We will show that Ca2+ doping increased the thermoelectric figure-of-merit resulting from 

increased electrical conductivity. 

 In Chapter 4, the new lanthanum antimony sulphide, La12+xSb9-yS38-z, is introduced. For 

simplicity, the compounds will be abbreviated as La12Sb9S38. La12Sb9S38 was discovered during 

exploratory reactions searching for the hypothetical sulphide “LaSbS4.” Despite the complex 

stoichiometry, La12Sb9S38 crystallizes in the highly symmetric cubic space group Pm3̅. The 

structure La12Sb9S38 structure type features a variety of disordered sites, including disordered 

La/Sb sites and S2
2- dumbbells disordered with lone sulphide ions (S2-). Due to the disorder in the 

structure, the ratios of La, Sb, and S were altered to explore the narrow phase width of these 

compounds. Three compounds with the nominal formulas La12.17Sb8.5S37.75, La12.17Sb8.5S38, and 

La12Sb8.67S38 were synthesized to study the phase width. By dint of the large unit cell and point 

defects in the structure, La12Sb9S38 has ultra-low thermal conductivity despite its relatively low 

molecular weight. 

 From Chapter 5, we move away from antimony chalcogenides and explore the structures 

and properties of novel group 14 selenides. Beginning with the barium selenogermanates 

Ba6Ge2Se12 and Ba7Ge2Se17, we study the positional disorder in both structures. In Ba6Ge2Se12, 

Se2
2- anions exist in two possible orientations: The Se2

2- may be aligned to form chains or rotated 

perpendicular to the chain. In Ba7Ge2Se17, the positional disorder consists of a [GeSe5]
4- anion that 

can exist in two possible overlapping orientations that are flipped with respect to each other. Since 

positional disorder is relatively uncommon, we performed refinements of the long-range structure 
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(single-crystal and Rietveld refinements) and the short-range order (pair distribution function 

analysis) to confirm the presence of disorder in these structures.  

 Chapter 6 builds upon the work of Chapter 5. Starting with Ba6Ge2Se12 and Ba7Ge2Se17, 

we attempted to substitute Ge with Si in their structures. Of these two stoichiometries, only the 

6:2:12 ratio could be produced with Ba, Si, and Se. Ba6Si2Se12 crystallizes in a different structure 

type than Ba6Ge2Se12. Our attempts to make a solid solution of Ba6Ge2Se12 and Ba6Si2Se12 were 

successful and led to a series of samples with 25%, 50%, and 75% of the Si atoms substituted with 

Ge while maintaining the Ba6Si2Se12 structure type. We present the results of Rietveld refinements 

on the powder, including the occupancies of the disordered Si/Ge sites and Se2
2- sites. Additionally, 

the lattice parameters of all the phases are plotted, and the relationship with Vergard’s law is 

discussed. Finally, the effect of maximizing the configurational entropy of Si and Ge has on 

thermal conductivity. 

 In Chapter 7, we expand the scope of the new compounds with Sr and Sn. Sr8Ge4Se17 and 

Ba8Sn4Se17 share the exact stoichiometry but adopt different crystal structure types. The structures 

differ in size and symmetry. At first glance, the structures appear unrelated; however, we analyze 

the structural motifs that link the two structure types and document their ultra-low thermal 

conductivities arising from their complex structures and large unit cells. 

 Chapter 8 will culminate with a study of the new nonlinear optical properties of the new 

oxyselenide Sr6Ge3OSe11. Sr6Ge3OSe11 was found by attempting to substitute a small fraction of 

the Se in Sr8Ge4Se17 with O. A strategy of partial isovalent anion substitution has been extremely 

popular in recent years for synthesizing novel noncentrosymmetric compounds. We could 

synthesize the new noncentrosymmetric compound reported here by utilizing this strategy. We 
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analyze the crystal structure of Sr6Ge3OSe11 and highlight how adding oxygen helps align the 

nonlinearly active [GeOSe3]
4- anions. We use computational and experimental methods to 

compare the second harmonic generation intensity of Sr6Ge3OSe11 with other recently reported 

oxyselenides and state-of-the-art nonlinearly active materials. 
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CHAPTER 2  

Methods and Concepts 
2.1 Synthesis 

 

 All the compounds reported in this thesis have been synthesized through high-temperature 

solid-state synthesis, which involves combining the elements in the stoichiometric ratio of the 

target compound and heating the sample in the absence of air. Except for La12Sb9S38 in Chapter 4, 

pure compounds could be produced by combining stoichiometric amounts of the constituent 

elements into a silica tube inside an Ar-filled glove box. For Sr- and Ba-rich samples, it was 

insufficient to only create a protective C-coating on the inside of silica tubes because of the high 

reactivities and large proportions of these elements. Therefore, glassy C crucibles contained the 

reactants for the Sr and Ba samples.  

Standard operating conditions inside the glove box have O2 and H2O concentrations below 

0.1 ppm. The Ar-filled tubes containing the elements are then evacuated to at least < 2.5 × 10-3 

mbar to avoid a pressure build-up inside the tubes as the sample is heated. The evacuated tubes are 

then flame-sealed on an H2/O2 torch to make sealed ampules. Specific heating conditions for each 

compound will be discussed in their respective chapters. Any samples not pure after the first 

heating were homogenized in a mortar and pestle and resealed in a silica tube using the procedure 

above to be heated for a more extended period.  
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Table 2.1. Summary of the elements used and their purities. 

Element Form Purity Manufacturer 

Calcium Granules 99.5% Alfa Aesar 

Strontium Granules 99% Alfa Aesar 

Barium Pieces 99.7% Strem Chemicals 

Lanthanum Chips 99.6% Strem Chemicals 

Thallium Granules 99.99% Alfa Aesar 

Antimony Lumps 99.5% Fisher Scientific 

Silicon Powder 99.9% Alfa Aesar 

Germanium Chunk 99.999% American Element 

Tin Granules 99.99% Alfa Aesar 

Sulpher Pieces 99.999% Alfa Aesar 

Selenium Pellets 99.99% Sigma Aldrich 

 

For La12Sb9S38, the binary La3S4 was synthesized first and combined with a stoichiometric 

amount of Sb and S in a ball mill under an Ar atmosphere. La3S4, Sb, S, and ZrO2 balls were sealed 

inside a ZrO2-lined ball mill jar under an Ar atmosphere to overcome this. The jars were placed in 

a Planetary Micro Mill Pulverisette 7 ball-mill (FRITSCH) and spun at high speeds to produce the 

desired compound through high-energy collisions between the balls.42 The binary La3S4 was 

produced first since reactive metals can damage the lining of the jars.43 This more involved 

procedure was required because, in the traditional solid-state synthesis was unable to produce the 

homogeneous conditions necessary to produce a single product. When heating Sb and S the high 

vapour pressures of these two elements resulted in the formation of Sb2S3 at the top of the silica 
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tube (i.e. the colder end) akin to crystal growth via chemical vapour transport. As a result solid La 

was left at the bottom of the tube, leaving it to react with any Sb and S that hasn’t formed Sb2S3. 

A final step in the sample preparation was to densify the phase-pure samples into pellets 

for physical property measurements via hot-pressing. Since all samples contained electropositive 

elements, these selenides are subject to oxidation if heated in air. We used the Oxy-Gon hot-press 

furnace system to make all the dense pellets for the thermal conductivity and second-harmonic 

generation property measurements. The powdered samples are loaded into a graphite die pressed 

vertically in this press. While under pressure, the furnace is heated inductively as an inert 

atmosphere (Ar) or a reducing atmosphere (95% Ar: 5% H2) is passed through the chamber. The 

specific temperatures and pressures at which the pellets were formed are stated in each respective 

chapter. To ensure that the pellets are dense at this point, their densities are measured via the 

Archimedes method, which determines the density of a sample based on the difference in weight 

of the sample while in the air or submerged in a liquid. 

For nonstoichiometric compounds like La12+xSb9-yS38-z and Ba6Si2-xGexSe12, which are 

discussed, the samples must be homogenous to ensure that the nominal composition of the sample 

describes the composition throughout the sample. One method of testing the atomic composition 

of the samples is through electron dispersive X-ray spectroscopy (EDAX). EDAX ionizes surface 

atoms using the electron beam of a scanning electron microscope (SEM). As the atoms decay back 

into their ground states, characteristic X-rays associated with a particular element are emitted 

proportionately to atomic percent of that element (at.-%). Without a standard, the quantification of 

EDAX is quite good (typically 1-2%). For this work, a QuantaFeg 250/Oxford Instrument x-act 

system was used to quantify the compositions of the nonstoichiometric compounds. 
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2.2 X-ray Diffraction 
 

X-ray diffraction (XRD) is a powerful tool for compositional analysis and determining the 

purity of a sample. The X-rays are generated by accelerating electrons at an anode, which ionizes 

the atoms and emits X-rays of characteristic wavelengths depending on the element. For Cu, Kα1, 

Kα2, and Kβ are the most intense energies of X-ray photons produced along with a broad 

background of Bremsstrahlung radiation. In practice, all but the most intense wavelengths are 

filtered before the X-rays are ready for use.  

XRD operates on the principle that when X-rays interact with the periodic lattice of a 

crystal, the X-rays become phase-shifted after scattering off parallel lattice planes of varying 

depths. The phase-shifted X-rays will undergo constructive or destructive interference. The angles 

(θ) at which Bragg’s Law describes the phase shifts in the diffracted X-rays which result in 

constructed interference are given by: 

 2𝑑𝑠𝑖𝑛𝜃 = 𝒏𝜆 (2.3.1) 

Where d is the spacing between lattice planes, λ  is the wavelength of the X-rays, and n represents 

higher-order wavelengths that would also satisfy the conditions for constructive interference but 

can be regarded as n = 1 in practice.  

This phenomenon is not unique to X-rays; however, their wavelength is on the same scale 

as atomic lattices. The lattice points which describe the periodic structure of the crystal are 

imaginary points in space that describe the translational symmetry of the unit cells of the crystal 

structure. In a lattice of atoms, the X-rays scatter elastically (Thomson scattering) off of electrons 

around the atoms. Heavier elements with more electrons scatter more strongly than lighter 
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elements with only a few electrons. The difference in scattering intensities can help identify the 

elements present in the crystal. However, this can also make it difficult to differentiate elements 

with similar numbers of electrons.  

 The two most common forms of XRD are powder and single-crystal samples. In single-

crystal X-ray Diffraction (sXRD), the crystal must be mounted and rotated on a four-circle 

goniometer to expose every lattice plane to the X-ray source. The diffracted X-rays are detected 

to give a series of peaks of the corresponding lattice in reciprocal space. These reflections are 

indexed, and using a program such as SHELXTL, a model of the unit cell and its contents is 

constructed based on the intensities and the corresponding structure factors (F).44,45 Based on the 

discrepancies between the calculated structure factors (Fc) of the model and observed structure 

factors (Fo), a residual factor (R1) may be calculated to measure the agreement of the model to the 

experimental data. 

 
𝑅1 =

∑|𝐹𝑜
2 − 𝐹𝑐

2|

∑𝐹𝑜
2  

(2.3.2) 

The weighted residual factor (wR2) is scaled by the factor w, which is analogous to the standard 

deviation in the model and observed data (σ). 
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(2.3.4) 

In powder X-ray diffraction (pXRD), it is assumed that the powdered sample contains 

small crystallites in every possible orientation to capture all the angles that would satisfy Bragg’s 
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Law. This is useful for quickly determining the purity of bulk samples since peaks can be easily 

checked against the simulated patterns of a database of reference patterns. Like single-crystal 

refinements, it is possible to refine the structural model of a compound from powder data using a 

program such as GSAS-II.46 For compounds that are difficult to crystallize, Rietveld refinements 

is a powerful technique to study changes in the crystal structure, such as defects, disorder, or lattice 

parameter changes. Rietveld refinements compare the simulated intensities (yc) of a 

crystallographic model with the observed intensities (yo), giving Rp and wRP.47 

 
𝑅𝑝 =

∑|𝑦𝑜 − 𝑦𝑐|

∑ 𝑦𝑜
 

(2.3.5) 
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(2.3.6) 

 In Chapters 6 and 7, Rietveld refinements were carried out on diffraction patterns collected 

at the High Energy Wiggler Beamline of the Canadian Light Source. Synchrotrons produce X-rays 

far more intense than possible under laboratory conditions by accelerating electrons in a large 

circular path. These intense X-rays enabled us to acquire high-quality diffraction patterns of 

Ba6Si2-xGexSe12, Sr8Ge4Se17, and Ba8Ge4Se17, all of which have diffraction patterns with thousands 

of peaks due to low symmetries and large d-spacing. 

 XRD reveals information about the average structure of the crystal, but techniques such as 

extended X-ray absorption fine structure (EXAFS) or pair distribution function (PDF) analysis are 

required to determine the local structure around atoms. In Chapter 5 PDFgui was used to support 

the evidence of positional disorder in Ba6Ge2Se12 and Ba7Ge2Se17 using data collected at the 11-

ID-B beamline at the Argonne National Laboratory.48 
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2.3 Thermoelectric Properties 
 

Thermoelectric materials are characterized by their ability to convert heat energy into 

electrical by creating an electric potential across the material as charge carriers diffuse from the 

hot side (i.e. high-energy) to the cold side (i.e. low-energy). For charge carriers to efficiently move 

across this temperature gradient, the material must have a high electrical conductivity (σ), high 

Seebeck coefficient (S), and low thermal conductivity (κ). The thermoelectric efficiency of a 

material may be described using the dimensionless figure-of-merit, zT. 

 
𝑧𝑇 =

𝑆2𝜎

𝜅
𝑇 

(2.3.1) 

From equation (2.3.1), one can see that to maximize zT. One must maximize the σ and S while 

simultaneously minimizing the κ. However, many of these parameters are interrelated, making 

optimization difficult when improvements to one parameter come at the cost of another. 

The σ of a material depends upon the number of charge carriers (n), the mobility of those 

charge carriers (μ), and their charge (e). The S may be regarded as a measure of the entropy of the 

charge carriers in the materials with respect to their charge. On the macroscopic scale, this is 

equivalent to the change in electric potential (ΔV) with respect to the temperature difference across 

the material (ΔT). S is inversely proportional to n due to the lower entropy of a smaller number of 

charge carriers. Consequently, any gains in σ usually come to the detriment of S. 

 𝜎 = 𝑛𝜇𝑒 (2.3.2) 

 
𝑆 =

𝛥𝑉

𝛥𝑇
 

(2.3.3) 
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The TlLa2Sb3Se9 compound discussed in Chapter 3 had all its thermoelectric properties measured 

using the ULVAC-Riko ZEM-3. This instrument creates a temperature gradient across a vertical 

bar by heating the base of the bar. The base and top of the bars are held between two electrodes 

while two thermocouples make contact with the side of the bar, creating 4 points of contact for 4-

probe measurements of the electrical conductivity and voltages. Since the two probes making 

contact with the side of the bar are also thermocouples, they can read the temperature difference 

between the hot side (bottom) and cold (top) to determine ΔT in addition to ΔT. 

 For most samples in this thesis, the intrinsic number of charge carriers was too low their σ 

to be measured on the ULVAC-Riko ZEM-3. For this reason, only their ultra-low κ could be 

measured. The κ of a material depends upon its thermal diffusivity (D), specific heat (CP), and 

density (ρ). Since thermoelectric materials are often tested at high temperatures, it is usually 

sufficient to use the Dulong-Petit approximation where CP = 3R/Mavg (Mavg: average molecular 

mass) since this is the limit that the CP of a material approaches at high temperatures. However, 

we can measure the CP of the material using an external standard we opted to utilize in most cases. 

 𝜅 = 𝐷𝐶P𝜌 (2.3.4) 

To measure κ, we use a TA Instruments Laser Flash DLF-1 with the Environmental Module 

EM-1200. The laser flash method does not determine the κ directly but instead determines the D, 

which one must combine with CP and ρ determined through other means to obtain the final κ. In a 

laser flash method, a laser pulse is shot at a sample of a known thickness (L), and an infrared 

detector on the opposite side of the pellet creates a thermogram with respect to time as the opposite 

side of the pellet begins to heat up from the laser pulse. The D may be determined using equation 

(2.3.5), where t1/2 is the time for the thermogram to reach its half-maximum. 
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𝐷 = 0.1388

𝐿2

𝑡1/2
 

(2.3.5) 

κ may be further broken down into its constituents κele and κlat, representing the thermal 

conductivity of charge carriers and the conductivity of phonons in the lattice, respectively. For all 

of the compounds reported in this thesis, the contribution of κele is negligible due to the low σ and, 

therefore 𝜅 ≈ κlat. 

 𝜅 = 𝜅ele + 𝜅lat (2.3.6) 

 The κ of the materials in this thesis may be regarded as “ultra-low” since they are on the 

order of < 1 W m-1K-1. For ultra-low κ, it is helpful to use the diffuson model of thermal transport 

instead of the phonon model since the complex structure or defects scatter most short wavelength 

phonons.49 Equations (2.3.7) and (2.3.8) represent the thermal conductivities of amorphous or 

heavily disordered materials (κglass) and the thermal conductivity derived from the diffuson model 

(κdiff), respectively. While κglass approximates thermal conductivity for heavily disordered 

materials, κdiff is more analogous to the minimum thermal conductivity (κmin) of the material. In 

these expressions, n represents the number density of the material (atoms m-3), kB is Boltzmann’s 

constant, and νs is the sound velocity through the material. The sound velocities of the compounds 

were measured on hot-pressed pellets coupled to the 5 MHz transducer of a Walfront Smart Sensor 

Sound Velocity Meter using silicone oil.  

 𝜅glass = 1.21𝑛⅔𝑘B𝜈𝑠 (2.3.7) 

 𝜅diff = 0.76𝑛⅔𝑘B𝜈𝑠 (2.3.8) 
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 For novel thermoelectric materials, one must understand the thermodynamic properties of 

a material before attempting to measure its properties at high temperatures. To achieve this, we 

use differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) to understand 

the limits of a material before it is heated. DSC detects any exothermic or endothermic phase 

transitions or decomposition in a sample by measuring a standard in parallel and comparing the 

heats of the two samples. TGA measures changes in the mass of a sample as it is heated. Any loss 

in mass suggests that volatile compounds such as S or Se are leaving the system and that the sample 

should exceed that temperature during measurements. Likewise, if the DSC measures a large 

endothermic peak indicating that the compound has melted that temperature should be avoided as 

well. For or purposes we use a Netzsch STA 409 PC under a constant flow of argon during heating. 

2.4 Linear Optics 
 

Polarization in materials may be expressed with the linear expression: 

 𝑃(𝑡) = 𝜀0𝜒
(1)𝐸(𝑡) (2.4.1) 

Where P(t) is the dipole moment per unit volume or polarization, ε0 is the permittivity of free 

space, χ(1) is a proportionality constant known as the linear susceptibility and E(t) is the optical 

field strength. In physics, linear optics is the subdiscipline which describes lenses, mirrors, and 

diffraction gratings. In the context of material science, linear optics is also responsible for the 

refractive index of a material. The refractive index of a medium, n, is the ratio of the speed of light 

in a vacuum (c) and the speed of light travelling through that medium (ν).  

 n =
𝑐

𝜈
 

(2.4.2) 
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In cubic crystal systems (and isotropic systems), where the x, y, and z directions are all equivalent, 

the n is constant regardless of the direction the light travels through the material. The material will 

have the same refractive indices as unique axes for lower symmetry crystal systems. The refractive 

indices may be determined from the diagonalized dielectric tensor of material since the refractive 

indices, nxx, nyy, and nzz, are related to the dielectric constants, εxx, εyy, and εzz via equation (2.4.3)  

 √𝜀𝑖𝑖 = n𝑖𝑖  (2.4.3) 

Table 2.2 Relationship between the number of unique crystallographic axes and the 

corresponding dielectric tensor. Isotropic materials include those without long-range ordering, 

such as gases, liquids, and amorphous solids. 

Birefringence Crystal Class Dielectric Tensor 

Biaxial Birefringence Triclinic, Monoclinic, Orthorhombic 

[

𝜀𝑥𝑥 0 0
0 𝜀𝑦𝑦 0

0 0 𝜀𝑧𝑧

] 

Uniaxial Birefringence Tetragonal, Trigonal, Hexagonal 

[
𝜀𝑥𝑥 0 0
0 𝜀𝑥𝑥 0
0 0 𝜀𝑧𝑧

] 

No Birefringence Cubic, Isotropic 

[

𝜀𝑥𝑥 0 0
0 𝜀𝑥𝑥 0
0 0 𝜀𝑥𝑥

] 

 

2.5 Nonlinear Optics 
 

Under intense optical fields, the polarizability of the medium deviates from linearity, and 

higher-order terms are introduced into the expression for P(t). 
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 𝑃(𝑡) =  𝜀0[𝜒
(1)𝐸(𝑡) + 𝜒(2)𝐸2(𝑡) + 𝜒(3)𝐸3(𝑡)… ] (2.5.1) 

The second and third terms are associated with second and third harmonics. Several phenomena 

are associated with second-order nonlinear optical susceptibility, such as second harmonic 

generation (SHG), sum frequency generation (SFG), and difference frequency generation (DFG). 

Figure 2.1 visualizes the physical phenomena governed by the second-order nonlinear optical 

susceptibility term. SHG occurs when two photons of equal frequency are destroyed, and a photon 

equal to two times the frequency of the original photons is emitted. Third harmonic generation is 

the analogous process where three photons are destroyed, and a photon equal to three times the 

original frequency is emitted. SFG involves destroying two photons of different frequencies and 

producing a single photon with the total energy of the starting two photons. DFG involves breaking 

up a high-energy photon into two lower-energy photons.  

 

 

Figure 2.1. Geometric representations and energy level diagrams of SHG (top), SFG (middle), 

and DFG (bottom). 

A prerequisite for SHG is for the material to belong to one of the 21 non-centrosymmetric 

(NCS) crystal classes. NCS crystal classes do not have an inversion center; therefore, the dipole 
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moments of the atoms may not cancel each other, leading to polar crystal classes. The consequence 

of having inversion symmetry is that the even powered terms in the polarization power series 

vanish completely since the positive and negative polarizations with respect to time sum to zero. 

 𝑃(2)(𝑡) = 𝜒(2)𝐸2(𝑡) (2.5.2) 

Changing the direction (i.e. sign) of the applied electric field must also change the sign of the 

polarization in a centrosymmetric medium. 

 −𝑃(2)(𝑡) = 𝜒(2)[−𝐸(𝑡)]2 (2.5.3) 

 −𝑃(2)(𝑡) = 𝜒(2)𝐸2(𝑡) (2.5.4) 

Since equations (2.5.2) and (2.5.4) are equivalent 𝜒(2) must be zero for P(t) to be qual to -P(t). 

Since the second-order linear susceptibility vanishes to zero, nonlinear optical (NLO) phenomena 

such as SHG are impossible within materials with centrosymmetric crystal classes.  

Although the lack of inversion symmetry is crucial for SHG, the specific NCS point group 

adds additional restrictions upon the second-order nonlinear optical susceptibility coefficient. 

Therefore, describing χ(2) as a scalar value is no longer enough. χ (2) can now be written instead as 

a third-order tensor to encapsulate the symmetries of the crystal system along its three 

crystallographic axes x, y, and z, which are denoted as 1, 2, and 3, respectively, as the subscripts 

for χ (2).  
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[

𝑃𝑥
𝜔1+𝜔2

𝑃𝑦
𝜔1+𝜔2

𝑃𝑧
𝜔1+𝜔2

] = 2𝜀0 [

𝑑11 𝑑12 𝑑13

𝑑21 𝑑22 𝑑23

𝑑31 𝑑32 𝑑33

    

𝑑14 𝑑15 𝑑16

𝑑24 𝑑25 𝑑26

𝑑34 𝑑35 𝑑36

]

[
 
 
 
 
 
 
𝐸𝑥

𝜔1𝐸𝑥
𝜔2

𝐸𝑦
𝜔1𝐸𝑦

𝜔2

𝐸𝑧
𝜔1𝐸𝑧

𝜔2

𝐸𝑦
𝜔1𝐸𝑧

𝜔2 + 𝐸𝑦
𝜔2𝐸𝑧

𝜔1

𝐸𝑧
𝜔1𝐸𝑥

𝜔2 + 𝐸𝑧
𝜔2𝐸𝑥

𝜔1

𝐸𝑥
𝜔1𝐸𝑦

𝜔2 + 𝐸𝑥
𝜔2𝐸𝑦

𝜔1]
 
 
 
 
 
 

 

 

(2.5.5) 

The second-order nonlinear optical susceptibility tensor is now expressed as d where 2d = χ (2). 

Additionally, contracted notation is used to index the d – tensor elements such that the last two 

indices are replaced to denote the position of the tensor element in the matrix. 11, 22, 33, 23, 13, 

and 12 are replaced by 1, 2, 3, 4, 5, and 6, respectively. 

 The second-order nonlinear optical susceptibility tensor expression in equation (2.5.5) may 

be simplified using Kleinman symmetry, which states that NLO susceptibility tensor elements are 

independent of frequency.50 This assumption is valid at low frequencies since the frequencies 

participating in SHG are much smaller than the resonant frequency of the material. In practical 

terms, this means that crystallographic directions of the tensor elements commute and can, 

therefore, be permutated freely. Several tensor elements become equivalent under Kleinman 

symmetry through these permutations of crystallographic directions. For example: 

 𝑑12 ≡ 𝑑122 = 𝑑212 ≡ 𝑑26 (2.5.6) 

As a result, the degeneracies under Kleinman symmetry, the d – tensor reduces from 18 unique 

elements to 10 unique elements.  

 

[

𝑑11 𝑑12 𝑑13

𝑑21 𝑑22 𝑑23

𝑑31 𝑑32 𝑑33

    

𝑑14 𝑑31 𝑑21

𝑑32 𝑑14 𝑑12

𝑑23 𝑑13 𝑑14

] 

(2.5.7) 
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Equation (1.2.10) represents the d – tensor for the triclinic 1 point group under Kleinman 

symmetry. For higher symmetry NCS point groups, there can be fewer than 10 unique elements. 

When there are more operations, several tensor elements vanish entirely. Research into NLO 

materials is based on discovering compounds with high dij values. High dij values correspond to 

efficient SHG; a high-quality crystal would be oriented along the crystallographic with the largest 

dij value. 

For exploratory research into NLO materials, growing high-quality single crystals of the 

compound is unnecessary. The SHG signal can be measured on NCS powdered samples and a 

signal corresponding to a combination of all non-zero dijk, known as deff.
51 

 
〈(𝑑𝑒ff)

2〉 =
19

105
∑(𝑑𝑖𝑖𝑖)

2

𝑖

+
13

105
∑𝑑𝑖𝑖𝑖𝑑𝑖𝑗𝑗

𝑖≠𝑗

+
44

105
∑(𝑑𝑖𝑖𝑗)

2

𝑖≠𝑗

+
13

105
∑ 𝑑𝑖𝑖𝑗𝑑𝑗𝑘𝑘

𝑖𝑗𝑘,𝑐𝑦𝑐𝑙𝑖𝑐

+
5

7
(𝑑𝑖𝑗𝑘)

2 

 

(2.5.8) 

The SHG intensity of the sample is compared to the SHG intensity of a standard with known dij 

values such as AgGaS2 (AGS) or AgGaSe2 (AGSe).  

To have efficient SHG, energy and momentum must be conserved, known as phase-matching. 

The intensity of the SHG signal drops rapidly when phase-matching conditions are not met. Energy 

conservation is described in terms of the frequencies of the source (ω1) and generated photons 

(ω2). 

 𝜔1 + 𝜔1 = 𝜔2 (2.5.9) 

Conservation of momentum is described by the wavevectors of the source and generated photons, 

k1 and k2, respectively.  
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 𝑘1 + 𝑘1 = 𝑘2 (2.5.10) 

 𝑘 =  
𝜔

𝑣
 

(2.5.11) 

Substituting equations (2.5.2) and (2.6.11) into (2.6.12), the relationship between refractive index 

and conservation of momentum becomes clear. 

 𝜔1n1

𝑐
+

𝜔1n1

𝑐
=

𝜔2n2

𝑐
 

(2.5.12) 

For phase-matching conditions to be perfectly met, the refractive index of the medium at ω1 must 

be the same as the refractive index at ω2. This condition is impossible to meet without 

birefringence due to the frequency dependence of the refractive index. The refractive index 

increases with increasing frequency. In a material which displays birefringence, it is possible to 

cross over to a different refractive index curve to keep the refractive index the same at the new 

frequency, thus conserving momentum. In practice, to achieve phase-matching using the inherent 

birefringence of a crystal, the source light is polarized along the crystallographic direction 

corresponding to the lower refractive index, n1. If these two source photons must be polarized 

parallel to each other, this is known as “type I” phase-matching, and if the source photons must be 

orthogonal to each other, then this is known as “type II” phase-matching. The lack of birefringence 

ends up limiting the SHG intensity of many cubic materials with large nonlinear susceptibility 

values, such as GaAs, which adopts the zincblende structure with the point group 4̅3𝑚.52 The 

intensity of SHG as it relates to the conservation of momentum is described by equations (2.6.13) 

and (2.6.14). 

 ∆𝑘 = 𝑘2 − 2𝑘1 (2.5.13) 
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𝐼 = 𝐼𝑚𝑎𝑥 [
sin (

∆𝑘𝐿
2 )

∆𝑘𝐿
2

]

2

 

(2.5.14) 

Where I is the intensity of SHG and L is the path length for the laser through the crystal. For 

maximum SHG intensity to be achieved, Δk must be zero. Otherwise, the intensity drops 

dramatically. 

 To determine whether a crystal can phase-match, one must determine whether the material 

is phase matchable at a given wavelength. Kurtz and Perry at Bell Labs found that the phase-

matching ability of a material could be tested on powdered samples.51 It is assumed that the 

particles are oriented randomly in powder and that the SHG intensity increases additively as light 

passes through more particles. The laser passes through L/r particles in the powdered sample where 

L is the path length through the powdered sample and r is the average size of a particle in the 

powdered sample. In type I phase-matching, there is no angular dependence between the particles, 

so the SHG intensity for smaller particles is weak due to the increased amount of scattering from 

the more significant number of particles. Eventually, the SHG intensity plateaus once the particles 

are large enough. When the compound does not type I phase to match, the SHG intensity reaches 

a maximum before decreasing with increasing particle size. This is because there is a small range 

of angles at which the incident light must hit the particle for SHG to occur. For larger particle 

sizes, the incident beam passes through fewer particles, meaning there will be fewer in the correct 

orientation to perform SHG. 

 An experimental deff may be calculated by comparing the SHG intensity of a new sample 

and the SHG intensity of a standard.53 If the new sample exhibits phase-matching, it must be 

compared using a phase-matching (PM) standard like LiNbO3; alternatively, if the new sample 
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does not phase match a non-phase-matching (NPM) standard like α-SiO2. Equations (2.6.15) and 

(2.6.16) give deff in SI units (pm V-1). Due to the particle size dependence of SHG intensity, 

comparing standards and samples that have been sieved to the same particle size ranges is crucial.  

 
〈𝑑𝑒𝑓𝑓〉𝑃𝑀 = [

𝐼2𝜔(𝐴)

𝐼2𝜔(𝐿𝑖𝑁𝑏𝑂3)
× 798]

1/2

 
(2.5.15) 

 
〈𝑑𝑒𝑓𝑓〉𝑁𝑃𝑀 = [

𝐼2𝜔(𝐴)

𝐼2𝜔(𝛼 − 𝑆𝑖𝑂2)
× 0.3048]

1/2

 
(2.5.16) 

2.6 Density Functional Theory 
 

Density functional theory (DFT) is a computational modelling method which provides an 

accurate scheme for overcoming the many-electron problem in quantum mechanical problems. To 

describe the decrease in electron density further from the nucleus, gradient terms may be added to 

the density functional, i.e. generalized gradient approximation (GGA).54 DFT calculations begin 

with a structural model of a molecule or unit cell. When computing the energy of the unit cell, the 

program samples a specified number of points in the Brillouin zone known as k points. This can 

be computationally expensive for large unit cells that contain many atoms, so the number of k 

points sampled is reduced for expediency at the cost of accuracy. The computational then relaxes 

the structure until energy and charge thresholds are met. Then, one may calculate the electronic 

structure of the material or physical properties with the relaxed structure. WIEN2k was used in 

this work to calculate these compounds' band structure and density of states (DOS). 

 In Chapter 8, the NLO properties of Sr6Ge3OSe11 are calculated using DFT. The second-

order susceptibilities may be calculated following the convergence of the self-consistent cycle 

criteria. Second-order susceptibilities may be calculated by several different DFT software such 
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as Abinit,55 Elk.56 Add-ons for VASP have also been developed by Yong-Fan Zhang, which enable 

it to calculate the second-order NLO tensor elements.57,58 An add-on has also been used with 

CASTEP to calculate NLO susceptibilities.59,60 The two commonly used approaches for 

calculating nonlinear susceptibilities are known as the “sum-over-states” (SOS) and the “length-

gauge” formalisms developed by Sharma and Sipe, respectively.61–63 Depending on which 

software is used for DFT calculations, either approach may be implemented. The SOS formalism 

will be focused on since it is the method used in the Elk code.  

The SOS formalism determines the number of excitations occurring within valence and 

conduction bands and between bands for a given photon energy. Excitations within the same band 

are always present and are known as the intraband component of nonlinear susceptibility. Above 

half the band gap energy of the material excitations from the conduction band dominates second-

order nonlinear optical susceptibility. This is the interband component. Half the band gap energy 

is critical since photons with 2ω that SHG creates have enough energy to excite charge carriers 

between bands. Finally, the interband and intraband components are added to get the total 

susceptibility. Since excitations within the band structure are being calculated, having a dense k 

point mesh is necessary when initializing a DFT calculation. Optical properties require large 

numbers of k points to reach convergence.64 Additionally, an accurate experimental band gap 

energy is crucial to determining optical properties since interband terms depend on this energy 

value. Since DFT calculations often underestimate the band gap energy, the optical band gap is 

often obtained experimentally and used to correct the calculated band gap post hoc using a scissor 

operator. The scissor operator raises conduction bands to match the experimental band gap.  
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To increase the precision of the theoretically calculated optical properties the calculated 

band gap is often corrected to the experimental value using a scissor operator. For solid samples 

such as the ones described here the spectrometer is set up to measure the diffuse reflectance of a 

pelletized sample and the reflectance is then converted to absorbance which is used to determine 

the optical band gap graphically. For these compounds, the PerkinElmer Lambda 1050 

UV/VIS/NIR Spectrometer was used since it allowed for measurements into the near IR region 

where the band gap for several of these selenogermanates resides. Using the Kubelka-Munk 

equation, (2.6.1), the reflectance can be converted to absorbance.  

 𝛼

𝑆
=

(1 − 𝑅)2

2𝑅
 

(2.6.1) 

Where R is the percent reflectance written as a decimal, α is the absorbance, and S is a scattering 

factor which is approximately constant for material with particles sizes greater than ~ 5 μm. Once 

the a/S term is determined it is plotted versus wavelength or the corresponding energies. The band 

gap can then be read from the plot by extrapolating the absorption edge to the baseline. 

 An alternative method to determine the band gap, which is used in the characterization of 

TlLa2Sb3Se9 in Chapter 3, is to measure the change in σ with respect to temperature. Intrinsic 

charge carriers can to be thermally activated to cross from the valence band to the conduction band. 

The relationship between T and σ is given by the Arrhenius equation: 

 
𝜎 = 𝜎0𝑒

−
𝐸𝑔

2𝑘𝐵𝑇 
(2.6.2) 
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Where Eg is the band gap, kB is the Boltzmann constant, T is temperature and σ0 is a pre-exponential 

factor. For semiconductors, plotting ln(σ) versus 1/T yields and negative linear relationship with 

slope equal to -Eg/2kB.  
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CHAPTER 3  

TlLa2Sb3Se9 

Portions of this chapter have been reprinted with permission from 

 Z. Anorg. Allg. Chem. 2021, 647, 81–85. 

 Copyright © 2021 Wiley-VCH GmbH. 

3.1 Introduction 
 

  Research into antimonates has led to the discovery of several new compounds due to the 

structural distortions arising from the sterically active lone pair of electrons of the Sb3+ ion. Our 

initial investigations of the La-Sb-Q (Q = S, Se, Te) system resulted in the discovery of 

La7Sb9S24.
65 Subsequent research involved adding a second heavy atom to the ternary system, 

yielding the quaternaries BaLaSb2S6 and BaLaSb2Se6.
66 TlLa2Sb3Se9 was discovered by using Tl+ 

as the second heavy cation instead of Ba2+. TlLa2Sb3Se9 crystallizes in an ordered variant of its K 

analogue sulphide KLa2Sb3S9.
67  

  Chalcoantimonates such as the LAST compounds (Lead-Antimony-Silver-Tellurium)68 

and the tetrahedrites Cu12Sb4S13
69,70 have succeeded as thermoelectric materials. The efficiency of 

a thermoelectric material depends on the dimensionless figure-of-merit, zT = S2σT κ-1. Where S is 

the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal conductivity, and T is the 

temperature. Phases with large unit cells and low symmetry, such as the tetrahedrites TlLa2Sb3Se9, 

are known to have low κ since the low symmetry structure scatters short wavelength phonons.71–

75 Additionally, TlLa2Sb3Se9 is a lustrous grey material suggesting that it is a narrow band gap 

https://onlinelibrary.wiley.com/doi/10.1002/zaac.202000386
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semiconductor. For these reasons, the thermoelectric properties of TlLa2Sb3Se9 were determined 

minneapand enhanced by doping with Ca2+ to increase the electrical conductivity, σ.  

3.2 Synthesis 

All the starting materials were handled within an argon filled glove box. Stoichiometric 

amounts of the constituent elements Tl (granules, 99.99%, Alfa Aesar), La (chips, 99.6%, Strem 

Chemicals), Ca (granules, 99.5%, Alfa Aesar), Sb (lumps, 99.5%, Fisher Scientific), and Se 

(pellets, 99.99%, Sigma Aldrich) were added to a fused silica tube, evacuated to 2.5 × 10-3 mbar, 

and flame sealed to make an ampule. The sealed ampule was heated over 6 hours to 923 K and left 

to dwell for 12 hours to complete the reaction of the elements. The furnace was then slowly cooled 

over 120 hours to 473 K to obtain crystals for single crystal analysis. Thereafter, the furnace was 

turned off and allowed to cool to room temperature naturally. 

  The single crystal data were collected at room temperature on a Bruker Kappa Apex II 

CCD diffractometer equipped with a Mo Kα radiation source. The ω and ϕ directions were scanned 

in 0.3⁰ steps and data was collected in 30 second intervals.76 The crystal structure was at first solved 

using the direct method within the SHELXTL package,45 and the previously reported solution for 

KLa2Sb3S9
67 was originally used to refine the TlLa2Sb3Se9 structure. In the end, the positions were 

standardized using the STIDY routine.77  

  Powder X-ray diffraction of the ground samples was performed on an Inel powder X-ray 

diffractometer using Cu Kα1 radiation. Diffraction patterns are provided as Figure A.1.  

  The electronic structure was determined using the Perdew-Burke-Ernzerhof (PBE) 

functional for the generalized gradient approximation (GGA) included in the Wien2K package.78 
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The convergence criteria of energy changes < 0.001 Ry and charge changes < 0.001 were met for 

TlLa2Sb3Se9 using a 12 × 3 × 2 k point mesh. 

  To perform thermoelectric property measurements, the TlLa2-xCaxSb3Se9 samples were hot 

pressed into 12.7 mm diameter pellets under 62 MPa of pressure at 623 K for two hours with argon 

constantly flowing through the Oxy-Gon hot-press furnace system. The densities of these pellets 

were determined using the Archimedes method; all had densities greater than 96% of the 

theoretical density. The thermoelectric properties were then determined using the TA Instruments 

DLF 1200 to determine the thermal diffusivities of the pellets, and the ULVAC ZEM-3 instrument 

was used to determine the Seebeck coefficients and electrical conductivities of prismatic bars cut 

from the hot-pressed pellets. The thermal conductivity values were calculated from the product of 

the thermal diffusivity, density and specific heat derived from the Dulong-Petit law for each 

sample. The thermoelectric properties were measured at room temperature up to 623 K. 

  The thermal behavior of TlLa2Sb3Se9 was analyzed by differential scanning calorimetry 

(DSC) and thermal gravimetric analysis (TGA) using a Netzsch STA 409 PC under a flow of 

argon. 

3.3 Crystal Structure 

TlLa2Sb3Se9 adopts an ordered variant of the KLa2Sb3S9 structure type (Figure 3.1), i.e. 

without the disorder of the chalcogen atoms.67 The crystallographic data are summarized in Table 

3.1, and the atomic positions are in Table A.1. There are six cations and nine anions located on the 

only 4a Wyckoff sites in P212121. 
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Table 3.1. Crystallographic details of TlLa2Sb3Se9. 

Parameters TlLa2Sb3Se9 

Crystal system Orthorhombic 

Space group P212121 (no. 19) 

a (Å) 4.2621(2) 

b (Å) 15.155(9) 

c (Å) 25.5005(9) 

Unit cell volume (Å3) 1647.5(1) 

Crystal size (mm) 0.100 x 0.010 x 0.005 

Formula units per unit cell, Z 4 

Molecular weight (g mol-1) 1558.08 

Density (g cm-3) 6.28 

Radiation, wavelength (Å) 0.71073 (Mo Kα) 

Temperature (K) 296 

F(000) 2616 

Absorption coefficient, μ (mm-1) 39.5 

Goodness-of-fit 1.01 

R1 [I > 2σ(I)] 0.0488 

wR2 [I > 2σ(I)] 0.0910 

Largest diff. peak, hole (e Å-3) 3.43, -3.62 

 

The Sb3+ cations are surrounded by six Se atoms in two different distorted octahedral 

geometries, a [5+1] coordination sphere for Sb1 and a [3+3] coordination sphere for Sb2 and Sb3. 
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These coordinations are very common for the Sb3+ cation, observed in many chalco-antimonates 

due to their stereochemical active lone pair. The [SbSe6] distorted octahedra share four common 

edges to form a {SbSe} slab (Figure 3.1). These slabs are connected via corner through the longest 

Sb-Se contact (above 3 Å) to form columns similar to many selenoantimonates, including 

BaLaSb2Q6 (Q = S, Se),66 Tl2.35Sb8.65Se14,
79 Pb4Sb6Se13 and Pb6Sb6Se17,

80 FePb4Sb6S14,
81,82, and 

Ba4LaSbGe3Se13.
83 Two crystallographically independent La3+ cations are in ninefold coordination 

in form of tri-capped trigonal prisms by two different Se anions: Se2- and Se-. [La1Se9] and 

[La2Se9] polyhedra share a common edge formed by a Se2
2- dumbbell and share common faces 

(Figure 3.2). The coordination of the Tl+ cation is also ninefold in the form of a tri-capped trigonal 

prism with bond lengths ranging from 3.28 Å to 3.66 Å, similar to those found in many thallium 

selenides. The [TlSe9] polyhedra share common faces forming an infinite linear chain along the a 

axis (Figure 3.3). 

 

Figure 3.1. Crystal structure of TlLa2Sb3Se9 with edge-sharing [SbSe6] polyhedra and {TlSe} 

chains. 
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Figure 3.2. Two double chains of LaSe9 polyhedra. 

There are also nine crystallographically independent Se atoms, which are fully ordered, 

while in the case of KLaSb3S9, two of the sulphur sites were split into two different positions with 

almost 50:50 occupancy. A similar scenario was also observed in the cases of Pb6Sb6S17 and 

Pb6Sb6Se17. Two of the Se atoms, Se4 and Se7, form a Se2
2- dumbbell, with a Se-Se bond of 2.48 

Å, longer than in most cases but similar to those found in the polyselenides BaLaSb2Se6 (2.45 Å) 

and Sr19-xPbxGe11Se44 (2.45 Å – 2.46 Å).84 Each dumbbell is connected to two others via contacts 

of 3.10 Å between two Se7 atoms, resulting in an infinite ribbon of four Se atoms running along 

the a axis. The next Se4-Se7 distance is 3.48 Å, likely nonbonding (Figure 3.3). Treating the 

dumbbells as Se2
2– ions, a charge balanced formula results with (Tl+)(La3+)2(Sb3+)3(Se2−)7(Se2

2–). 
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Figure 3.3. {TlSe} chains joined by Se-Se interactions. 

3.4 Theoretical Studies 

  The band structure calculated revealed a band gap of 0.47 eV separating the valence band 

from the conduction band (Figure 3.4). Se p states dominate the top of the valence band, while the 

sharp peak around +3 eV in the conduction band mainly consists of La d states. The bands near 

the Fermi level are primarily flat throughout the k space, especially below the Fermi level, which 

should lead to low charge carrier mobility and a high Seebeck coefficient.  
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Figure 3.4. Band structure (left) and density of states (DOS, right) of TlLa2Sb3Se9. 

3.5 Thermoelectric Properties 

3.5.1 Electrical Conductivity 

  To know what temperature TlLa2Sb3Se9 could be safely heated to during the thermoelectric 

property measurements, differential scanning calorimetry (DSC) and thermal gravimetric analysis 

(TGA) were performed. As seen in Figure A.2, the DSC curve of the TlLa2Sb3Se9 sample shows 

a sharp endothermic peak at 857 K, which did not reappear upon cooling the sample. This indicates 

that the sample melted incongruently at this temperature, leaving behind simpler phases. Above 

the incongruent melting point of TlLa2Sb3Se9, the volatility of Se significantly increases, and 

approximately 5% of the mass is lost above this temperature. Smaller peaks occur at 639 K upon 

heating and 690 K upon cooling. Thus, the physical property measurements were performed up to 

623 K.  
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  Using the DSC/TGA results, the thermoelectric property measurements of the hot-pressed 

samples were kept below 623 K not to decompose the samples. Undoped TlLa2Sb3Se9 has abysmal 

electrical conductivity (< 0.01 Ω-1 cm-1), and a signal could not be obtained at room temperature. 

Ca was chosen as a dopant since Ca2+ has a comparable ionic radius to La3+ (1.12 Å and 1.16 Å).85 

All Ca-containing samples could be measured at 323 K instead of 373 K for the undoped sample, 

but a signal at room temperature was still unobtainable. The electrical conductivity values for the 

TlLa2-xCaxSb3Se9 samples rise exponentially with respect to temperature (Figure 3.5), indicative 

of increasing thermal activation of the intrinsic charge carriers, with the Ca-containing samples 

exhibiting significantly higher values of up to σ = 1.8 Ω-1cm-1 at 623 K, compared to 0.7 Ω-1cm-1 

for the Ca-free sample. Such relatively low values, compared to advanced thermoelectric materials 

with σ >> 100 Ω-1cm-1, along with the observed thermal activation, indicate the absence of 

significant amounts of extrinsic charge carriers, pointing to charge compensation within the Ca-

containing samples via defects.  
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Figure 3.5. Electrical conductivity of TlLa2-xCaxSb3Se9 (x = 0, 0.01, 0.03, 0.05). 

  Since TlLa2Sb3Se9 behaves as an intrinsic semiconductor, the experimental band gap could 

be determined using the Arrhenius equation:  

 
𝜎 = 𝜎0𝑒

(
−𝐸𝑔

2𝑘𝐵𝑇
)
 

(3.4.1) 

Where σ0 is a pre-exponential factor, Eg is the band-gap energy, kB is the Boltzmann constant, and 

T is the absolute temperature. Linear regression of the curve gave an experimental band gap value 

of 0.68 eV for TlLa2Sb3Se9 (Figure A.3). This is in qualitative agreement with the calculated value 

of 0.47 eV, noting that calculated band gaps based on density functional theory are often 

underestimated.  
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3.5.2 Seebeck Coefficient 

 TlLa2Sb3Se9 is a p-type semiconductor with a positive Seebeck coefficient. The Seebeck data 

follow – as is commonly observed – the opposite trend compared to the electrical conductivity 

data: increasing Ca content occurs with values. The curves begin to merge at higher temperatures 

(Figure 3.6). The low concentration and mobility of charge carriers lead to an excellent Seebeck 

coefficient of approximately 500 μV K-1 for all samples at 623 K. These experimental observations 

are in line with the flat bands near the Fermi level that were calculated in the band structure of 

TlLa2Sb2Se9.  

 

Figure 3.6. Seebeck coefficient of TlLa2-xCaxSb3Se9 (x = 0, 0.01, 0.03, 0.05). 
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3.5.3 Thermal Conductivity 

 The thermal conductivity values are below 0.5 W m-1K-1, slowly decreasing with increasing 

temperature (Figure 3.7). Such low values are ideal for thermoelectric materials, but the low 

electrical conductivity prohibits using these materials for that purpose.  

 

Figure 3.7. Thermal conductivity of TlLa2-xCaxSb3Se9 (x = 0, 0.01, 0.03, 0.05). 

The exponential trend in electrical conductivity dominates the zT relationship and leads to 

a maximum zT of 0.078 for the TlLa1.95Ca0.05Sb3Se9 sample at the maximum temperature (Figure 

3.8). This is more than double the value for the undoped TlLa2Sb3Se9 with its zT = 0.031 but well 

below the values of state-of-the-art thermoelectric materials with zT > 1. For comparison, p-type 

chalcoantimonates such as (Bi0.4Sb0.6)2Te3 have reached peak zT values up to 1.4.86 



41 

 

 

Figure 3.8. Thermoelectric dimensionless figure-of-merit of TlLa2-xCaxSb3Se9 (x = 0, 0.01, 0.03, 

0.05). 

3.6 Conclusion 

 TlLa2Sb3Se9 is a dark grey semiconductor with an experimental band gap of 0.68 eV, adopting 

an ordered variant of the KLa2Sb3S9 type. Due to the complex crystal structure comprising 

stereochemically active Sb3+ cations, this material is bestowed with ultralow thermal conductivity. 

Attempts to obtain a competitive electrical conductivity via Ca doping were largely unsuccessful. 

The additon of p-type charge carriers did increase the electrical conductivity, but not sufficiently 

for the trend with respect to temperature to indicate that the material was behaving as an extrinsic 

semiconductor. Additionally, Se vacancies may be created in the material which largley negates 

the effects of the Ca dopant. 
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CHAPTER 4  

La12Sb9S38 

Portions of this chapter have been reprinted with permission from 

 J. Mater. Chem. C. 2021, 9, 6553-6559. 

 Copyright © The Royal Society of Chemistry 2021. 

4.1 Introduction 

 Antimony chalcogenides like the tetrahedrites Cu12Sb4S13 
69,70 and the LAST 

materials (Lead-Antimony-Silver-Tellurium) 68 are at the forefront of research into the 

thermoelectric energy conversion.71,74,87 They are also of interest as nonlinear optical 

materials because the lone pair of Sb3+ often causes noncentrosymmetric structures with 

strong second harmonic generation (SHG) effects.88–92 Yet to date, only five different 

ternary lanthanoid antimony sulphides have been characterized, namely La7Sb9S24,
93 

Yb4Sb2S11.25 along with its isostructural analogue Tm4Sb2Se11.68,
94 Pr8Sb2S15 

95 and its 

isostructural analogues Ln8Sb2S15 with Ln = La, Pr, Nd 88 and Ce8Sb2S15,
96 Eu3Sb4S9 

97 and 

Eu6Sb6S17.
98 Of these, only Yb4Sb2S11.25, Tm4Sb2Se11.68 and Eu6Sb6S17 are also 

polysulfides, containing S2
2- dumbbells and bent S3

2- groups, respectively, and aside from 

the band gaps of Yb4Sb2S11.25 and Tm4Sb2Se11.68 of 1.71 eV and 1.22 eV, no properties 

have been reported to date.  

 Our ongoing studies of these systems uncovered the first ternary lanthanum 

antimony polysulfide, namely La12Sb9S38, with several interesting structural features. These 

include a La/Sb mixed site, where the La atom is more regularly coordinated to the 

https://pubs.rsc.org/en/content/articlelanding/2021/TC/D1TC00984B
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surrounding S atoms than the Sb atom, like in La7Sb9S24,
93 and a disorder of an isolated S2- 

anion with an S2
2- dumbbell, as also found in Yb4Sb2S11.25.

94 Similarly, mixed Sm/Sb sites 

were observed in the oxide halides Sm1.3Sb1.7O4Cl and Sm1.5Sb1.5O4Br.99  

 

4.2 Synthesis 

 The title compound was initially synthesized from the elements stored in an argon-

filled glove box (La: chips, 99.6%, Strem Chemicals; Sb: lumps, 99.5%, Fisher Scientific; 

S: pieces, 99.999%, Alfa Aesar). The mixtures were loaded into fused silica tubes, sealed 

under a vacuum and placed into a resistance furnace for heat treatment. They were heated 

over 6 hours to 923 K, left at this temperature for 12 hours, and over 120 hours cooled to 

473 K to acquire crystals, and then turned off to cool down to room temperature.  

Two different, red single crystals were obtained from samples with starting elemental 

ratios of La : Sb : S = 1.15 : 0.85 : 4 and 1 : 1 : 4; optical property measurements were done 

after solving the crystal structure on a new sample with a ratio of 12 : 9 : 38.  

 After that, the products were ground for analysis with an INEL powder X-ray 

diffractometer using Cu-Kα1 radiation. The sample of nominal composition La12Sb9S38 

contained the target material in high yield with no clear evidence of any significant side 

products.  

To further study the phase width and obtain more pure samples for the transport 

measurements, we prepared the binary sulphide La3S4 
100 to avoid using metallic lanthanum 

in the ball-mill. Then we carried out three reactions with different amounts of Sb and S 

according to the nominal target compositions La12.17Sb8.5S38, La12.17Sb8.5S37.75, and 

La12Sb8.67S38. Each reaction was started in the Planetary Micro Mill Pulverisette 7 ball-mill 



44 

 

(FRITSCH) with a sample-to-ball mass of 1 : 15, using 600 revolutions per minute for eight 

hours.  

After that the samples were pressed to round disks with diameters of 12.7 mm at 54 

MPa at 773 K for 9 hours using the hot-press model FR-210-30T (Oxy-Gon Industries). 

This produced phase-pure samples in the cases of the target compositions La12.17S8.5S38 and 

La12.17S8.5S37.75, while minor side product peaks were evident in the X-ray powder patterns 

of the more Sb-rich sample La12Sb8.67S38, identified with an asterisk (*) in Figure 4.1.  

 

 

Figure 4.1. Experimental and calculated pXRD diagrams of different La12+xSb9-yS38-z phases. *: 

peaks of unidentified side products. The cif of La12.17(1)Sb8.59(2)S37.86(3) was used to obtain the 

calculated pattern. 
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We employed a Bruker Kappa Apex II CCD with Mo-Kα radiation for the single 

crystal structure studies. The data were collected via ω scans. The data were corrected for 

Lorentz and polarization effects. We utilized the empirical multi-scan method via SADABS 

as a part of the APEX II software.101 The crystal structures were solved and refined using 

the SHELXTL package,45 and ultimately standardized via the TIDY routine embedded in 

PLATON.77  

The structure solution was successful in the space group 𝑃𝑚3̅ for the crystal from 

the nominal composition “La1.15Sb0.85S4” sample, in line with the absence of systematic 

extinctions. The refinement with all identified positions via the direct methods, three La, 

one Sb, and four S sites resulted in a prominent peak of 44 e Å-3 in a physically impossible 

distance of 0.9 Å to La2, and distances of 2.4 Å – 2.6 Å to the surrounding S atoms, and a 

likewise impossible Sb1–Sb1 distance across a mirror plane of 0.7 Å. Consequently, we 

refined La2 as a split La/Sb site – as also observed in La7Sb9S24 
93 – and Sb1 as 50% 

occupied, so the unreasonable Sb1–Sb1 distance is avoided throughout the crystal. These 

two changes lowered the R1 value from 19.9% to 3.43% and the most significant residual 

electron density to 8 e Å-3.  

 Upon closer inspection, we noticed that the S4 site had an unusually high Ueq value 

of 1.6 Å2, indicative of lower electron density on that site, along with many too-short S4–

S4 distances. Thus, the occupancy of this site was freely refined, resulting in an occupancy 

of 23%, an inconspicuous Ueq value and a vastly improved R1 = 1.50%. Noting that the La2 

site stood out with its Ueq = 0.019 Å2 compared to the other La sites with their Ueq = 0.010 

Å2, we removed the constraint of a combined 100% occupancy of La2 and Sb2, i.e., freely 

refined the occupancy of La2 and Sb2. This resulted in occupancies of 53% for La2 and 
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43% for Sb2, thus a deficiency of 4% = 100% - 53% - 43% on that split position and an 

improvement from R1 = 1.50% to R1 = 1.36%. Tentative refinements of the occupancies of 

the other sites yielded no significant changes. With that, the formula was refined to 

La12.17(1)Sb8.59(2)S37.86(3), demonstrating significant deficiencies on cation and anion sites.  

The refinements of the second crystal, taken from a different sample with a La : Sb 

starting ratio of 1 : 1 gave qualitatively the same results, culminating in a refined formula 

of La12.10(1)Sb8.60(2)S37.79(6) and R1 = 1.6% (Tables 4.1 and 4.2).  

Energy-dispersive X-ray spectroscopy (EDAX) was used to verify the elemental ratios 

of the refinement, using a QuantaFeg 250/Oxford Instrument x-act system. The average 

atomic-% of area scans on three separate single crystals were 20(1)% La, 14.4(3)% Sb, and 

66(1)% S. This is in good agreement with the refined at.-% values of 20.8%, 14.7%, and 

64.6 %.  

The electronic structure was determined using the Perdew-Burke-Ernzerhof (PBE) 

functional for the generalized gradient approximation (GGA)54 included in the Wien2K 

package, wherein the full-potential linearized augmented plane wave (FP-LAPW) method 

is applied within the density functional theory (DFT).78,102 A model had to be constructed 

due to the partially occupied sites. The symmetry of this model was reduced from Pm3̅ to 

P1 while retaining the original unit cell. The final stoichiometry of the P1 model was 

La12Sb9S38. This model is electron-rich according to the formula (La3+)12(Sb3+)9(S
2-)24(S2

2-

)7(e
-), i.e. having part of the conduction band filled. Since removing one La or Sb atom 

would have removed three electrons, we instead replaced one La atom with one Ba atom, 

achieving charge balance as in Ba2+(La3+)11(Sb3+)9(S
2-)24(S2

2-)7. The alternative, to triple 
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the unit cell and then remove one La or Sb atom, would have resulted in a too-large unit 

cell.  

Diffuse reflectance spectroscopy was performed on La12Sb9S38 since it is a dark red 

sample indicating a band gap within the visible light spectrum. A ground La12Sb9S38 sample 

was mounted by adhering fine La12Sb9S38 powder to a glass slide via double-sided tape. A 

PerkinElmer Lambda 1050 UV/VIS/NIR Spectrometer was used to obtain the diffuse 

reflectance spectrum. The diffuse reflectance spectrum of La12Sb9S38 was collected from 

300 nm to 1300 nm and converted to absorbance via the Kubelka-Munk equation: α/S = (1 

- R)2 / (2 R), where α is absorbance, S is the scattering factor, and R is the reflectance.  

The thermal diffusivity (D) measurements of the hot-pressed samples La12.17S8.5S38 

and La12.17S8.5S37.75 were performed using the Laser Flash DLF-1 (Environmental Module 

EM-1200, TA Instruments) under Ar (Figure A.7). The specific heat (Cp) was 

simultaneously determined using the Vespel standard, resulting in values above the 

Dulong-Petit limit of up to 20%, especially at elevated temperatures (Figure A.6). The 

thermal conductivity was calculated via κ = DρCp, with ρ = density as determined using 

the Archimedes method.103 The relative densities were 92(1)%. The experimental errors for 

the thermal conductivity are estimated to be ±5%.  

Sound velocity S was measured on a hot-pressed pellet using a 5.0 MHz Walfront 

Smart Sensor Sound Velocity Meter with silicone oil as coupler, with its accuracy reported 

to be ±0.1 mm or ±7% of the thickness of the pellet.  

In addition, Scanning electron microscopy (SEM) and EDAX studies were 

performed on the surfaces of both pellets used for the thermal conductivity determinations 

(Figures A.8 and A.9), and Rietveld refinements using GSAS-II46 were carried on crushed 



48 

 

and ground parts of these pellets to verify composition and purity after these measurements 

(Figures A.4 and A.5). Notably, no side products were identified, and the refined formulae 

were equal to the nominal composition within two standard deviations, namely 

La12.1(2)Sb8.6(2)S37.6(2) in case of the pellet of the nominal composition La12.17S8.5S38 and 

La12.1(2)Sb8.6(2)S37.8(2) in case of  La12.17S8.5S37.75.  

Table 4.1. Crystallographic details of La12.17(1)Sb8.59(2)S37.86(3) and La12.10(1)Sb8.60(2)S37.79(6). 

Parameters La12.17(1)Sb8.59(2)S37.86(3) La12.10(1)Sb8.60(2)S37.79(6) 

Crystal system Cubic Cubic 

Space group Pm3̅ (no. 200) Pm3̅ (no. 200) 

a (Å) 11.1455(2) 11.151(1) 

Unit cell volume (Å3) 1384.52(7) 1386.5(3) 

Crystal size (mm) 0.10 x 0.08 x 0.02 0.06 x 0.04 x 0.02 

Formula units per unit cell, Z 1 1 

Molecular Weight (g mol-1) 3951.55 3939.41 

Density (g cm-3) 4.74 4.72 

Radiation, wavelength (Å) 0.71073 (Mo Kα) 0.71073 (Mo Kα) 

Temperature (K) 296 296 

F(000) 1738 1733 

Absorption coefficient, μ (mm-1) 14.71 14.63 

Goodness-of-fit 1.18 1.08 

R1 [I > 2σ(I)]a 0.014 0.016 

wR2 [I > 2σ(I)]b 0.027 0.029 

Largest diff. peak, hole (e Å-3) 1.53, -1.05 1.20, -1.18 
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Table 4.2. Interatomic distances (Å) of La12.17(1)Sb8.59(2)S37.86(3). 

Atom pair distance Atom pair Distance 

La1–S2 3× 3.0212(4) Sb1–S1 2× 2.4338(8) 

La1–S3 3× 3.0191(2) Sb1–S3 2.676(1) 

La1–S1 3× 3.0440(4) Sb1–S2 2× 3.3310(6) 

  Sb1–S3 3.320(1) 

La2–S3 2× 2.983(1) Sb1-S2 2× 3.536(1) 

La2–S3 2× 3.020(1)   

La2–S1 4× 3.0787(8) Sb2–S4 2.618(2) 

La2–S4 3.493(4) Sb2–S3 2× 2.737(1) 

  Sb2–S3 2× 2.767(1) 

La3–S2 12× 3.1205(8) Sb2–S1 4× 3.636(1) 

  Sb2–S4 3.740(4) 

S2–S2 2.085(2)   

    

S4–S4 2.00(1)   

 

4.3 Crystal Structure 

La12Sb9S38 adopts a new structure type comprising a three-dimensional network of 

Sb-S polyhedra. In its unit cell, depicted in Figure 4.2, we show all atoms as fully occupied, 

thus the physically impossible distances. This includes the distance of 0.7 Å across the 

mirror plane between two half-occupied Sb1 sites and between the split sites of La2 and 

Sb1 of 0.9 Å. Finally, the S4 sites form a cube around the origin with several too short 
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distances, namely 1.2 Å along its edge and 1.6 Å across its face. As such, only two of the 

eight S4 sites in each cube can be occupied, situated on opposing corners so that the shortest 

S4–S4 distance is along the space diagonal of 2.00 Å (Table 4.2), consistent with an S–S 

single bond in an S2
2- dumbbell as found in Na2S2 (2.13 Å)104 and LaS2 (2.11 Å).105 This 

works well with the refined occupancies being just below ¼, namely 22% in 

La12.10Sb8.60S37.79 and 23% in La12.17Sb8.59S37.86. Thus, each of these cubes contains either 

the S2
2- dumbbell or an isolated S2- ion, resulting in a 2- charge for each cube in either case. 

This situation is reminiscent of the one in Yb4Sb2S11.25, where either the (S4)2- or the (S5)2
2- 

is present at that position in the crystal.94 In addition, the S2 atoms also form an S2
2- 

dumbbell with an S–S single bond of 2.09 Å in La12Sb9S38, while the S1 and S3 sites have 

no noteworthy S–S contact, indicative of S2- ions.  

Treating the S4 site as 25% occupied results in the balanced formula of ((La, 

Sb)3+)21-x(S
2-)24(S2

2-)7 with 62 positive and 62 negative charges when x = ⅓. Both refined 

formulae from the two single crystals studied match this x value well, with x = 0.30 in 

La12.10Sb8.6S37.80 and x = 0.24 in La12.17Sb8.59S37.86.  
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Figure 4.2. Crystal structure of La12Sb9S38. La–S bonds are omitted for more clarity. The 

La2/Sb2 split sites are emphasized with lighter shades. 

The La2/Sb2 split site is a consequence of the tendency of Sb towards shorter 

distances and more distorted polyhedra because of the free electron pair of Sb3+, as 

visualized in Figure 4.3. Sb2 is surrounded by five S atoms at short distances between 2.62 

Å and 2.76 Å, by five S atoms at 3.64 Å – 3.74 Å, and La2 more regularly by eight S atoms 

at distances between 2.98 Å and 3.08 Å, and one at 3.49 Å. Similarly, the La1/Sb1 split site 

in La7+xSb9-xS24 has nine La1–S distances between 2.79 Å and 3.45 Å, and four short Sb1–

S distances between 2.54 Å and 2.83 Å and five longer Sb1–S of 3.39 Å to 3.62 Å,93 and a 

comparable situation was reported to exist in K2Pr2-xSb4+xSe12.
9 
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Figure 4.3. Interconnection of two pairs of the (Sb2)S10/(La2)S8 polyhedra. Distances from 3.63 

Å to 3.74 Å are shown as dotted lines. 

The interconnection of the (La1)S9, (La3)S12, and (Sb1)S8 polyhedra is displayed in 

Figure 4.4. La1 is coordinated to nine S atoms at distances between 3.02 Å and 3.04 Å and 

shares common vertices with the (La3)S12 polyhedron, wherein La3 is bonded to six (S2)2
2- 

dumbbells. The (La1)S9 polyhedron shares a common edge with the (Sb1)S8 polyhedron. 

It should be noted that only one of the Sb1 atoms shown can be present in such an (Sb1)S8 

polyhedron, each having three short Sb1–S bonds of 2.43 Å – 2.68 Å and five longer ones 

between 3.32 Å and 3.54 Å. Were the Sb1 atom to sit on the mirror plane (i.e. in the center 

of the split site shown in Figure 4.4), the most notable differences would be in the two Sb1–

S3 distances, which would change from 2.68 Å and 3.32 Å to 2 × 3.00 Å. The split site 

formation may thus be viewed as yet another distortion arising from the lone pair effect of 

a Sb3+ cation.  
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Figure 4.4. Interconnection of La1S9, La3S12, and Sb1S8 polyhedra. Distances from 3.33 Å to 

3.53 Å are shown as dotted lines. 

4.4 Theoretical Studies 

We modelled the electronic structure of the charge-balanced material by replacing 

one La atom with Ba instead of calculating a tripled unit cell with one La vacancy. The 

band structure and density of states of the model BaLa11Sb9S38 are depicted in Figure 4.5. 

BaLa11Sb9S38 is semiconducting, in accord with the formulation Ba2+(La3+)11(Sb3+)9(S
2-

)24(S2
2-)7 and the experimentally observed red colour. As typical for DFT calculations, the 

calculated band gap of 0.6 eV underestimates the real gap.  
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Figure 4.5. Band structure (left) and density of states (right) of the model BaLa11Sb9S38. 

Flat bands at the bottom of the conduction band and the top of the valence band 

indicate a high effective mass, low mobility, a significant Seebeck coefficient and low 

electrical conductivity. Similarly, flat bands were encountered in the thiospinel 

CuCr1.75Sb0.25S4, where the additional presence of more dispersed bands enabled 

CuCr1.7Sb0.3S4 to attain a peak zT of 0.43 around 900 K.106 The co-existence of the steep 

and flat band has generally been proven helpful for enhanced power factors, for example, 

most recently demonstrated for various sulphide perovskites.107 Unfortunately, this material 

has no such steep bands, which may be problematic in achieving high thermoelectric 

performance.  
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4.5 Physical Properties 

4.5.1 UV-Vis-NIR Spectroscopy 

Considering the red colour of the title compounds, the above-mentioned charge-

balanced formula of ((La,Sb)3+)20.67(S
2-)24(S2

2-)7, and the model calculation, 

semiconducting properties are to be expected. Correspondingly, the absorbance spectrum 

reveals an optical band gap of 1.75 eV (Figure 4.6), as expected based on the dark red 

colour. The same band gap of 1.71 eV was reported for Yb4Sb2S11.25, which also contains 

an S2
2- dumbbell.  

 

 

Figure 4.6. Absorbance spectrum of La12Sb9S38. 
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Moreover, we were unable to measure the electrical conductivity because of the high 

resistance of the sample, also indicative of semiconducting (or insulating) character.  

Thermal conductivity measurements were performed on two samples of nominal 

compositions La12.17Sb8.5S37.8 and La12.17Sb8.5S37.75, resulting in insignificant decreases with 

increasing temperature and overall, very similar curves and low values between 1.05 W m-

1K-1 and 0.80 W m-1K-1 (Figure 4.7). It should be pointed out that the diffusivity curves 

show a smooth decrease with temperature (Figure A.7) and that the two local minima 

around 350 K and 520 K stem from the heat capacity measurements using Vespel (Figure 

A.6), i.e. are experimental artifacts.  

 

4.5.2 Thermal Conductivity  

 

Figure 4.7. Thermal conductivity of La12Sb9S38. 
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As there is no contribution from the electronic thermal conductivity, the total 

conductivity equals the lattice thermal conductivity. The values around 1 W m-1K-1 are 

shallow for a sulphide but in line with this complicated crystal structure that includes a 

La/Sb disorder and Sb and S split sites. For example, bulk PbS with the high molar mass 

of Pb but the simple NaCl structure type exhibits room temperature lattice thermal 

conductivity values of 2.2 W m-1K-1 – 2.7 W m-1K-1, depending on the synthesis method.108 

To compare the impact of the molar mass of Pb, a look at the average molar masses is 

instructive, namely the molar mass of PbS divided by 2, the number of atoms per formula 

unit. This yields average molar masses of (207.20 + 32.07) g mol-1 / 2 = 119.6 g/mol for 

PbS and 3951.55 g mol-1 /58.62 = 67.4 g/mol for La12.17Sb8.59S37.86, which is around 44% 

less. For comparison, the average molar mass of PbTe is 167.4 g/mol, explaining in part 

why thermoelectric research has been focussed on tellurides, not sulphides, for decades.  

Comparably low thermal conductivity values were achieved in the closer related 

tetrahedrites, e.g. 0.9 W m-1K-1 in undoped Cu12Sb4S13.
69 Therein, the large dynamic 

displacement of some Cu atoms and the lone pair effect of the Sb site were identified as a 

cause for the low thermal conductivity.109 In sulphides with more disorder, such as the 

bornites with mostly disordered metal atom sites, much lower values of the order of 0.4 W 

m-1K-1 can be attained.110  

To determine the minimal (glass-like) thermal conductivity κglass according to 

Cahill,111 and the Debye temperature D, we measured the speed of sound at room 

temperature:  

 𝜅glass = 1.21 𝑛
2

3⁄   𝑘BS (4.5.1) 
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𝛩D =

ℏ

𝑘B
 (62𝑛)⅓S 

(4.5.2) 

Here, ℏ is the reduced Planck constant, kB is the Boltzmann constant, n is the number 

density of atoms, and S is the arithmetic average of the speed of sound. With the 

experimentally determined S = 2930 m s-1, we obtain κglass = 0.62 W m-1K-1. We thus note 

that the disorders observed here are not enough to bring the thermal conductivity down to 

the Cahill limit. The Debye temperature calculated from the speed of sound at room 

temperature of D = 304 K lies between the ones of SnS (270 K) and Sb2S3 (310 K).  

 

4.6 Conclusion 

The first lanthanum antimony polysulfide was presented in this work. La12+xSb9-yS38-

z adopts a new structure type, which is comprised of a La/Sb mixed site with a small 

deficiency, an Sb split site, and disordered S2
2- dumbbells.  

La12+xSb9-yS38-z is a semiconducting material with an optical band gap of 1.75 eV, in 

accord with the charge-balanced formula ((La,Sb)3+)21-x(S
2-)24(S2

2-)7 with 62 positive and 

62 negative charges when x = ⅓. Despite its relatively low average molar mass of 67.4 g 

mol-1, low thermal conductivity values around 1 W m-1K-1 were experimentally determined. 

These values are caused by the complex crystal structure and various disorders, resulting 

in enhanced phonon scattering. It remains to be explored whether significantly enhanced 

thermoelectric properties can be attained by optimizing the charge carrier concentration.  
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CHAPTER 5  

Ba6Ge2Se12 and Ba7Ge2Se17 

Portions of this chapter have been reprinted with permission from  

Inorg. Chem. 2023, 62, 1, 285–294. 

 Copyright © 2022 American Chemical Society. 

5.1 Introduction 

Zintl compounds are characterized by their adherence to the simple octet counting rules. 

These materials' compositions are primarily explained by the ionic interactions between group one 

and two elements with their post-transition metal counterparts. Herein, the ternary Ba-Ge-Se phase 

space is investigated and expanded to include two previously unreported compounds: Ba6Ge2Se12 

and Ba7Ge2Se17. So far, only two barium seleno-germanates have been reported, namely Ba2GeSe4 

and Ba2Ge2Se5.
4,6. The former is a member of a diverse class of compounds with the general 

formula MII
2TtQ4, where MII is either one or two different divalent cations, the tetrel Tt a 

tetrahedrally coordinated cation such as Si, Ge, or Sn, and Q is a chalcogen atom such as S or Se. 

Exploratory search into MII-Tt-Q materials has been a reliable strategy for researchers to discover 

new compounds and structure types.4,112–116 Many of these compounds have been investigated for 

their non-linear optical (NLO) properties, partly because they are composed of non-

centrosymmetric building blocks into the structure, such as [TtQ4]
4- tetrahedra.34,117–121 Although 

neither Ba6Ge2Se12 (space group P21/c) nor Ba7Ge2Se17 (Pnma) crystallizes in a non-

centrosymmetric space group, they adopt new structure types. Stoichiometric analogs containing 

Sr, Sn, or S could not be synthesized. Despite this, several chalcogen-rich compounds can be found 

https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03373
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in the literature with similar stoichiometries and low symmetries such as Sr4Sn2Se9 (P21212), 122 

Sr4Sn2Se10 (Pbam),122 Ba2SnSe5 (P21/c and P212121),
123–125 Ba2SnTe5 (P21/c),126 Ba12Sn4S23 

(P21/n)127, Ba7Sn3S13 (Pnma), 127 Ba7Sn3Se13 (Pnma),128 Ba7Sn5S15 (P63cm),129 and Ba8Sn4S15 

(Pca21).
130 

 Out of the previously reported barium seleno-germanates and seleno-stannates, only the 

metastable structure of Ba2SnSe5 in space group P21/c contains positional disorder.124 The title 

compounds Ba6Ge2Se12 and Ba7Ge2Se17 both have disordered polyatomic anions. Ba6Ge2Se12 

contains disordered Se2
2- dumbbells, and Ba7Ge2Se17 contains disordered [GeSe5]

4- anions. 

Disordered molecular groups are common in the crystal structures of organic compounds that co-

crystallize with their solvents or have tert-butyl groups but are relatively uncommon in inorganic 

compounds.131,132 

5.2 Synthesis 

The synthesis of the two title compounds was carried out through high-temperature solid-

state reactions. Single crystals of the two new compounds were obtained by loading stoichiometric 

amounts of elements (Ba: pieces, 99.7%, Strem Chemicals; Ge: pieces, 99.999%, Strem 

Chemicals; Se: powder, 99.999%, Alfa Aesar) into carbon-coated silica tubes inside a dry argon-

filled glove box. The silica tubes containing the elements were evacuated to < 2.5×10-3 bar before 

finally sealing the ampoules with an H2/O2 torch. To produce the crystals suitable for single crystal 

X-ray diffraction (XRD), the samples were heated to 923 K over 24 h and slowly cooled to room 

temperature at 2 K h-1.  

 To produce single-phase bulk samples of Ba6Ge2Se12 and Ba7Ge2Se17, a different approach 

was required to account for the high reactivity of Ba and the high melting points of Ba and Ge, 

1000 K and 1211 K, respectively. For the bulk samples, stoichiometric amounts of Ba, Ge and Se 
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were added to glassy carbon crucibles and lowered into 13 mm diameter silica tubes. The total 

mass of the elements was restricted to 500 mg to fit into the crucibles easily.  The silica tubes were 

then evacuated, and flame sealed. The Ba6Ge2Se12 and Ba7Ge2Se17 samples were placed in 

programmable furnaces to heat to 923 K over 24 h and held at this temperature for 100 hours. The 

furnace temperature was then lowered to 623 K and held at this temperature for another 100 hours 

before being shut off. To determine the purities of the samples, powder X-ray diffraction (XRD) 

diagrams were collected on an INEL XRG 3000 diffractometer equipped with a Cu-Kα1 radiation 

source. Analysis of the powders’ diffraction patterns revealed that in addition to the target material, 

ternary and binary side products that correspond to the following reaction equations were present 

in the two cases: 

 6 Ba + 2 Ge + 12 Se → 2 Ba2GeSe4 + 2 BaSe2 (5.2.1) 

 7 Ba + 2 Ge + 17 Se → 2 Ba2GeSe4 + 3 BaSe3 (5.2.2) 

 To remove these side products, the samples were ground into homogeneous powders and 

hot-pressed into dense pellets for further annealing. The powders were hot-pressed into 12.7 mm 

diameter pellets in an Oxy-Gon model FR-210-30T hot-press at 627 K for 16 hours under 54 MPa 

of pressure. At this point, Ba7Ge2Se17 was determined to be a single phase via powder XRD, but 

Ba6Ge2Se12 still had small impurity peaks in the diffraction pattern. The pellet was sealed again in 

an evacuated silica tube and annealed in a manual furnace for 10 days at 627 K.  

 Single crystal structures were performed using a Bruker Kappa Apex II CCD with Mo-Kα 

radiation. Ba6Ge2Se12 forms red platelets, and Ba7Ge2Se17 forms black needle-like crystals. The 

data was collected in 30 s intervals via ω scans. The multi-scan method was used for the absorption 

correction within SADABS.133 Both crystal structures were solved and refined using the 
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SHELXTL package.44,45 The Ba6Ge2Se12 crystal was refined as a twin. Finally, the refined atomic 

positions were standardized via the “TIDY” procedure in the PLATON software.134,135 

 Both crystal structures were initially refined without disordered atomic sites, resulting in 

sizeable residual electron densities. In Ba6Ge2Se12, two such Q peaks with electron densities of 19 

and 15 e Å-3 remained, and in Ba7Ge2Se17, four prominent Q peaks with electron densities of 22 e 

Å-3, 22 e Å-3, 21 e Å-3, and 13 e Å-3 remained, that all had physically impossible distances to the 

central atoms. These Q positions were identified as Ge or Se sites with low occupancies depending 

on their coordination environments. Adjacent Ge and Se atoms with the impossibly short distances 

to the newly added sites also refined their occupancies.  

 After refining this model for Ba6Ge2Se12, two Se atoms tended towards ~78% occupancy, 

whereas the other two sites tended towards 22% occupancy. Similarly, one Ge and three Se sites 

tended towards 80% occupancy in Ba7Ge2Se17, whereas the other one Ge and three Se sites tended 

towards 20% occupancy. Upon visual inspection, it became clear that the groups of atoms with 

similar occupancies were related to their counterparts through symmetry. In Ba6Ge2Se12, the 

disordered Se sites correspond to a pair of Se2
2- dimers that are rotated 90⁰ about the midpoint of 

their Se-Se bonds. In Ba7Ge2Se17, two [GeSe5]
4- overlapping polyhedra share Se3 and Se7. For the 

Ge atoms to remain at the center of each polyhedron, the Ge site must be split, creating a 15⁰ pivot 

about the Se3 and Se7 axis. With this revelation, the models were again refined using the “PART” 

instruction in SHELXTL to refine the occupancies of the high occupancy sites with their low 

occupancy counterparts. The occupancies of the disordered parts were constrained to sum to 100%. 

The final refined occupancies for the Se2
2- dimers were 0.7837(2) and 0.2163(2) in Ba6Ge2Se12. 

The occupancies of the overlapping [GeSe5]
4- polyhedra in Ba7Ge2Se17 are 0.8093(1) and 

0.1907(1), respectively. Since the parts were constrained to sum to 100% occupancy, the charge-
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balanced formulas are (Ba2+)6(Ge4+)2(Se2-)8(Se2
2-)2 and (Ba2+)7(Ge4+)2(Se2-)6(Se2

2-)4(Se3
2-). 

Crystallographic details of both data collections are summarized in Table 5.1, and atomic 

positions, Ueq values and occupancy factors in Tables A.3 and A.4.  

Table 5.1. Crystallographic data for Ba6Ge2Se12 and Ba7Ge2Se17 from the sXRD experiments. 

Parameters Ba6Ge2Se12 Ba7Ge2Se17 

Crystal system Monoclinic Orthorhombic 

Space group P21/c (no. 14) Pnma (no. 62) 

a (Å) 10.0903(2) 12.652(1) 

b (Å) 9.3640(2) 20.069(2) 

c (Å) 25.7643(5) 12.3067(9) 

β (⁰) 90.303(1) 90 

Unit cell volume (Å3) 2434.32(9) 3124.8(4) 

Crystal size (mm) 0.13 x 0.04 x 0.02 0.16 x 0.02 x 0.02 

Formula units per unit cell, Z 4 4 

Molecular Weight (g mol-1) 1916.74 2448.88 

Density (g cm-3) 5.230 5.205 

Radiation, wavelength (Å) 0.71073 (Mo Kα) 0.71073 (Mo Kα) 

Temperature (K) 296 296 

F(000) 3232 4136 

Absorption coefficient, μ (mm-1) 29.902 30.361 

Goodness-of-fit 1.07 1.02 

R1 [I > 2σ(I)]a 0.029 0.026 

wR2 [I > 2σ(I)]b 0.051 0.056 

Largest diff. peak, hole (e Å-3) 2.23, -2.69 3.02, -1.95 
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 To further support the conclusion that there are disordered parts in the crystal structures of 

Ba6Ge2Se12 and Ba7Ge2Se17, Rietveld refinements were performed in GSAS-II.46 Refining the 

powder XRD pattern is helpful to determine if the disordered sites are accurate or an artifact of the 

twinned crystal data. Only the isotropic thermal displacement parameters (Uiso) were refined due 

to the lower resolution of the one-dimensional powder XRD detector compared to the 2D detectors 

used for single-crystal refinements. The occupancies of the disordered parts were again constrained 

to sum to 100%. For comparison, ordered models were also created that only used the sites with 

greater occupancy. The results from these models were discarded since they led to large Uiso 

associated with the disordered sites signaling that these positions were overly occupied when they 

had 100% occupancy. For the Ba6Ge2Se12 sample, three peaks from an unknown phase were visible 

in the powder XRD. These peaks that could not be linked to Ba2GeSe4, BaSe2, or any other barium 

selenide were excluded from the refinement range (23.9⁰, 25.5⁰, and 29.6⁰). 

The pair distribution function (PDF) was also used to understand local disorder within these 

structures. Total scattering data was collected at 11-ID-B at Advanced Photon Source. The data 

was transformed via a sine Fourier transform using GSAS-II software.46 The Qmax was fixed to 24 

Å-1. This work opted not to apply the Lorch function, as this function results in a lower spatial 

resolution of the data, and a higher spatial resolution was necessary to distinguish between the 

different models during the analysis. Small-box modelling was performed using PDFgui.48 Data 

was modelled between 1.85 Å, and 15 Å. Fitting was restrained to the low radius region to probe 

the local structure of the system. A maximum radius of r = 15 Å was chosen for both systems as 

this is the distance between the Se chains in Ba6Ge2Se12 and between the Ge-Se polyhedron layers 

in Ba7Ge2Se17. Small-box refinements were performed using refined average structure from single 
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crystal data as a starting model. The scale, lattice parameters, atomic displacement parameters, and 

atomic positions were refined. The Qdamp and Qbroad parameters were refined from a nickel 

standard. The weighted residual (Rw) was used to evaluate the fit quality. Here Rw is defined as:  

 

𝑅𝑊 = √
∑ 𝑤(𝑟𝑖)[𝐺𝑜(𝑟𝑖) − 𝐺𝑐(𝑟𝑖)]2

𝑁
𝑖−1

∑ 𝑤(𝑟𝑖)[𝐺𝑜(𝑟𝑖)]2
𝑁
𝑖−1

 

(5.2.3) 

where 𝐺𝑜(𝑟𝑖) is the experimental intensity at a radial distance 𝑟𝑖, 𝐺𝑐(𝑟𝑖) is the calculated intensity 

from the refined model at 𝑟𝑖, and 𝑤(𝑟𝑖) is the weight of the data point at 𝑟𝑖. 

 The optical band gaps of these phases were obtained via diffuse-reflectance spectroscopy. 

The powdered samples were cold-pressed into pellets. These pellets were mounted vertically with 

double-sided tape in a PerkinElmer Lambda 1050 UV/vis/NIR spectrometer. The reflectance data 

were converted to an absorption spectrum using the Kubelka-Munk equation (α/S = (1 − R)2/(2R)), 

where α is the absorption, R the reflectance and S a scattering factor, which is constant for particle 

sizes larger than ~5 μm.  

 Thermal conductivity measurements were performed on both phases' hot-pressed and 

annealed pellets. The total thermal conductivity (κtot) was measured from room temperature up to 

573 K in an argon atmosphere using a TA Instruments DLF 1200 instrument. κtot is calculated from 

thermal diffusivity (D), specific heat (CP) and density (ρ) via the formula κtot = DCPρ. The 

Archimedes method obtained densities which were > 90% of their respective theoretical densities. 

A Vespel standard was used to obtain the experimental CP. Alternatively, the CP can be derived 

from the Dulong-Petit law. The experimental error of the κtot measurements is estimated to be 5%. 

κtot can be defined as the sum of the lattice component of thermal conductivity and the electrical 

component of thermal conductivity, i.e. κtot = κlat + κele. The minimum thermal conductivity (κdiff) 
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may be derived from the sound velocity (vs) through the material.49 The vs was obtained by 

coupling the pellets with silicone oil to a 5.0 MHz Walfront Smart Sensor Sound Velocity Meter. 

 Models had to be constructed to calculate the electronic structures of these two phases since 

some of the atomic sites are partially occupied. We opted to create two models for each compound. 

One of the models only included the more highly occupied disordered sites, whereas the second 

model, in each case, only included the less occupied disordered sites. The electronic structures of 

the two title phases were calculated by density functional theory (DFT) within the WIEN2k 

package.78,102 The Perdew-Burke-Ernzerhof (PBE) function with the generalized gradient 

approximation (GGA) was used until the energy had converged to < 0.001 Ry and the electric 

charge had converged to < 0.001 e-.54 For Ba6Ge2Se12, a 6 × 6 × 2 k point mesh in the reciprocal 

lattice was used to meet these convergence criteria.27 The uneven distribution of k points along the 

different axes results from the c axis in the Ba6Ge2Se12 being more than twice as long as the a or 

b axes. Similarly, the first Brillouin zone of Ba7Ge2Se17 was divided into a 5 × 3 × 5 k point grid. 

Using these calculations, the band structures and density of states (DOS) were calculated for both 

compounds. XCrySDen was used to select the k vectors along a path in the Brillouin zone that 

includes all the high symmetry vertices for the band structure.136 

The more highly occupied disordered Se sites, Se3 and Se12, form a staggered 1D chain 

along the a direction in Ba6Ge2Se12. As the polyselenides Se2
2- and Se3

2- are relatively common in 

Se-rich compounds, we determined the average length of the Se chain in Ba6Ge2Se12, given the 

refined occupancies. A C# script was written to track the consecutive instances of either orientation 

appearing for given probabilities.137 

5.3 Crystal Structures 
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5.3.1 Ba6Ge2Se12 
 

 Ba6Ge2Se12 crystallizes in the monoclinic P21/c space group and has a relatively large unit 

cell volume of 2434.3 Å3. All atoms exist on the low symmetry 4e Wyckoff position. This leads 

to six Ba, two Ge and fourteen Se positions. Four Se sites are related via disordered Se dumbbell 

pairs, meaning in any given unit cell, only 10 + 4/2 = 12 of the Se sites are occupied. We opted to 

refer to this compound as Ba6Ge2Se12 rather than reducing the formula to Ba3GeSe6 because of the 

number of symmetrically unique crystallographic sites.  

 The major structural motifs of Ba6Ge2Se12 are the [GeSe4]
4- tetrahedra and the staggered 

1D chains of Se2
2- dumbbells (Figure 5.1). These chains run parallel to the a-axis of the unit cell 

and perpendicular to the rows of aligned [GeSe4]
4- tetrahedra. The Se atoms are not evenly spaced 

throughout the staggered chain. The Se atoms pair up into Se2
2- dumbbells with Se-Se bond 

distances of 2.33 Å – 2.38 Å. The Se-Se distance between adjacent Se pairs is 2.70 Å. This is much 

shorter than the distances between the aligned Se2
2- dumbbells in Ba12In4Se20 (3.51 Å).8 Unevenly 

spaced Se chains have been observed in other compounds such as the Ln4O4Se3 family of 

compounds where Ln = La, Ce, Pr, Nd, or Sm.138–140 Additionally, each Se dumbbell has a 

disordered counterpart that is rotated by approximately 90⁰ about the center of the Se-Se bond. 

Both dumbbell positions are not equally likely, with the Se positions aligned along the a axis being 

occupied 78% of the time and the pairs perpendicular to the a axis being occupied 22% of the time. 

As seen in Figure 5.2, the anisotropy of the Se dumbbells is accentuated in the direction of the 

chain, whereas the perpendicular dumbbells are in and out of the plane of the figure.  
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Figure 5.1. Crystal structure of Ba6Ge2Se12. Se5 and Se13 have been excluded for clarity and to 

highlight the linear chain of the Se3 and Se12 atoms. 

 

Figure 5.2. Se2
2- disorder in the 1D chain of Ba6Ge2Se12. Se-Se distances greater than 2.4 Å are 

shown as dashed lines. The Se sites that are less occupied (Se5 and Se13) are shaded more 

lightly. The anisotropy of Se5 and Se13 is most pronounced perpendicular to the plane. 

There are also isolated Se2
2- anions composed of Se4 and Se9 with a bond length of 2.37 

Å (Figure 5.3), which aligns with the Se-Se bond lengths in the 1D chain. The Ge-Se bond lengths 

in the [GeSe4]
4- tetrahedra range from 2.32 Å – 2.36 Å. This is nearly identical to the range of Ge-

Se bond lengths found in Ba2GeSe4 (2.33 Å – 2.36 Å).4  
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Figure 5.3. Isolated Se2
2- anion (left) and an example of a [GeSe4]

4- tetrahedron (right). 

 

5.3.2 Ba7Ge2Se17 
 

Ba7Ge2Se17 crystallizes in the Pnma space group and has a large unit cell volume of 3125 

Å3. This new structure type contains a variety of anionic motifs, namely [GeSe5]
4-, Se2

2- and Se3
2-

. The anions are organized into alternating [GeSe5]
4- and polyselenide layers along the b direction 

(Figure 5.4). The [GeSe5]
4- units are tetrahedral like [GeSe4]

4- but with a Se2
2- capping the 

tetrahedra instead of a single Se ion. The Se-Se bond lengths in Se2
2- are longer than in Ba6Ge2Se12. 

The bond length is 2.43 Å in the isolated dumbbell and 2.40 Å in [GeSe5]
4-, and 2.33 Å and 2.37 

Å in the nonlinear Se3
2- unit (Figure 5.5).  
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Figure 5.4. Crystal structure of Ba7Ge2Se17. Only the more highly occupied [GeSe5]
4- anion is 

portrayed. Ge2, Se1, Se4, and Se6 have been excluded for clarity. 

 

Figure 5.5. The polyselenide motifs in Ba7Ge2Se17. Left: Se3
2-; right: Se2

2-. 

Unlike in Ba6Ge2Se12, the anion disorder in this structure type is found in the [GeSe5]
4- anion 

rather than the Se2
2- dumbbells. The [GeSe5]

4- anion is unevenly split across two atomic site sets. 

Both orientations of the anion share Se3 and Se7, and the remaining Ge and three Se atoms are 
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topologically related to their counterparts by performing a reflection across the two shared Se sites. 

The PART1 anion has an 81% occupancy rate, and the PART2 anion has a 19% occupancy rate, 

according to the refinement of the single crystal data. The Rietveld refinement of Ba7Ge2Se17 was 

performed using the disordered [GeSe5]
4- model. The atoms associated with PART1 (Ge1, Se2, 

Se4, and Se6) had an occupancy of 77% after the refinement, and the atoms associated with PART2 

(Ge2, Se2, Se5, and Se9) therefore an occupancy of 23%. 

 

Figure 5.6. [GeSe5]
4- anion disorder with overlapping ions (left) and their structures, along with 

occupancies and bond lengths (right). 

Figure 5.7 depicts the different coordination environments of the Ba atoms with respect to 

the disordered Se sites. In Ba6Ge2Se12, the Ba atoms adjacent to the 1D Se chain do not straddle 

the center of the chain. This leads to short Ba-Se distances (2.92 Å) between Ba3 and Se13. As a 

result, the Se13 and correspondingly Se5 sites are unfavorable. In Ba7Ge2Se17 the Ba-Se distances 

associated with PART1 range from 3.31 Å – 3.57 Å, and the Ba-Se distances from PART2 range 

from 3.15 Å – 3.40 Å. The slightly shorter Ba-Se distances may account for the disparity in the 
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occupancy between the two sets of atomic sites. Additionally, the coordination number of Ba2 

increases from C.N. = 8 to 9 when the Se4 site of PART2 is occupied. 

 

Figure 5.7. Ba3 coordination sphere in Ba6Ge2Se12 (left) and Ba2 coordination sphere in 

Ba7Ge2Se17 (right). Se atoms with 100% occupancy are only depicted as outlines. 

5.3.3 Single Crystal and Rietveld Refinements 

The Rietveld refinement of the polycrystalline Ba6Ge2Se12 sample (Figure 5.8) leads to 

similar occupancies of the Se2
2- pairs in the staggered chain. The Rietveld refinement decreased 

the occupancy of PART1 from 78% to 73% and correspondingly increased the occupancy of 

PART2 from 22% to 27%.  
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Figure 5.8. Rietveld refinement fits. Ba6Ge2Se12 (left) and Ba7Ge2Se17 (right) data. 

 A simulation was run using the probabilities obtained from the single-crystal refinement to 

determine the distribution of Se atom chain lengths. It was observed that the number of 

consecutively oriented dumbbells was most likely to be only one unit long. Se2
2- aligned along the 

a axis have a 78% probability of being occupied, and there is a 22% chance that the length of this 

chain is one unit long. 99% of Se atom chains along the a axis are 18 units (i.e. 36 Se atoms) long 

or less. The number of consecutive antiparallel dumbbells decays rapidly due to its lower 

occupancy rate. 78% of antiparallel dumbbells have no aligned neighbours. Figure A.8 shows the 

probabilities of the lengths of aligned Se2
2- dumbbell chains.  

 

5.3.4 Pair Distribution Function Refinements 

Disorder of molecular groups is relatively rare in the crystal structures of inorganic 

compounds compared to the crystal structures of organic compounds. To verify that the disordered 

atomic coordinates are not just an artifact of twinning in the single-crystal XRD data, the local 

structures of Ba6Ge2Se12 and Ba7Ge2Se17 were investigated via PDF analysis. Unlike diffraction 
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experiments that summarize the average structure, the PDF analysis probes the local environment 

within a structure. Thus, the PDF analysis provides a direct description of the disorder, or lack 

thereof, within Ba6Ge2Se12 and Ba7Ge2Se17.  

Small-box modelling was used to analyze the PDF data. Three models were used to 

describe experimental data: (1) Case A: PART1 and PART2 fixed at 100% and 0%, respectively; 

(2) Case B: PART1 and 2 fixed at 0% and 100%, respectively; and (3) Disordered: occupancies of 

PART1 and 2 were refined. Figure 5.9 depicts the PDF refinements for both structures using the 

three models. The lowest Rw was achieved with the disordered model for both Ba6Ge2Se12 and 

Ba7Ge2Se17. This demonstrates that the disordered models best describe the experimental data and 

supports the evidence of disorder provided by single-crystal XRD. In addition, the refined 

occupancies are within error of the model provided by diffraction experiments (Ba6Ge2Se12: 

PART1 = 73%, PART2 = 27%; Ba7Ge2Se17: PART1 = 79%, PART2 = 21%), thus providing 

quantitative validation for the degree of disorder in Ba6Ge2Se12 and Ba7Ge2Se17. The agreement of 

structural models obtained from diffraction and PDF data shows that the average structure 

accurately describes the local structure, and that disorder within the novel barium seleno-

germanates is present on both the average and local scale.  
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Figure 5.9. Small-box modelling of X-ray pair distribution function (PDF) data collected on (a) 

Ba6Ge2Se12; and (b) Ba7Ge2Se17. PDF fits were derived from two ordered models (Case A and 

Case B) and a disordered model. Ordered models for each system only contain PART1 or 

PART2 for Case A and B, respectively. Disordered models for each system do not constrain 

PART 1 and PART2 occupancies. Black open circles = experimental data, red and grey lines = 

calculated fit, blue line = difference. 
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5.4 Theoretical Studies 

The new barium compounds models of the unit cells had to be constructed to calculate the 

electronic structures due to their disordered elements. Since only specific atom groups are 

disordered, the models kept the original unit cell parameters and set the occupancies of PART1 or 

2 to either 100% or 0%.  

 The band structure of Ba6Ge2Se12 dramatically depends upon the orientation of the Se2
2- 

dumbbells. When the Se2
2- are aligned along the a axis, their px orbitals change steeply in energy 

parallel to a* (Y – Γ and Z – C in Figure 5.10). In the model with Se2
2- aligned perpendicular to 

the a axis, the bands have slight variation and remain primarily flat (Figure 5.10). The total energy 

of the Ba6Ge2Se12 model with PART1 occupied was 0.48 eV formula unit-1 lower in energy than 

the model with PART2 occupied. The calculated indirect band gap changes therefore substantially 

from 0.79 eV to 1.38 eV (Figure A.11). Experimental diffuse reflectance measurements give an 

experimental band gap of 1.75 eV, which better agrees with the structural model without the 

staggered Se chain. From the statistical analysis, it is unlikely to have long sequences of aligned 

Se2
2-.  

 Since the electronic structures of the Ba6Ge2Se12 models vary greatly, and supercell model 

was created to have 75% of the Se3 and Se12 sites occupied and 25% of the Se5 and Se13 sites 

occupied. The supercell was doubled in the a direction, and the density of the k point grid was 

lowered accordingly in the a* direction to 3 × 6 × 2. Depending on which pairs of Se atoms are 

deleted in the supercell, the symmetry can be reduced from P21/c (no. 14) to either P21 (no. 4) or 

Pc (no. 7). The model was created by removing all the symmetry of the supercell to remove Se 

atoms individually. Once the desired Se sites had been removed, symmetry was added back with 
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the “ADDSYM” command in the PLATON program.134,135 The band structure of the Ba6Ge2Se12 

supercell is plotted in Figure 5.10. Compared to the Ba6Ge2Se12 model with only the highly 

occupied Se dumbbells, the calculated band gap increased from 0.79 eV to 1.09 eV. The extreme 

variation in the a* direction between Y – Γ and Z – C has also been dampened. 

   

Figure 5.10. Band structures of two Ba6Ge2Se12 models. The more highly occupied Se dumbbells 

(left) and the 2 × 1 × 1 supercell with 75% of Se atoms in the more highly occupied sites (right). 

As with Ba6Ge2Se12, two structural models were also constructed for Ba7Ge2Se17. Since 

the disordered [GeSe5]
4- anion in this structure type does not contribute to long-range structural 

motifs, the two models have similar results. The band structures of both models have flat bands 

throughout the top of valence bands suggesting low electrical conductivity if p-type (Figure 5.11). 

As with the electronic structures of Ba6Ge2Se12, the most significant energy changes are present in 

the lowest Se-based conduction bands of Ba7Ge2Se17. As expected, changing the orientation of the 

isolated [GeSe5]
4- anions does not significantly affect the electronic structure. The total energy of 

the Ba7Ge2Se17 model with PART1 occupied was 1.09 eV formula unit-1 lower in energy than the 

model with PART2 occupied. The two models' calculated indirect band gaps are 0.70 eV (Figure 
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A.13). This is lower than the band gaps of the Ba6Ge2Se12 models caused by the two lowest-lying 

conduction bands.  

 

Figure 5.11. Band structures of the two Ba7Ge2Se17 models. The more highly occupied [GeSe5]
4- 

anion (left) and the less occupied [GeSe5]
4- anion (right). 

5.5 Physical Properties 

5.5.1 UV-Vis-NIR Spectroscopy 

The experimental band gaps of Ba6Ge2Se12 and Ba7Ge2Se17 were obtained by converting 

the diffuse reflectance spectra into the absorbance spectra via the Kubelka-Munk equation (Figure 

5.12). The optical band gaps were obtained by extending the baseline absorbance until it 

intercepted the linear tangent of the absorption edge. The experimental band gaps for Ba6Ge2Se12 

and Ba7Ge2Se17 were thus found to be 1.75 eV and 1.51 eV, respectively. This agrees with the 

brown colour of Ba6Ge2Se12 and the black colour of Ba7Ge2Se17.  
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Figure 5.12. Absorbance spectra of the Ba6Ge2Se12 and Ba7Ge2Se17 samples. 

 

5.5.2 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was performed from room temperature up to 673 

K for Ba6Ge2Se12 and Ba7Ge2Se17. The compounds are stable after completing a heating and 

cooling cycle up to 673 K. There is no indication in the DSC plots that a phase transition is 

affecting the 1D chains in Ba6Ge2Se12, such as a Peierls distortion.  
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Figure 5.13. DSC of the Ba6Ge2Se12 and Ba7Ge2Se17 samples from room temperature up to 673 

K. 

5.5.3 Thermal Conductivity  

The diffuson model predicted the hot-pressed pellets' minimum thermal conductivity 

(κdiff).
49 The sound velocity (vs) was measured by coupling the hot-pressed pellets to a transducer 

with silicone oil. The sound velocities were determined to be 3750 m s-1 and 2735 m s-1 for 

Ba6Ge2Se12 and Ba7Ge2Se17, respectively. The κdiff is given by the expression κdiff ≈ 0.76 n⅔ kB ⅓(2 

vT + vL), where n is the number density of the compound (atoms m-3), kB is the Boltzmann constant, 

vT is the transverse sound velocity and vL the longitudinal sound velocity. The velocities vT and vL 

are related to vs by the expression vs = ⅓(2vT + vL). κdiff was calculated to be 0.40 W m-1 K-1 and 
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0.30 W m-1 K-1 for Ba6Ge2Se12 and Ba7Ge2Se17, respectively. These values assume 100% density 

of the pellets since n is evaluated from the crystallographic data. 

 For the final calculation of κtot, the CP values derived from the Dulong-Petit law were used 

since experimental values did not approach the Dulong-Petit limit at higher temperatures. Plots of 

the temperature-dependent CP and D are depicted in Figures A.14 and A.15. The κtot of these 

selenides is remarkably low (Figure 5.14). Both selenides have extremely similar thermal 

conductivity values from room temperature to 573 K due to their large unit cell volumes and 

similar compositions. The κtot decreases over the temperature range until a minimum value of 0.33 

W m-1 K-1 was achieved in both samples at 573 K. The low κtot is in line with other selenides that 

have been studied for their thermoelectric applications, for example, Cu2Se with 1.0 W m-1 K-1 at 

300 K,141 single crystal SnSe with 0.46 W m-1 K-1 at 300 K,142 AgCrSe2 with 0.7 W m-1 K-1 at 300 

K,143 Tl3VSe4 with 0.30 W m-1 K-1 at 300 K,144 and CdAg2Bi6Se11 with 0.54 W m-1 K-1 at 300 K.145 

Due to the low number of intrinsic charge carriers and relatively wide band gap of these 

compounds, the total thermal conductivity (κtot) is approximately equivalent to the lattice thermal 

conductivity (κlat), since the electrical, thermal conductivity (κele) is essentially zero at these 

temperatures.  
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Figure 5.14. Experimental thermal conductivity for Ba6Ge2Se12 and Ba7Ge2Se17 alongside their 

theoretical minimum κdiff. 

5.6 Conclusion 

 The two previously unreported compounds Ba6Ge2Se12 and Ba7Ge2Se17 have been 

successfully synthesized, and their structural and physical properties analyzed. Before this work, 

Ba2GeSe4 and Ba2Ge2Se5 were the only discovered ternary compounds in this phase space. 

Ba6Ge2Se12 and Ba7Ge2Se17 crystallize in new centrosymmetric structure types with large unit 

cells. Both crystal structures possess anion disorder which is rare in inorganic compounds. This 

disorder was confirmed in the average structure via a single crystal and Rietveld refinements, and 

the local structure was confirmed via PDF analysis. During the heating and cooling cycles of the 
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DSC experiment, there are no exothermic or endothermic peaks in the plot that would indicate a 

change in the ordering in the ordering of their structures. 

The thermal conductivity values of these two compounds are extraordinarily low. The 

minimum κtot of Ba6Ge2Se12 and Ba7Ge2Se12 is 0.33 W m-1 K-1 at 573 K for both samples. The low 

values of κtot can be attributed to the large unit cells and disorder in these structure types. These 

low values of κtot are comparable to the values achieved by state-of-the-art thermoelectric 

materials, but the relatively wide band gaps and flat bands in the electronic structure limit their 

performance in these applications without being highly doped.
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CHAPTER 6  

Ba6Si2-xGexSe12 (x = 0, 0.5, 1, 1.5) 

Portions of this chapter have been reprinted with permission from 

 Dalton Trans., 2023, 52, 15831-15838. 

Copyright © The Royal Society of Chemistry 2023. 

6.1 Introduction 

Investigations into the phase space of metal chalcogenides have produced several novel 

compounds for use as non-linear optical (NLO) materials in the infrared region. Chalcogens such 

as S and Se readily form isolated [TtQ4]
4- (tetrel Tt = Si, Ge, Sn; Q = S, Se) tetrahedra when paired 

with group 14 elements. Combining these tetrahedral anions with cations has often resulted in new 

NLO active compounds with excellent properties, such as Hg2GeSe4 (space group I�̅�),34 γ-

Sr2GeSe4 (Ama2),118,119 SrHgGeSe4 (Ama2),146
 BaHgGeSe4 (Ama2),146 A2SrTtSe4 (I�̅�2m and R3c) 

(A = Li, Na; Tt = Ge, Sn),147 Li2CdGeS4 (Pmn21),
148 Li2CdSnS4 (Pmn21),

148 and Na2Ge2Se5 

(Pna21).
149 A cursory search reveals that the number of silicon chalcogenides lags behind the 

number of germanium and tin chalcogenides. Previously, only two barium silicon selenides were 

reported, namely Ba2SiSe4 (P21/m)150 and Ba3SiSe5 (Pnma).151 Neither of these compounds 

exhibits second harmonic generation (SHG) due to their centrosymmetric symmetry.  

Our investigations into this phase space led to the discovery of the new compound 

Ba6Si2Se12 (P1̅). This compound does not exhibit NLO properties but adopts a new triclinic 

structure type with disordered Se2
2- dumbbells. Interestingly this disorder is also observed in the 

https://pubs.rsc.org/en/content/articlelanding/2023/DT/D3DT02516K
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monoclinic germanium variant, Ba6Ge2Se12 (P21/c).152 The Se2
2- disorder was investigated via 

single-crystal and Rietveld refinements. A thorough investigation of the phase width revealed that 

up to 75% of the Si atoms in the Ba6Si2Se12 structure type can be replaced with Ge atoms. 

Ba6Si2Se12 is a reddish-brown solid. To study the optical properties of this material, the Raman 

spectra were obtained for samples of Ba6Si2-xGexSe12 with x = 0, 0.5, 1, and 1.5.  

6.2 Synthesis 

Single crystals of Ba6Si2Se12 were first prepared by adding stoichiometric amounts of pure 

elements (Ba: pieces, 99.7%, Strem Chemicals; Si: pieces, 99.9%, Alfa Aesar; Se: powder, 

99.999%, Alfa Aesar) into a carbon-coated silica tube inside a dry Ar filled glove box. The tubes 

were then evacuated to a minimum pressure of 10-4 mbar and sealed using a torch. Next, the sealed 

ampoules were placed inside a programmable resistance furnace, heated to 673 K at a rate of 100 

K h-1, and left to dwell at this temperature for 24 h. The furnace was then heated to 1123 K at 100 

K h-1. The furnace was held at this temperature for another 24 hours to completely react the 

elements before slowly cooling to 300 K at a rate of 5.5 K h-1. The furnace was turned off at that 

point. 

 To prepare bulk samples of Ba6Si2-xGexSe12 (x = 0, 0.5, 1, and 1.5), the elements (Ge, 

pieces, 99.999%, Strem Chemicals) were weighed in the desired rations and placed into carbon-

coated silica tubes inside the glovebox. The sealed ampoules were heated to 923 K over 24 h to 

heat these samples. The samples were held at this temperature for 48 h to react with the elements 

completely, and the furnace was turned off and allowed to cool to room temperature. The sealed 

ampoules were then opened, and their contents were ground into homogenous powders and 
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resealed in new silica tubes. Finally, the sealed powders were heated in a manual furnace for one 

week at 923 K.  

While determining the limit of Ge substitution in the phase, samples with nominal x = 1.6 

and 1.8 were also prepared. According to the powder X-ray diffraction (pXRD) patterns, these 

samples contained the target compound and peaks associated with the ternary compound 

Ba2GeSe4. Therefore, the phase width of Ba6Si2-xGexSe12 is 0 ≤ x ≤ 1.5.  

 For thermal conductivity measurements, the bulk samples were hot-pressed into dense 

pellets. An Oxy-Gon model FR-210-30T hot-press was used to create 12.7 mm diameter pellets 

by heating the powders in a graphite die for 5 h at 673 K under 54 MPa and an argon atmosphere. 

The pellets’ densities were measured using the Archimedes method and determined to all be > 

90% of their theoretical densities.  

To solve the crystal structure of Ba6Si2Se12, single crystal X-ray diffraction (sXRD) was 

performed with a Bruker Kappa Apex II CCD with Mo-Kα radiation. ω scans were used to collect 

the data and corrected for Lorentz and polarization effects. The correction method was the multi-

scan method via SADABS, included in the APEX II software.101 The crystal structure of 

Ba6Si2Se12 was solved and refined with the SHELXTL package.44,45 The final atomic coordinates 

of the structure were standardized using the Tidy procedure in the PLATON software.134,135 

Disordered Se2
2- dumbbells were observed; when the occupancies of the Se sites were not tied 

together, the occupancies were refined 64.9(8)%, 64.0(8)%, 35.1(8)%, and 36.0(8)%. Due to the 

apparent correlation between the two pairs of Se sites, their occupancies were constrained to be 

equal, and the total occupancy of the two sites was fixed at 100%. We decided to refer to the title 

compound as Ba6Si2Se12 rather than “Ba3SiSe6” due to the number of unique crystallographic sites 

and to reflect the relation to the germanium selenide Ba6Ge2Se12. The poor single crystal quality of 
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Ba6Si2Se12 led to the final refinement having large R-factors but was sufficient to create a valuable 

model of the crystal structure of the compound. 

 Due to the difficulty of growing high-quality single crystals for this compound, we decided 

to refine the final structure using pXRD. As laboratory pXRD instruments could not produce a 

large enough signal-to-background ratio for the many high-angle reflections of this triclinic 

structure, pXRD were collected at the High Energy Wiggler Beamline (BXDS-WHE) of the 

Canadian Light Source’s (CLS). The wavelength of that beamline is 0.34970 Å. The energy of the 

X-ray photons was tuned to be 35 keV to avoid the Ba absorption edge (37.4 keV), well above the 

Si (1.8 keV), Ge (11.1 keV), and Se (12.7 keV) absorption edges. The pXRD patterns were 

collected for 60 s with the sample stage constantly spinning. 

Rietveld refinements were performed on the powder diffraction patterns of Ba6Si2-xGexSe12 

(x = 0, 0.5, 1, and 1.5) using GSAS-II (Figures A.16 – A.18).46 Specifically, GSASIIscriptable was 

used to utilize its scripting interface and perform identical refinements on all diffraction patterns. 

For each refinement, the phase was manually edited to reflect the nominal composition of the 

sample before starting. The sample displacement was never refined in any of the refinements since 

sample displacement is highly correlated to the lattice cell parameters. The pXRD of a Ni standard 

was collected in the same session as the four Ba6Si2-xGexSe12 (x = 0, 0.5, 1, and 1.5) samples. A 

Rietveld refinement was performed on the Ni standard to obtain an instrument parameter file that 

could be used for all the samples. The u, v, and w, Gaussian constants were determined to be 1.1, 

-0.1, and 0.39, respectively. The data limits were set from 2.9⁰ to 27⁰. The anisotropic thermal 

displacement parameters (Uani) from the single crystal refinement were converted to isotropic 

thermal displacement parameters (Uiso). Due to the low symmetry and multiple crystallographic 

sites, the Uiso of like species were constrained to be equal (Ba2+, Se2-, and Se2
2-). The Uiso of the 
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Si4+ and Ge4+ sites were not refined since they make up such a small part of the total electron 

density of the compound. Attempts to refine the Uiso of Si4+ and Ge4+ would make them impossibly 

small or multiple times larger than the Uiso of any other atom. When the Si sites were constrained 

to have equal Uiso, the final value was ~0.047 Å2, more than double that of any other atom. For 

this reason, the Uiso for Si1/Ge1 and Si2/Ge2 were fixed at the values obtained from the initial 

sXRD experiment. Additionally, the atomic coordinates and fractional occupancies were also 

refined where applicable. The atomic coordinates of the disordered Si/Ge sites were constrained 

to have the same x, y, and z values. The final steps of the refinements were to perform a refinement 

cycle in the GSASII graphical user interface (GUI) to add restraints to the model since this is 

impossible in GSASIIscriptable. Bond restraints were added to prevent the Si atoms from moving 

too significantly from their original positions in the model. It was observed that the Si atoms in the 

structure were significantly displaced because their influence was weak, and the scattering of Ba 

and Se atoms dominated the pXRD pattern. The bond restraints were customized for each 

refinement. The ideal Si-Se and Ge-Se bond lengths were arbitrarily defined as 2.25 and 2.35 Å, 

respectively. The bond restraint for the x = 0, 0.5, 1, and 1.5 samples was determined using the 

linear combination: Bond Restraint = (1 - x/2)(2.25 Å) + x/2(2.35 Å). Finally, Rietveld refinements 

were repeated for all four samples without the less occupied Se2
2- dumbbell to compare the final 

refined Uiso and residual values between the models and to provide more evidence for the existence 

of the disorder.  

Energy dispersive X-ray analysis (EDAX) was used to determine the composition of four 

Ba6Si2-xGexSe12 samples with x = 0, 0.5, 1, and 1.5 to verify the refined Si/Ge ratios. EDAX was 

done using a QuantaFeg 250/Oxford Instrument x-act instrument. Multiple area scans of the hot-

pressed pellets were acquired and averaged to determine the average compositions and their 
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standard deviations in all the samples. The tabulated results are summarized in Figures A.19 – 

A.22. For example, the atomic-% of Ba6SiGeSe12 was found to be 30.2(9)%, 7.5(9)%, 6.0(9)%, 

and 56.3(5)% for Ba, Si, Ge, and Se, respectively. Given that the corresponding nominal at.-% are 

30%, 5%, 5%, and 60%, the elemental analysis agrees well with the intended target. Similar results 

were obtained for Ba6Si2Se12, Ba6Si1.5Ge0.6Se12, and Ba6Si0.5Ge1.5Se12.  

The electronic structure of Ba6Si2Se12 was calculated using density functional theory (DFT) 

and the WIEN2K package.102,153 Since deficiencies cannot be handled directly, the two Se sites 

corresponding to the more highly occupied Se2
2- dumbbell were included, and the two less 

occupied Se sites were discarded. The Perdew-Burke-Ernzerhof (PBE) functional and the 

generalized gradient approximation (GGA) were used until the structure had met its convergence 

criteria of < 0.001 Ry for energy and < 0.001 e- for the charge.54 A fine mesh of 9 × 7 × 7 k points 

in the first Brillouin zone was used to perform the calculation. To construct the path of k points for 

the band structure, XCrySDen was used to create a path that passes through all the high symmetry 

points in the first Brillouin zone.136 

Diffuse reflectance spectroscopy was performed on a PerkinElmer Lambda 1050 

UV/vis/NIR spectrometer. The sample of Ba6Si2Se12 was prepared by adhering the powdered 

sample to a glass slide substrate via double-sided tape. The reflectance (R) spectrum was collected 

from 300 nm to 1000 nm and converted to an absorbance (α) spectrum using the Kubelka-Munk 

equation: α/S = (1-R)2/(2R), where S is a scattering factor which is effective for particle sizes > 5 

μm.  

The Raman microscopy spectra were collected using a Renishaw inVia Reflex instrument. 

Single crystals were targeted after searching the magnified powder sample. The 532 nm laser was 

used, and the integration time of each spectrum was 15 s. 
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Thermal diffusivities (D) were measured on the pellets of Ba6Si2-xGexSe12 via the Laser 

Flash DLF-1 (Environmental Module EM-1200, TA Instruments) under an argon atmosphere. The 

samples’ specific heat (C.P.) was determined simultaneously using a Vespel standard measured 

alongside the samples. The samples were measured up to 573 K. Thermal conductivity values (κ) 

of the four samples were calculated using the thermal diffusivity, density (ρ), and specific heat: κ 

= DρCP. The experimental error of the thermal conductivity is estimated to be ±5%. The minimum 

thermal conductivity was also approximated using the sound velocity (νs) through a pellet, as 

obtained by coupling the pellet to a 5.0 MHz Walfront Smart Sensor Sound Velocity Meter with 

silicone oil. 

 

6.3 Crystal Structures 

Ba6Si2Se12 adopts a new structure type in the triclinic centrosymmetric space group P�̅�, 

and a thorough description of crystallographic details is presented in Table 6.1. As seen in Figure 

6.1, the crystal structure comprises isolated [SiSe4]
4- tetrahedra and Se2

2- dumbbells with Ba2+ 

cations packed between. Notably, this structure contains positional disorder in one of the Se2
2- 

units. Furthermore, all atoms in this structure sit on 2i Wyckoff positions; thus, many unique 

crystallographic sites exist, as seen in Table A.5 – A.8. In total, there are 14 Se sites, but four are 

partially occupied and combined only account for two Se atoms; therefore, the charge-balanced 

formula may be written as (Ba2+)6(Si4+)2(Se2-)8(Se2
2-)2.  
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Table 6.1. Crystallographic information for the Ba6Si2-xGexSe12 compounds. 

 x = 0 x = 0.5 x = 1 x = 1.5 

Crystal System Triclinic Triclinic Triclinic Triclinic 

Space group P1̅ (no. 2) P1̅ (no. 2) P1̅ (no. 2) P1̅ (no. 2) 

a (Å) 9.1821(7) 9.1883(6) 9.1954(8) 9.1986(5) 

b (Å) 12.2634(15) 12.2785(13) 12.2964(16) 12.3114(11) 

c (Å) 12.3636(18) 12.3890(16) 12.426(2) 12.4532(14) 

α (⁰) 109.278(3) 109.269(3) 109.259(3) 109.250(2) 

β (⁰) 104.732(2) 104.737(2) 104.774(3) 104.7701(19) 

γ (⁰) 100.4061(16) 100.4291(15) 100.4122(17) 100.4056(12) 

Unit cell volume (Å3) 1216.38(4) 1221.08(3) 1227.40(4) 1232.15(3) 

Formula units per unit 

cell, Z 

2 2 2 2 

Molecular weight (g 

mol-1) 

1827.67 1849.92 1872.18 1894.43 

Density (g cm-3) 4.9902 5.031 5.066 5.106 

Radiation wavelength 

(Å) 

0.34970 0.34970 0.34970 0.34970 

Temperature (K) 300 300 300 300 

F(000) 1544 1562 1580 1598 

wRp* 0.0422 0.0385 0.0433 0.0447 
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Figure 6.1. Crystal structure of Ba6Si2-xGexSe12. Se4 and Se14 have been excluded for clarity.  

 

Starting with Ba6Si1.5Ge0.5Se12, the Si/Ge ratios of the two tetrel sites are very similar and 

only differ by 2%. As more Ge is substituted into the structure, the Si/Ge ratio between the Si1/Ge1 

and Si2/Ge2 sites becomes increasingly disparate, as seen in Table 6.2. In Ba6Si0.5Ge1.5Se12, the 

difference in the Si/Ge ratio between the two tetrel sites is 10.4%. This increased site selectivity 

suggests that the structure is becoming increasingly strained and that we are reaching the limit of 

how much Ge may be substituted. This would explain why Ba6Ge2Se12 adopts a different crystal 

structure. However, when analyzing the bond angles of the [Ge1Se4]
4- and [Ge2Se4]

4- as well as 

the Ba-Se distances to the nearest Ba neighbours, there was no obvious explanation as to why the 

Ge atoms with their larger radius would prefer the Si1/Ge1 site in Ba6Si0.5Ge1.5Se12 over the 

Si2/Ge2. 
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Table 6.2. Si/Ge disorder occupancies and Se-dumbbell disorder in the  

Ba6Si2-xGexSe12 series of compounds. 

 x = 0 x = 0.5 x = 1 x = 1.5 

Si1/Ge1 1/0 0.759(18)/ 

0.241 

0.49(2)/ 

0.51 

0.201(14)/ 

0.799 

Si2/Ge2 1/0 0.741(18)/ 

0.259 

0.51(2)/ 

0.49 

0.299(14)/ 

0.701 

Se3-Se5/ 

Se4-Se14 

0.666(10)/ 

0.334 

0.650(8)/ 

0.340 

0.615(9)/ 

0.385 

0.604(8)/ 

0.396 

 

The structure contains both ordered Se2
2- dumbbells (Se1/Se2) and disordered dumbbells 

(Se3/Se5 and Se4/Se14). The occupancies of the Se3/Se5 and Se4/Se14 dumbbells are 0.666(10) 

and 0.334(10), respectively. The Se pairs are angled approximately 90⁰ to each other, as depicted 

in Figure 6.2. The Se3-Se5 and Se4-Se14 bond distances are equivalent with 2.32 Å and 2.33 Å, 

respectively. As Ge is substituted into the structure, the Se3/Se5 to Se4/Se14 ratio systematically 

decreases to 0.604(8):0.396(8) for Ba6Si0.5Ge1.5Se12.  

 

Figure 6.2. Disordered Se2
2- anion (left) vs. the 100% occupied Se2

2 (right). Se3 and Se5 have an 

occupancy of 0.667(10), and Se4 and Se14 of 0.333(10).  
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Comparisons with Ba6Ge2Se12 are instructive because of their similar stoichiometries and 

Se2
2- dumbbell disorder; however, in the Ge case, the different orientations of the Se pairs create 

polyselenide chains of varying length in the a direction of the lattice. In Ba6Si2Se12, Se3, Se4, Se5, 

and Se14 are isolated and do not make 1D chains with themselves or Se1 and Se2.  

 The Si-Se bonds in Ba6Si2Se12 range from 2.25 to 2.31 Å. These bond distances align with 

other barium silicon selenides Ba2SiSe4 and Ba3SiSe5. In Ba2SiSe4 and Ba3SiSe5, the Si-Se bonds 

range from 2.25 to 2.28 Å and 2.24 to 2.27 Å, respectively.150,151 Figure 6.3 compares the 

coordination environments of the Si1/Ge1 site throughout the series of Ba6Si2-xGexSe12 

compounds. As Ge is substituted into the structure, the range of bond distances in the [(Si,Ge)Se4]
4- 

tetrahedra increases slightly to 2.26 to 2.36 Å in the case of Ba6Si0.5Ge1.5Se12.  

 

Figure 6.3. Si1/Ge1 tetrahedral coordination environnements in (a) Ba6Si2Se12, (b) 

Ba6Si1.5Ge0.5Se12, (c) Ba6SiGeSe12, and (d) Ba6Si0.5Ge1.5Se12. 
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The Ba atoms are always coordinated to 10 Se atoms (C.N. 10) regardless of which 

disordered Se sites are coordinated to the Ba atom. Figure 6.4 shows the coordination environment 

of Ba2, which is coordinated to the ordered Se2
2- and Ba4, which is coordinated to the disordered 

Se2
2- dumbbells. The Ba-Se bonds range from 3.4 to 3.7 in Ba6Si2Se12. The Ba-Se bond lengths in 

this compound occupy a wide bond length range; however, Ba-Se bonds vary depending on the 

exact coordination environment of the Ba atom. In Ba2SnSe4, the Ba1 and Ba2 atoms are C.N. 9 

and C.N. 8, respectively and range from 3.20 – 3.79 Å.120  

The Ba4-Se14 bond is approximately 0.2 Å shorter than any other disordered Se2
2- sites, 

possibly explaining why the Se4/Se14 dumbbell is less preferred than the Se3/Se5 orientation. 

However, all Ba-Se bond lengths lie within an acceptable range for C.N. 10 Ba. 

 

Figure 6.4. Coordination spheres around Ba2 and Ba4. Se2- anions are depicted only as outlines. 
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The Rietveld refinements of the Ba6Si2-xGexSe12 samples were performed to determine the 

lattice parameters and occupancies of the disordered Si, Ge, and Se sites. The final fit of the 

experimental data is presented in Figure 6.5 for the sample with x = 0. The additional Rietveld 

refinements are depicted in Figures A.16, A.17 and A.18 for samples with x = 0.5, 1, and 1.5, 

respectively.  

 

Figure 6.5. The Rietveld refinements of Ba6Si2Se12, including the weighted profile R-factor, wRp. 

 The Rietveld refinements of the ordered models were also attempted. In the ordered 

models, Se4 and Se14 were removed since they were the less occupied crystallographic sites and 

the occupancies of Se3 and Se5 were fixed at 100%. There is a significant difference in the Uiso of 

the Se2
2- atoms in the disordered and ordered models. In the disordered models, the Uiso of Se2

2- 

atoms vary from 0.013(3) - 0.023(3) Å2 and in the ordered models their Uiso range from 0.069(3) 
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– 0.082(3) Å2. The Uiso of the ordered Se3/Se5 sites is approximately four times larger than in the 

model where these sites are split into Se3/Se5 and Se4/Se14 positions. The large thermal 

displacement parameters of Se3 and Se5 are good evidence that they are deficient sites in the 

ordered models and have a positional disorder in the structure. 

 Additionally, the Rietveld refined lattice parameters are plotted with respect to sample 

composition in Figure 6.6. Vegard’s Law predicts that the change in lattice parameters of a unit 

cell is linearly dependent with respect to the composition of the unit cell. As seen in Figure 6.6, 

the lattice parameters a, b, and c increase linearly from 0% Ge substitution up to 75% Ge 

substitution. Initially, the unit cell volume of Ba6Si2Se12 is 1216.4 Å3, but as Ge is substituted into 

the compound, the unit cell volumes of Ba6Si1.5Ge0.5Se12, Ba6SiGeSe12, and Ba6Si0.5Ge1.5Se12 

increase to 1221.1 Å3, 1227.4 Å3, and 1232.2 Å3. If the samples all contained the nominal amount 

of Ge, it could be determined that the unit cells increased on average 10.3 Å3 per Ge atom. 
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Figure 6.6. Composition-dependent lattice parameters as determined via Rietveld refinements. 

The initial lattice parameters obtained via laboratory sXRD experiments are also plotted for 

comparison. 

6.4 Theoretical Studies 

DFT calculations of Ba6Si2Se12 were done using the ordered model with Se3 and Se5 at 

100% occupancy, and the Se4 and Se14 sites were excluded. The calculated band structure and 

density of states (DOS) are depicted in Figure 6.7. The band structure was found to possess an 

indirect band gap between the X point of the valence band and the V point of the valence band. 

The calculated value of the band gap was determined to be 1.74 eV. This is slightly lower than the 

experimental value of 1.89 eV because regular DFT calculations rarely relax the structure to a 

global energy minimum. The lowest energy conduction band comprises the Se–Se antibonding 4p 

orbitals of the Se1/Se2 dumbbell. The second and third lowest conduction bands contain the 3s 
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orbitals of the two Si atoms in the unit cell. From the flatness of the bands and relatively wide band 

gap, this material can be expected to have low intrinsic electrical conductivity.  

 

Figure 6.7. Band structure and DOS of Ba6Si2Se12. 

6.5 Physical Properties 

6.5.1 UV-Vis-NIR Spectroscopy 

The optical band gap of the parent compound was determined to be 1.89 eV via diffuse 

reflectance spectroscopy, shown in Figure 6.8. This is slightly larger than in the case of 

Ba6Ge2Se12, which possesses an optical band gap of 1.75 eV. The wider band gap is due to the 

increased ionic character of the Si-Se bond compared to the Ge-Se bond.  
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Figure 6.8. Experimental band gap determination via the absorption spectrum of Ba6Si2Se12. 

 

6.5.2 Raman Spectroscopy 

The Raman spectra were obtained for samples with x = 0, 0.5, 1, and 1.5. The normalized 

Raman spectra are plotted in Figure 6.9. The Si-Se bonds’ asymmetric and symmetric stretching 

modes create identifiable peaks around 220 and 280 cm-1. For the x = 1 sample, the Ge-Se 

stretching mode at 254 cm-1 becomes visible in addition to the Si-Se peaks. For the x = 1.5 sample, 

the 251 cm-1 Ge-Se peak is now more significant than the Si-Se peak, which has been suppressed 

to 272 cm-1. The asymmetric and symmetric Ge-Se Raman modes in Mg2GeSe4 correspond to 197 

and 243 cm-1 peaks.120 In the title compounds, the intense 197 cm-1 peak is shifted up to 216 – 220 

cm-1. is shifted to higher energy. The various Ba-Se vibrational modes create a broad peak between 

100 and 150 cm-1.  
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Figure 6.9. Normalized Raman spectra of Ba6Si2-xSe12 with x = 0, 0.5, 1, and 1.5. 

 

6.5.3 Thermal Conductivity 

The κ of the series of Ba6Si2-xGexSe12 samples range between 0.3 and 0.5 W m-1 K-1 (Figure 

6.10). The minimum thermal conductivity was approximated using the diffuson model (κdiff.) 

developed by Snyder et al. This model uses the sound velocity (νs), Boltzmann’s constant (kB), and 

the number density (n; atoms m-3) to determine the minimum κdiff via the approximation κdiff ≈ 

0.76n⅔kBνs.
49 The κdiff of Ba6Si2Se12 was determined to be 0.31 W m-1 K-1 from its measured sound 

velocity of 2916 m s-1. The κdiff of Ba6Si2Se12 is plotted as a continuous line in Figure 6.10, and 

the κdiff of the other compositions would vary slightly due to their different sound velocities. The 

Ba6SiGeSe12 sample has thermal conductivity values of that order. 



102 

 

In contrast, the remaining three samples have slightly higher thermal conductivity values, 

beginning at approximately 0.5 W m-1 K-1 and decreasing somewhat over the temperature range to 

about 0.4 W m-1 K-1. The lowest κ of Ba6SiGeSe12 may be because it has the most significant 

configurational entropy out of all the samples. Configurational entropy is maximized when 

different atoms equally occupy a disordered crystallographic site. The mismatch in the Si4+ and 

Ge4+ cation size creates distortions in the lattice that can strongly scatter the heat-carrying phonons, 

thus lowering κ.154 

 

Figure 6.10. Thermal conductivity curves for Ba6Si2-xGexSe12 with x = 0, 0.5, 1, and 1.5, and 

theoretical κdiff. for Ba6Si2Se12. 
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6.6 Conclusion 

In this investigation, the authors report the new phase Ba6Si2Se12. This compound 

adopts a new structure type in the triclinic P1̅ space group. Upon exploration of the phase 

space, it was discovered that up to 75% of the Si atoms in the structure could be replaced 

by Ge atoms while maintaining the same structure type. Furthermore, the lattice parameters 

increased linearly with increased Ge composition, as predicted by Vegard’s law. We 

studied the occupancies of the disordered Se3, Se4, Se5, and Se14 sites through the Rietveld 

refinements. Rietveld refinements using the ordered models contained large Uiso values for 

Se3 and Se5 when their counterparts were removed, indicating that these sites should not 

be 100% occupied and that the positional disorder observed in the single crystal data is 

accurate. Notably, the stoichiometrically similar compounds Ba6Si2Se12 and Ba6Ge2Se12 

possess positional disorder in their Se2
2- dumbbells despite their different structure types.  

The calculations of the electronic structure of Ba6Si2Se12 indicate that it is a 

semiconductor with a moderate band gap (below 2 eV) and that the valence and conduction 

bands are relatively flat, meaning that the intrinsic electrical conductivity is poor. These 

qualities limit the thermoelectric applications of the compound despite its remarkably low 

thermal conductivity.  
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CHAPTER 7  

Sr8Ge4Se17 and Ba8Sn4Se17 

The contents of this chapter will be submitted to the journal 

Inorganic Chemistry (American Chemical Society) 

7.1 Introduction 

Exploratory research into alkaline earth chalcogenides has successfully resulted in several 

compounds for applications in nonlinear optics,146,155–157 thermoelectrics,4,158–160 and 

photovoltaics.161–164 Herein, we compare two new alkaline earth selenides’ crystal structures and 

physical properties with the same elemental ratios. While exploring the Ae–Tt-Q phase space (Ae 

= alkaline earth metal; Tt = tetrel, Q = chalcogenide), Sr8Ge4Se17 and Ba8Sn4Se17 were discovered. 

Despite their same elemental ratios, these compounds crystallize in different crystal systems. In 

the pursuit of developing materials with enhanced thermoelectric properties, researchers have 

found several compounds with complex structures and ultra-low thermal conductivities. The 

unique crystal structures of these compounds are characterized by large unit cells, which have been 

established as a crucial factor in reducing thermal conductivity. In solids, thermal energy is 

transferred by phonons. The wavelength of the phonons is limited by the lattice parameters of the 

unit cell of the compound.25 Additionally, large unit cells scatter phonons more efficiently through 

Umklapp processes by shrinking the reciprocal unit cell volume, leading to a higher density of 

phonon wave vectors.24 The increased density of phonon wave vectors enhances the probability of 

phonon-phonon scattering. 
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 The Sr-Ge-Se and Ba-Sn-Se phase spaces include the compounds γ-Sr2GeSe4,
2 Sr2Ge2Se5,

6 

Ba2SnSe4,
165 Ba2SnSe5,

123–125 Ba7Sn3Se13,
128 and Ba6Sn6Se13.

166 Notably, the 8:4:17 stoichiometry 

of Sr8Ge4Se17 and Ba8Sn4Se17 may be regarded as derivatives of the 2:1:4 compounds with an 

additional ¼ Se per formula unit (2:1:4.25). The slight excess of Se leads to the formation of Se-

Se bonds in these compounds in the form of Se2
2- dumbbells, absent in the structures of γ-Sr2GeSe4 

and Ba2SnSe4. Sr8Ge4Se17 crystallizes in the triclinic P1̅ space group, and Ba8Sn4Se17 crystallizes 

in the monoclinic C2/c space group. At first glance, there appears to be no relation between the 

two structure types. However, when the smaller triclinic cell is expanded eight times at large, it 

becomes clear that the Ba8Sn4Se17 unit cell is a supercell of the smaller Sr8Ge4Se17 unit cell with 

some notable differences. This work compares the structural similarities of Sr8Ge4Se17 and 

Ba8Sn4Se17 and their physical properties, including their ultra-low thermal conductivities.  

7.2 Synthesis 

Both Sr8Ge4Se17 and Ba8Sn4Se17 can be synthesized by traditional solid-state synthesis. Sr 

(Alfa Aesar, granules, 99%), Ba (Strem Chemicals, pieces, 99.7%), Ge (Strem Chemicals, pieces, 

99.999%), Sn (Alfa Aesar, granules, 99.99%), and Se (Alfa Aesar, powder, 99.999%) were added 

in stoichiometric ratios into C-coated fused silica tubes inside a dry Ar filled glovebox. The tubes 

were evacuated to < 2.5 × 10-3 mbar before being sealed using an H2/O2 torch. To produce crystals 

for single-crystal X-ray diffraction (sXRD), the samples were heated up to 1073 K over 24 h and 

slowly cooled to 573 K at a rate of 2.5 K h-1. To prepare phase pure bulk samples, the samples 

must be ground entirely after the first heating, resealed in silica ampoules, and annealed in a 

resistance furnace at 923 K for one week. The hypothetical quaternary variants “Sr8Ge2Sn2Se17”, 

“Ba8Ge2Sn2Se17”, and “Sr4Ba4Ge2Sn2Se17” could not be synthesized using this procedure. 
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 The laboratory sXRD experiments were performed on a Bruker Kappa Apex II CCD with 

Mo-Kα radiation. A red block-shaped crystal of Sr8Ge4Se17 and a red block-shaped crystal of 

Ba8Sn4Se17 were mounted onto a glass fibre for data collection. Each frame of data was collected 

for 30 s of exposure. Both crystal structures were solved using the SHELXTL package.44,45 The 

atoms were assigned based on their coordination environments and bond distances to their closest 

neighbours. Due to their equivalent stoichiometric ratios, both compounds can be written with the 

charge-balanced formula (Sr2+,Ba2+)8(Ge4+,Sn4+)4(Se2-)15(Se2
2-). Ba8Sn4Se17 contains 16 Ba sites, 

8 Sn sites, and 34 Se sites. However, rather than reporting the formula as “Ba16Sn8Se34”, this was 

simplified to highlight the same elemental ratios between the two compounds. The final refined 

model of Sr8Ge4Se17 was satisfactory, but the Ba8Sn4Se17 refinement contained large residual 

values, common in unit cells with extremely large lattice parameters.167 Additionally, the 

Ba8Sn4Se17 sXRD data included unaccounted-for electron density resulting in creating two large 

Q peaks with 9 e Å-3 and 6 e Å-3 of electron density. However, these discrepancies may be 

negligible given that there are 19647 electrons per unit cell. 

To overcome the limitations of laboratory sXRD instruments, phase pure powder samples 

of Sr8Ge4Se17 and Ba8Sn4Se17 were sent to the High Energy Wiggler Beamline (BXDS-WHE) at 

the Canadian Light Source (CLS) for powder X-ray diffraction (pXRD). The wavelength of the 

beamline is 0.34970 Å, and the energy of the photons was set to 35 keV to avoid the absorption 

edge of Ba (37.4 keV), which is well above the absorption edges of Sr (16.1 keV), Ge (11.1 keV), 

Sn (29.2 keV) and Se (12.7 keV). The 2D pXRD patterns were collected for 60 s each, with the 

sample constantly spinning to account for any texturing in the samples. A Ni standard was also 

measured during the same session to determine the instrument parameters for the Rietveld 
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refinements of Sr8Ge4Se17 and Ba8Sn4Se17. The Gaussian parameters u, v, and w were determined 

to be 1.1, -0.1, and 0.39, respectively, after refining the Ni pXRD pattern. 

The final refinements were performed using GSAS-II using the models initially solved 

from sXRD data.46 Before starting the Rietveld refinement, the atomic positions of both models 

were standardized using the Tidy program in the PLATON package.134 The data limits were set 

from 2.5⁰ to 27⁰. During the refinement, the background and scale were never refined 

simultaneously due to their high correlation. Once the background, scale, particle size, and lattice 

parameters had all been optimized, bond restraints were added to prevent atoms from moving too 

far from their original positions. In Sr8Ge4Se17, the 39 crystallographic sites are all on the 2i 

Wyckoff positions, whereas in Ba8Sn4Se17, all 78 crystallographic sites belong to 8f Wyckoff 

positions. These Wyckoff positions do not correspond to any symmetry elements in the unit cell, 

meaning that no constraints are imposed on the fractional coordinates of the atoms. The atoms 

would often move to unrealistically short or long bonds without imposing bond restraints. The Ge-

Se bonds were restrained to an ideal value of 2.35 Å, and the Sn-Se bonds were restrained to an 

ideal value of 2.52 Å. Additionally, during the Rietveld refinements, the anisotropic displacement 

(Uani) values of the original single-crystal model were converted to isotropic displacement (Uiso). 

The Uiso of the same species (Ba2+, Ge4+, Sn4+, Se2-, and Se2
2-) were constrained to be equal. The 

results of the Rietveld refinement are shown in Figure 7.1, and the refined crystal data in Table 

7.1. Atomic coordinates and Uiso acquired from the Rietveld refinements are summarized in Tables 

A.9 and A.10. 
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Figure 7.1. Rietveld refinement fits of Sr8Ge4Se17 (left) and Ba8Sn4Se17 (right) data.  

The electronic structure of Sr8Ge4Se17 and Ba8Sn4Se17 were computed using density 

functional theory (DFT) through the Wien2K software.102,153 Utilizing the Perdew-Burke-

Ernzerhof (PBE) functional and the generalized gradient approximation (GGA), the electronic 

structure underwent iterations until it achieved convergence, with energy changes reaching below 

0.001 Ry and charge changes below 0.001 e-.54 Due to their low symmetry and high number of 

atoms per unit cells, a moderate number of k points were used in reciprocal space. For Sr8Ge4Se17, 

6 × 6 × 5 k points were used in the Brillouin zone and for Ba8Sn4Se17, 4 × 1 × 4 k points were used. 

Note that in Ba8Sn4Se17, the b* is much larger than a* and c*. When calculating the band structures 

of the two compounds, a k point path was constructed using XCrySDen to create pathways in the 

triclinic and monoclinic Brillouin zones.136 
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Table 7.1. Crystallographic details of Sr8Ge4Se17 and Ba8Sn4Se17 from the Rietveld refinement. 

Empirical Formula Sr8Ge4Se17 Ba8Sn4Se17 

Crystal System Triclinic Monoclinic 

Space group P1̅ (no. 2) C2/c (no. 15) 

a (Å) 11.8429(18) 47.286(3) 

b (Å) 12.172(3) 12.6294(5) 

c (Å) 13.624(3) 25.7303(15) 

α (⁰) 114.472(5) 90 

β (⁰) 97.396(5) 104.585(5) 

γ (⁰) 107.040(5) 90 

Unit cell volume (Å3) 1636.94(9) 14871.0(9) 

Formula units per unit cell, Z 2 16 

Molecular weight (g mol-1) 2333.64 2915.72 

Density (g cm-3) 4.7346 5.2093 

Radiation, wavelength (Å) 0.34970 0.34970 

Temperature (K) 300 300 

F(000) 2020 19616 

wRp 0.0589 0.0600 

 

The optical band gaps of these compounds were probed using diffuse reflectance 

spectroscopy. The ground powdered samples were adhered to a mount using double-sided tape. 

The sample was loaded into a PerkinElmer Lambda 1050 UV/vis/NIR spectrometer and run in 

reflectance mode over the visible and near-infrared regions. The reflectance (R) was converted to 
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absorbance (α) using the Kubelka-Munk equation: α/S = (1 - R)2 / (2 R). S is the scattering factor 

of the sample, effectively constant for particle sizes much larger than the probed wavelengths.  

The Raman spectra of the samples were also measured using a Renishaw inVia Reflex 

instrument. Using a microscope, the 532 nm laser targeted single crystals in the samples. Red 

crystals present in the Sr8Ge4Se17 and Ba8Sn4Se17 were targetted in their respective samples. The 

Raman spectra were collected for ten 15 s scans and averaged. 

The total thermal conductivity (κtot) may be taken as the sum of the vibrational lattice 

component (κlat) and the component transferred by charge carriers (κele). To measure the κtot, the 

bulk samples had to be pressed into dense pellets. An Oxy-Gon model FR-210-30T hot-press was 

used to press the powders into pellets at high temperatures. 12.7 mm diameter pellets were formed 

by pressing the powdered samples in graphite dies in an inert Ar atmosphere at 773 K for 5 h. The 

Archimedes method was used to verify that the densities of the pellets were > 90% of the 

theoretical densities of the compounds. The κtot of the pellets was determined by taking the product 

of the density (ρ), specific heat (CP), and thermal diffusivity (D). The D was determined via a TA 

Instruments DLF 1200 instrument which utilizes the laser flash method. A Vespel standard was 

used as an external standard to determine the CP of the samples. The final measurement error of 

the κ was approximately 5%. The diffuson thermal conductivity model can predict the minimum 

thermal conductivity.49 This model calculates the minimum experimental κdiff. based on the sound 

velocity (vs) via the equation κdiff ≈ 0.76n⅔kBνs. Here, kB is Boltzmann’s constant and n is the 

number density of the material (atoms m-3). The vs of the materials was measured by coupling the 

5 MHz transducer of a Walfront Smart Sensor Sound Velocity Meter with silicone oil. The νs of 

Sr8Ge4Se17 and Ba8Sn4Se17 were determined to be 2117 m s-1 and 2916 m s-1, respectively.  
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7.3 Crystal Structures 

 

7.3.1 Sr8Ge4Se17 
 

Compared to the unit cell of Ba8Sn4Se17, the unit cell of Sr8Ge4Se17 can be viewed as a ¼ 

× 1 × ½ subcell of the large Ba8Sn4Se17 unit cell. Therefore, we opted to depict the unit cell of 

Sr8Ge4Se17 as a 4 × 1 × 2 supercell in Figure 7.2 to highlight its similarities with Ba8Sn4Se17. Both 

structures feature A and B layers that alternate on the (200) planes. The A layers are composed of 

[GeSe4]
4- tetrahedra sheets of tetrahedra that align antiparallel with each neighbour (Figure 7.2a). 

The B layers comprise columns that run parallel to the b axis. There are two varieties of columns 

which alternate in the B layer. One type of column exclusively has stacked [GeSe5]
4- tetrahedra, 

whereas the other type of column exclusively has stacked [GeSe4]
4- tetrahedra (Figure 7.2b). 

Seating [GeSe4]
4- and [GeSe5]

4- tetrahedra into their respective columns is an essential distinction 

between the structure types.  

 Four crystallographically unique Ge atoms are in the unit cell of Sr8Ge4Se17, each 

coordinated to four Se atoms. The Ge-Se bonds range from 2.21 Å to 2.44 Å as seen in Figure 7.3. 

The range of Ge-Se bonds in Sr8Ge4Se17 is broader than the range of Ge-Se bonds found in the ℽ-

Sr2GeSe4 structure (2.35 Å – 2.37 Å).2 The Sr-Se bond distances in Sr8Ge4Se17 range from 3.02 Å 

to 3.35 Å. Within this range Sr is coordinated to six Se (Sr8), seven Se (Sr1, Sr2, Sr3, Sr4, and 

Sr6), and eight Se atoms (Sr5, Se7). Sr8 adopts a distorted octahedral environment and is centred 

between the vertices of three [GeSe4]
4- and a [GeSe5]

4- anions, limiting its number of Se 

neighbours. The coordination environments observed in ℽ-Sr2GeSe4 are similar, with Sr1 being 

coordinated to eight Se atoms and Sr2 being coordinated to seven Se atoms.  
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Figure 7.2. The crystal structure of Sr8Ge4Se17 is depicted as a 4 × 1 × 2 supercell to highlight 

the structural similarities with the unit cell of Ba8Sn4Se17. The yellow area highlights the 

arrangement of [GeSe4]
4- tetrahedra in the A layers of the structure (a). The red area highlights 

the columns of [GeSe4]
4- and [GeSe5]

4- tetrahedra that make up the B layers (b). 
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Figure 7.3. Examples of [GeSe5]
4- anions (left) and [GeSe4]

4- anions (right) that are found in 

Sr8Ge4Se17. 

7.3.2 Ba8Sn4Se17 
 

The structure of Ba8Sn4Se17 has many similarities to the one of Sr8Ge4Se17. The A and B 

planes that can be observed in Sr8Ge4Se17 are still present, but they are more distorted, meaning 

that there are now four sets of A and B layers per Ba8Sn4Se17 unit cell instead of the one pair that 

is in Sr8Ge4Se17. In addition, because of the increased c axis, the A and B layers now alternate on 

the (800) set of planes. The sheets of [SnSe4]
4- in the A layers align in pairs (Figure 7.4a) as 

opposed to the [GeSe4]
4- in The A layers of Sr8Ge4Se17 which align antiparallel to all their 

neighbours. Because of this pairing up of [SnSe4]
4- in Ba8Sn4Se17, the c axis of the Ba8Sn4Se17 

structure type is double that of the Sr8Ge4Se17 structure type. Contrary to the arrangement of 

[GeSe4]
4- and [GeSe5]

4- in the B layers of Sr8Ge4Se17, in Ba8Sn4Se17, the [SnSe4]
4- and [SnSe5]

4- 

do not segregate into their columns. Instead, each column comprises alternating [SnSe5]
4- and 

[SnSe4]
4- tetrahedra, as seen in Figure 7.4b. 
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 The Sn-Se bonds in Ba8Sn4Se17 range from 2.40 Å to 2.65 Å. The Ba-Se bonds go from 

3.21 Å to 3.67 Å as shown in Figure 7.5. Likewise, the coordination number of the Ba sites 

increases relative to the Sr counterpart. There exist Ba atoms that are coordinated to seven Se 

(Ba10), eight Se (Ba3), and nine Se (Ba1). These Ba atoms can orient themselves in standard 

geometries. For example, Ba10 adopts a nearly undistorted pentagonal bipyramidal geometry with 

five equatorial Se atoms and two axial Se atoms. For comparison, the Ba-Se bond lengths of 

Ba2SnSe4 range from 3.2 Å to 3.65 Å.165 

An interesting quality of these structures is that although their structures are similar, their 

space group relations cannot be understood through the perspective of translationengleiche or 

klassengleiche subgroups, as neither the translational nor point group symmetries are the same 

between the structures. Additionally, the subgroup cannot have a smaller unit cell than the 

supergroup; however, with these structures, the higher symmetry compound possesses a larger unit 

cell and more crystallographic sites. 
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Figure 7.4. The unit cell of Ba8Sn4Se17. The yellow area highlights the pairs of [SnSe4]
4- which 

align antiparallel to neighbouring pairs in the A layers (a). The red area highlights the columns of 

alternating [SnSe4]
4- and [SnSe5]

4- tetrahedra that make up the B layers (b). 

 

Figure 7.5. Examples of the [SnSe5]
4- anions (left) and [SnSe4]

4- anions (right) that can be found 

in Ba8Sn4Se17. 
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7.4 Theoretical Studies 
 

 The electronic structures of the selenides reveal that both compounds have relatively flat 

bands and large density of states (DOS) near the Fermi energy (EF). Flat bands are typical in 

structures with low dimensionalities, such as isolated tetrahedral anions.5 Contributions from Se 

orbitals dominate the valence band, whereas, in the conduction bands, the Sr and Ba orbitals are 

the dominant contributors. In both compounds, there is a significant contribution from the 

interstitial states to the total DOS, as seen in Figure 7.6.  

 

Figure 7.6. Band Structure and density of states of Sr8Ge4Se17. 
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Figure 7.7. Band structure and density of states of Ba8Sn4Se17. 

7.5 Physical Properties 
 

7.5.1 UV-Vis-NIR Spectroscopy 
 

The optical band gaps of Sr8Ge4Se17 and Ba8Sn4Se17 were determined by intercepting the 

absorbance spectra baseline with the linear region of the absorption edge (Figure 7.8). The 

experimentally obtained band gaps of Sr8Ge4Se17 and Ba8Sn4Se17 were thus determined to be 1.88 

eV and 1.93 eV, respectively. This agrees with their colours and qualitatively with the band gaps 

determined by DFT calculations. There is a more significant discrepancy between the calculated 

and experimental bandgaps of Ba8Sn4Se17, which likely arises from the smaller number of k points 

not finding the global minimum when relaxing the structure. 
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Figure 7.8. Optical band gap determination of Sr8Ge4Se17 and Ba8Sn4Se17. 

 

7.5.2 Raman Spectroscopy 

The Raman spectra (Figure 7.9) contained the characteristic peak associated with the Ge-

Se and Sn-Se stretching modes at ~200 cm-1. In Mg2GeSe4, the Ge-Se stretching modes are 

associated with 197 and 243 cm-1 peaks.165 In the Sr8Ge4Se17 and Ba8Sn4Se17 compounds, both 

[(Ge,Sn)Se4]
4- and [(Ge,Sn)Se5]

4- are present which each have slightly different vibrational 

energies that are observed as overlapping peaks near 200 cm-1. In Sr8Ge4Se17, the symmetric and 

asymmetric vibrational modes of the Ge-Se bonds correspond to 200, 211, 235 and 280 cm-1. In 

Ba8Sn4Se17, the Sn-Se vibrational modes correspond to 193, 200, 218, and 256 cm-1 peaks. The 

Raman peaks in the Ba8Sn4Se17 spectra are much broader since the structure contains many 
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symmetrically inequivalent [SnSe4]
4- and [SnSe5]

4- units that are slightly different in their 

vibrational energies. 

 

Figure 7.9. Normalized Raman spectra of Sr8Ge4Se17 and Ba8Sn4Se17. 

7.5.3 Thermal Conductivity 

 The ultra-low κtot of the two title compounds are displayed in Figure 7.10. These κtot are 

based on the CP and D experimentally determined in Figures A.25 and A.26, respectively. The CP 

may be determined theoretically based on the Dulong-Petit law (CP = 3 R / Mavg.), where R is the 

ideal gas constant, and Mavg is the average molar mass of the compound. Theory dictates that the 

experimental CP will approach the Dulong-Petit limit at elevated temperatures. This is observed in 

our experimental measurements as the CP of Sr8Ge4Se17 and Ba8Sn4Se17 are below the Dulong-

Petit limits at room temperature and comes up to match the Dulong-Petit limits once the 
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temperature reaches approximately 475 K in both compounds. Neither CP measurement contained 

any anomalous trends that could be associated with phase transitions. The κtot of Sr8Ge4Se17 and 

Ba8Sn4Se17 are as low as 0.45 W m-1 K-1 (350 K) and 0.31 W m-1 K-1 (422 K), respectively. These 

κtot are comparable with the κtot of the complex Ba selenides Ba6Ge2Se12 and Ba7Ge2Se17 (0.33 W 

m-1 K-1 at 573 K).152 There is a greater discrepancy between the κtot and κdiff in the Sr compound 

than in the Ba compound. A similar discrepancy was observed when comparing the κtot and κdiff of 

the Sr oxyselenide Sr6Ge3OSe11 which had a 0.50 W m−1 K−1 at 573 K and a κdiff of 0.22 W m−1 

K−1.168 

 Multiple mechanisms lead to low κtot. It is well understood that κlat is is lower in complex 

crystal structures.169 The lattice can only possess (optical) vibrational modes with wavelengths 

greater than the length of its lattice parameters. Extremely large lattice parameters prohibit thermal 

transport by eliminating short wavelength vibrational spectrum regions. Additionally, phonon-

phonon scattering via Umklapp processes is more efficient in the smaller reciprocal unit cell of 

Ba8Sn4Se17. The result is that Ba8Sn4Se17 has nearly identical κtot to that of Ba6Ge2Se12 and 

Ba7Ge2Se17, which have low κtot due to positional disorder of anions that effectively scatter short 

wavelength phonons. 

Modern advances in thermoelectric research have been successful in discovering several 

new selenides with ultra-low thermal conductivities, such as AgCrSe2 with 0.7 W m-1 K-1 at 300 

K,143 Tl3VSe4 with 0.30 W m-1 K-1 at 300 K,144 and CdAg2Bi6Se11 with 0.54 W m-1 K-1 at 300 K.145 

A thermoelectric material requires good intrinsic electric conductivity which typically arises from 

their narrow band gaps and not too flat bands. These compounds were too resistive to have their 
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electrical properties measured on our ULVAC ZEM-3 instrument, suggesting that their electric 

conductivity values are < 0.01 Ω-1 cm-1. 

 

Figure 7.10. Thermal conductivities of Sr8Ge4Se17 and Ba8Sn4Se17 and their theoretical minimum 

thermal conductivities derived from the diffuson model. 

7.6 Conclusion 

In this investigation, the alkaline earth chalcogenides Sr8Ge4Se17 and Ba8Sn4Se17 and their 

properties are reported for the first time. Both compounds possess remarkably low thermal 

conductivities that are on par with the ultra-low thermal conductivities of state-of-the-art 

thermoelectric materials. The origin of their ultra-low thermal conductivities lies in their large unit 

cells, complex structures, and large unit cells that efficiently scatter phonons. However, alkaline 

earth metal selenides tend to have high ionicity and wide band gaps that limit their intrinsic 
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electrical conductivity. Compounded with the fact that the bands of these compounds are relatively 

flat due to their isolated [(Ge,Sn)Se4]
4- and [(Ge,Sn)Se5]

4- tetrahedra, these compounds have low 

electrical conductivities that limit their thermoelectric performance without significant doping. 

 The Sr8Ge4Se17 and Ba8Sn4Se17 structure types are also fascinating due to their subcell–

supercell relationship. Unusually, the subcell structure adopts a lower symmetry structure since 

supercells tend to be less symmetrical due to long-range ordering. However, when the structural 

motifs shared between the structures are compared, differences significantly distinguish the two 

structure types.  
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CHAPTER 8  

Sr6Ge3OSe11 

Portions of this chapter have been reprinted with permission from 

 Chem. Mater. 2023, 35, 7, 3033–3040. 

 Copyright © 2023 American Chemical Society. 

8.1 Introduction 

Nonlinear optical (NLO) materials have attracted attention for their ability to convert laser 

wavelengths to ordinarily inaccessible regions of the light spectrum. NLO crystals have been in 

remote sensing,170 environmental monitoring,171 communication systems,172 tissue imaging,173 and 

minimally invasive surgeries.92,174 To optimize the second harmonic generation (SHG) of these 

crystals, researchers have developed NLO materials specifically for the ultraviolet (UV), visible, 

and infrared (IR) spectral regions. In the mid-IR region, the chalcopyrite crystals AgGaS2 (AGS), 

AgGaSe2 (AGSe), and ZnGeP2 (ZGP) are regarded as the benchmarks for their relatively large 

NLO susceptibility coefficients (dij) of 13 pm V-1, 33 pm V-1, and 75 pm V-1 respectively.33 

However, these compounds suffer from low laser damage thresholds (LDT) due to their relatively 

small optical band gaps. The bandgap of an NLO crystal must be large enough to not absorb the 

fundamental photons of the laser or the photons with twice the energy that SHG produces. To 

increase the band gap while maintaining large polarizability a strategy of combining oxygen with 

less electronegative anions in a single compound has been developed. This has been implemented 

successfully to produce several new noncentrosymmetric (NCS) oxychalcogenides such as 

https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00415
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SrZn2OS2 (space group = Pmn21),
175 SrGeOS2 (P212121),

176 BaGeOS2 (P212121), 
176 Ba3Ge2O4Te3 

(R3m),177 Ba5Ga2SiO4S6 (Cc),31 Sr4Pb1.5Sb5O5Se8 (Cm),178 and Sr2MGe2OS6 (P4̅21m) where M = 

Mn, Zn, or Cd.179 

Herein, we outline the strategy used to synthesize the NCS compound Sr6Ge3OSe11. 

Previously, our groups had studied the effects of elemental substitution in the NLO properties of 

γ-Sr2GeSe4.
119 To perform partial isovalent anion substitution (PIAS) on this compound ⅓ of a 

mol of Se was replaced with ⅓ of a mol of O. This yielded crystals of the novel compound 

Sr6Ge3OSe11 (i.e. Sr2GeO0.33Se3.67). Sr6Ge3OSe11 (P3m1) crystallizes in a new NCS structure type 

and is the third quaternary compound consisting of Sr, Ge, O and Se. Remarkably the other three 

quaternary compounds in this family, SrGeOSe2 (P212121),
29 Sr3Ge2O4Se3 (R3m),180 and 

Sr3Se[GeOSe3] (Pca21)
181 also adopt NCS crystal structures. Likewise, the quaternary Ba variant 

BaGeOSe2 (P212121) also adopts an NCS crystal structure.182 This work aims to highlight 

oxychalcogenides as a promising materials class for NLO research and that PIAS is a valuable 

strategy for making NCS structures.183,184 

8.2 Synthesis 

The synthesis of the Sr6Ge3OSe11 compound was carried out using traditional solid-state 

synthesis. The source of O in this preparation was SrO, although our experimentation showed that 

Sr6Ge3OSe11 could also be synthesized using SeO2 as a source of O. Before using the SrO, it was 

dried in an alumina boat for 1 h in a 973 K resistance furnace to remove any water that may have 

been absorbed. The samples were prepared in a glove box with a dry Ar atmosphere by weighing 

Sr, Ge, Se, and SrO in a 5:3:11:1 ratio (Sr: granules, 99%, Alfa Aesar; Ge: pieces, 99.999%, Strem 
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Chemicals; Se: powder, 99.999%, Alfa Aesar; SrO: powder, 99.9%, Sigma Aldrich) and adding 

them to a C-coated silica tube. The filled silica tubes were evacuated to < 2.5×10-3 bar and sealed 

with an H2/O2 torch. The sealed ampoule was heated to 673 K at a rate of 100 K/h and held at this 

temperature for 36 h to completely react with the Se powder. The temperature was then increased 

to 923 K at 100 K h-1 and held for another 36 h before turning the furnace off and allowing the 

sample to cool to room temperature. At this point, there were crystals suitable for single-crystal 

X-ray diffraction (XRD). For phase pure Sr6Ge3OSe11, the bulk sample needed to be ground, 

resealed in an ampoule and annealed in a resistance furnace at 923 K for a final 72 h. This 

procedure could not synthesize analogous compounds with the same stoichiometry made with Ba, 

Si, or S. 

 Thermal conductivity measurements and SHG intensity measurements require dense 

samples. To create dense samples of Sr6Ge3OSe11, phase-pure samples were hot-pressed into 12.7 

mm pellets using an Oxy-Gon model FR-210-30T hot-press. The samples were loaded into 

graphite dies and pressed under 54 MPa of pressure at 773 K in an inert Ar atmosphere for 5 h.  

 Single-crystal XRD experiments were performed using a Bruker Kappa Apex II CCD 

diffractometer with Mo-Kα radiation. A yellow block-shaped crystal of Sr6Ge3OSe11 was 

mounted, and each ω scan was collected for 30 s. Within SADABS the multi-scan method was 

used as the correction method.133 The crystal structure of Sr6Ge3OSe11 was solved using the 

SHELXTL program.44,45 Finally, the fractional coordinates within the unit cell were standardized 

using the “TIDY” program within the PLATON package.134,135 The final refined structure had a 

low Flack parameter of 0.027(7), indicating that the refined structure is in the correct absolute 

orientation. Initially, the SHELXTL program did not automatically identify the O atom in the 
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structure and instead labelled it as a Q peak with 9 e A-1. This Q position was manually labelled 

as an O atom which resulted in the following charge-balanced formula: (Sr2+)6(Ge4+)3(O
2-)(Se2-)11. 

A summary of the crystallographic details is given in Table 8.1, and the fractional coordinates of 

atoms within the unit cell are presented in Table A.11. 

 Powder XRD patterns were collected on an Inel XRG 3000 diffractometer. GSAS-II was 

used to perform the Rietveld refinement of the bulk sample.46 Neither single crystal nor Rietveld 

refinements indicated any O/Se mixing on the O site. The isotropic thermal displacement 

parameters (Uiso) were refined due to the lower spatial resolution of the detector of the powder 

XRD compared to the 2D detector of the single crystal diffractometer. When refining the Uiso 

values, the Uiso of O1 and Se1 were constrained to be equivalent since they are part of the 

[GeOSe3]
4- anion and the Uiso of Se2, Se3, Se4, and Se5 were constrained in the same manner 

because they make up the [GeSe4]
4- anions.  

 The electronic structure of Sr6Ge3OSe11 was calculated using the Wien2K program to solve 

the Kohn-Sham equations via the full potential linear augmented plane wave model. 78,102 The 

Perdew-Burke-Ernzerhof (PBE) functional was used as the generalized gradient approximation 

(GGA) for the exchange-correlation energy.54 A dense 10 × 10 × 15 grid of k points was used for 

the calculations. The energy convergence and electric charge convergence criteria were set to < 

0.001 Ry and < 0.001 e for the self-consistent cycles. Once the convergence criteria were met, the 

band structure and density of states (DOS) were calculated.  To create the path in k space for the 

band structure, XCrySDen created a continuous path that passes through all the high symmetry 

points of the first Brillouin zone.136 
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 The Elk code was used to calculate the energy-dependent optical properties such as 

refractive indices and dij.
56 This software computes NLO susceptibilities from first principles using 

the sum-over-state formalism.63 Elk was also used to produce an electron localization function 

(ELF) of Sr6Ge3OSe11. The exchange-correlation functionals, convergence criteria, and k point 

mesh were all set to match the parameters of the Wien2K calculations.   

 The thermal conductivity (κ) of the hot-pressed Sr6Ge3OSe11 pellet was measured on the 

TA Instruments DLF 1200 instrument up to 573 K under an Ar atmosphere. κ is defined as the 

product of thermal conductivity (D), specific heat (CP), and density (ρ). The D is measured directly 

via the laser flash method, the CP is measured relative to a Vespel standard, and ρ is measured by 

the Archimedes method. The experimental error of κ is estimated to be 5%. Additionally, the 

minimum thermal conductivity (κdiff) can be calculated from the sound velocity of a medium.49 A 

5.0 MHz Walfront Smart Sensor Sound Velocity Meter was coupled to the pellets using silicone 

oil to obtain the sound velocity through the pellet. 

 The absorbance spectrum of the powdered Sr6Ge3OSe11 sample was determined via diffuse 

reflectance spectroscopy using a PerkinElmer Lambda 1050 UV/vis/NIR spectrometer. The 

samples were prepared by adhering the Sr6Ge3OSe11 powder to a glass substrate using double-

sided tape. The percent reflectance (R) spectrum was converted to an absorbance spectrum (α/S) 

via the Kubelka-Munk equation (α/S = (1 - R)2 / (2 R) ). Additionally, Fourier transform IR (FTIR) 

spectroscopy was performed on a Bruker Tensor 27 FTIR spectrometer to observe the transparency 

of the sample in the IR region. 
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 The experimental SHG measurements were carried out using the Kurtz-Perry technique.51 

The hot-pressed pellets were crushed and sieved to separate the sample by particle size. The 

particle size ranges were as follows: < 20 μm, 20 – 45 μm, 45 – 63 μm, 63 – 75 μm, 75 – 90 μm, 

90 – 125 μm, and 125 – 150 μm. The powders were loaded into silica tubes according to their size. 

KH2PO3 (KDP) standards of the same particle sizes were used as references for the relative SHG 

intensities. The samples were struck by a 1064 nm Nd:YAG laser, which led to the production of 

532 nm by the NCS medium. These scattered 532 nm photons were focused at a photomultiplier 

tube (PMT) to detect the SHG signal. A short pass filter is placed before the PMT to prevent 

scattered 1064 nm photons from being detected.  

8.3 Crystal Structure  

Sr6Ge3OSe11 adopts a new trigonal structure type which is depicted in Figure 8.1. The 

Sr6Ge3OSe11 structure type consists of two different structural motifs oriented 120⁰ to each other, 

creating trigonal symmetry. All the Ge tetrahedra are aligned, which makes the space group 

symmetry NCS. There are three crystallographic Ge positions in the Sr6Ge3OSe11 structure type. 

These exist in the 1a, 1b, and 1c Wycoff positions. The Ge in site 1a forms the partially substituted 

[GeOSe3]
4- anion, whereas the Ge atoms in the 1b and 1c sites form the familiar [GeSe4]

4- anions. 

The 3-fold rotational symmetry in this structure originates from the partial substitution of Se with 

O in the Ge tetrahedra. 
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Table 8.1. Crystallographic Data for Sr6Ge3OSe11 from the Single-Crystal XRD Measurement. 

Parameter Sr6Ge3OSe11 

Crystal system Trigonal 

Space group P3m1 (no. 156) 

a (Å) 10.268(5) 

b (Å) 10.268(5) 

c (Å) 6.363(3) 

γ (⁰) 120 

Unit cell volume (Å3) 580.9(7) 

Crystal size (mm) 0.06 × 0.2 × 0.4 

Formula units per unit cell, Z 1 

Molecular weight (g mol-1) 1628.20 

Density (g cm-3) 4.654 

Radiation, wavelength (Å) 0.71073 (Mo Kα) 

Temperature (K) 300(2) 

F(000) 706 

Absorption coefficient, μ (mm-1) 34.701 

Goodness-of-fit 1.019 

R1 [I > 2σ(I)] 0.0104 

wR2 [I > 2σ(I)] 0.0208 

Largest diff. peak, hole (e Å-3) 0.389, -0.445 
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Figure 8.1. Crystal structure of Sr6Ge3OSe11. 

 

The two primary structural motifs in Sr6Ge3OSe11 extend infinitely in the c direction of the 

lattice and are visualized in Figure 8.2. In the {Sr3GeSe4} motif, the trigonal plane of strontium 

atoms is staggered with the three selenium atoms that make up the base of the tetrahedron below, 

whereas in the {Sr3GeOSe3} motif, the trigonal plane of strontium atoms eclipses the base of the 

tetrahedron below it. We postulate that the alignment of the individual dipoles in these motifs leads 

to a large NLO response. 
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Figure 8.2. 1D {Sr3GeOSe3} and {Sr3GeSe4} structural motifs in Sr6Ge3OSe11. 

 

The oxygen atom has a coordination number of four with three 2.51 Å bonds to Sr2 atoms 

and one 1.82 Å bond to Ge1. For comparison, in SrGeOSe2 and Sr3Ge2O4Se3, the Ge-O bonds are 

1.78 Å to 179 Å and 1.76 Å, respectively.29,180 The Ge-Se bond distances range from 2.32 Å to 

2.39 Å in Sr6Ge3OSe11, as seen in Table 8.2 and Figure 8.4. The Ge-O bonds in Sr6Ge3OSe11 and 

Sr3Ge2O4Se3 are slightly longer than those in SrGeOSe2 because the latter contains [GeO2Se2]
4- 

anions. Due to the higher electronegativity of O compared to Se (χO = 3.44 vs χSe = 2.55), the Ge 

atom coordinated to two O atoms will have less electron density around it, thus shortening its 

bonds. Single-crystal refinements and the Rietveld refinement in Figure 8.4 did not indicate any 

O/Se mixing on the O1 or Se sites.  
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Figure 8.3. Coordination environments and bond distances of the [GeOSe3]
4− (left) and 

[GeSe4]
4− (right) anions in Sr6Ge3OSe11. 

 

Figure 8.4. Rietveld refinement fit of a ground sample of Sr6Ge3OSe11.  
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Table 8.2. Selected Interatomic Distances (in Å) for Sr6Ge3OSe11. 

Atom pair Distance Atom pair Distance 

Sr1–O1 2.516(2) Sr2–Se4 3.097(1) 

Sr1–Se2 2× 3.131(2) Sr2–Se5 3.130(2) 

Sr1–Se1 3.183(2) Sr2–Se2 3.147(2) 

Sr1–Se1 3.187(2) Sr2–Se3 2× 3.152(1) 

Sr1–Se3 2× 3.388(2) Sr2–Se1 2× 3.453(2) 

  Sr2–Se2 3.477(2) 

Ge1–Se4 2.315(2)   

Ge1–Se3 3× 2.392(1) Ge3–O1 1.819(5) 

  Ge3–Se1 3× 2.358(1) 

Ge2–Se2 3× 2.342(1)   

Ge2–Se5 2.358(2)   

 

8.3.1 Electronic Structure 

The electronic structure of Sr6Ge3OSe11 is depicted in Figure 8.5. Sr6Ge3OSe11 was 

calculated to have a direct band gap of 1.80 eV at the A point in the Brillouin zone. The three 

lowest unfilled bands of the conduction band arise from the empty 4s orbitals of the three Ge atoms 

in the unit cell.185 The bands are relatively flat because the isolated Ge tetrahedra suggest this 

compound has high resistivity.  
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Figure 8.5. Band structure (left) and DOS (right) of Sr6Ge3OSe11. 

 

Modelling the ELF of the crystal structure shows covalent bonding between Ge and neighbouring 

O and Se atoms. The electron density around the O atoms is far more concentrated than that around 

the Se atoms in the [GeOSe3]
4- or [GeSe4]

4- tetrahedra. Moreover, the bonding between Sr and the 

O and Se anions is essentially ionic, increasing the band gap while not diminishing the polarizable 

nature of the polyatomic anions.  
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Figure 8.6. ELF isosurface plot of Sr6Ge3OSe11 overlaid with the atomic structure. Sr atoms: 

gray; Ge: blue; O: red; Se: orange. 

8.3.2 Optical Properties 

To calculate the optical properties, including refractive indices and second-order nonlinear 

susceptibilities, a scissor operator was used to elevate the conduction bands to align with the 

experimental band gap since the GGA method often underestimates the actual band gap value. 

Sr6Ge3OSe11 crystallizes in the P3m1 space group, meaning that a = b ≠ c is part of a uniaxial 

crystal system. Uniaxial crystal systems have two unique refractive indices: nxx and nzz. Figure 8.7 

shows that the energy-dependent refractive indices of nxx and nzz are 2.45 and 2.36 at 1064 nm, 

respectively. The birefringence is defined as the difference in refractive indices. For NLO materials 

in the IR region, the ideal birefringence is 0.03 ≤ Δn ≤ 0.09 to meet the phase-matching conditions 
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for SHG. Figure 8.7 shows that nxx(1064 nm) = nzz(532 nm), meaning that Sr6Ge3OSe11 is phase 

matchable at this wavelength. This agrees with the results of the experimental SHG experiment. 

Sr6Ge3OSe11 belongs to the 3m space group. Under Kleinman symmetry conditions, the 3m 

space group has three unique tensor elements: d15, d22, and d33.
50 Additionally, the effective 

nonlinear susceptibility, deff, for a powdered sample was calculated using the formula developed 

by Kurtz and Perry.51 Figure 8.7 highlights the dij elements at 1064 nm because the experimental 

SHG intensity was measured at this wavelength. The calculated dij elements at 1064 nm were 

determined to be -12.9 pm V-1, -15.4 pm V-1, 15.0 pm V-1 and 17.0 pm V-1 for d15, d22, d33, and deff 

respectively. Relative to other oxyselenides like SrGeOSe2 (dij = 3.16 pm V-1, 1.3 × AGS), 

Sr3Ge2O4Se3 (2.96 pm V-1, 0.8 × AGS), and BaGeOSe2 (4.1 pm V-1, 0.5 × AGS) the calculated dlj 

elements of Sr6Ge3OSe11 are significantly larger in magnitude. The SHG response may be more 

significant if measured in the IR region. 

 

Figure 8.7. Calculated d-tensor elements (left) and the calculated refractive indices (right). 
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8.4 Physical Properties 

8.4.1 Thermal Conductivity 

 The experimental κ of Sr6Ge3OSe11 decreased slightly from 0.57 W m-1 K-1 at 923 K to 

0.50 W m-1 K-1 at 573 K. Sr6Ge3OSe11 has extremely low κ resulting from its complex crystal 

structure. The temperature-dependent CP and D plots are available in Figures A.27 and A.28, 

respectively. The smooth trend suggests no phase transitions in this temperature range. The 

theoretical minimum thermal conductivity, κdiff, which is based on the sound velocity through the 

material, was equal to 0.35 W m-1 K-1. This is comparable to the κ of the seleno-germanates 

Ba6Ge2Se12 and Ba7Ge2Se17 (0.33 W m-1 K-1 at 573 K).152  

 

Figure 8.8. Thermal conductivity of Sr6Ge3OSe11. 
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8.4.2 UV-Vis-NIR Spectroscopy 

 The spectroscopic studies of Sr6Ge3OSe11 reveal an optical band gap of 2.39 eV and a wide 

transparency range in the IR region. Despite having similar stoichiometries, the band gap is 

approximately 20% larger than that of γ-Sr2GeSe4 (band gap = 2.00 eV). Compared to the 

quaternaries SrGeOSe2 (3.16 eV) and Sr3Ge2O4Se3 (2.96 eV), Sr6Ge3OSe11 has a smaller band gap 

because of the smaller atomic ratio of O. 

 

Figure 8.9. IR transmission spectrum and UV−vis absorbance spectrum (inset) of Sr6Ge3OSe11. 

 

8.4.3 Second Harmonic Generation 

 When Sr6Ge3OSe11 was exposed to a 1064 nm laser beam, it produced 532 nm photons 

through SHG. Seven samples of various particle sizes were exposed to the fundamental beam, and 
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their intensities were compared to the SHG intensity of a KDP standard. The logarithmic trend of 

SHG intensity with increasing particle size indicates phase-matching behaviour. Phase matching 

is an indication that the birefringence of the compound is of suitable magnitude to prevent a phase 

mismatch (Δk ≠ 0) when the wave vectors of the fundamental photons, 2 × k(ω), are converted to 

k(2ω) via SHG.186  

 The SHG intensity of Sr6Ge3OSe11 was 0.62 × KDP for the largest particle sizes. Given 

that Sr6Ge3OSe11 is yellow, there may have been two-photon absorption by the sample reducing 

its output of SHG photons. Therefore, it remains to be seen whether or not the performance of 

Sr6Ge3OSe11 would be improved by testing the sample under a fundamental source in the IR 

region, such as a 2090 nm Ho:YAG laser. Other selenogermanates that have been studied for the 

NLO properties in the IR region include SrCdGeSe4 (5.3 × AGS),187 SrHgGeSe4 (5 × AGS),146  

BaHgGeSe4 (4.7 × AGS),146 BaZnGeSe4 (1 × AGS),117 Hg2GeSe4 (2.1 × AGSe),34 Li2SrGeSe4 (0.5 

× AGS),147 and Na2SrGeSe4 (0.5 × AGS).147 
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Figure 8.10. Size-dependent SHG intensities of Sr6Ge3OSe11 and the KH2PO4 standard. 

 

8.5 Conclusion 

The new NCS quaternary oxyselenide Sr6Ge3OSe11 was successfully synthesized, and the 

NLO properties were studied. Sr6Ge3OSe11 has a significant NLO susceptibility (deff = 17.0 pm V-

1) compared to other oxychalcogenides that have been reported so far. This may arise from the 

alignment of the dipoles in the {Sr3GeOSe3} and {Sr3GeSe4} structural motifs that run in the c 

direction of the lattice. Unfortunately, the experimental SHG intensity did not reflect these large 

values, likely because the 2.39 eV band gap absorbed some of the SHG from the Nd:YAG laser 

source. It remains to be seen whether measuring the NLO response in the IR region would be 

comparable to the performance of the IR NLO benchmark AGS.  
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Along with SrGeOSe2, Sr3Ge2O4Se3, and Sr3Se[GeOSe3], Sr6Ge3OSe11 is the third member 

of this phase space; all of which adopt NCS structures. For chemists performing exploratory work 

into new NCS compounds, PIAS is a promising strategy for finding unidentified NCS compounds. 

In this phase space, PIAS has been employed by replacing O with Se in the case of SrGeO3 and 

Se with O in the case of γ-Sr2GeSe4. If we take these two examples as prototypes, it may be 

beneficial to start with chalcogen-rich compounds and introduce O into them so that the polarizable 

chalcogen anions preserve polarizability while the O increases ionicity and LDT. 
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CHAPTER 9  

Conclusion 

9.1 Conclusion 

 This thesis delves into the intricate realm of crystal structure exploration and 

characterization, shedding light on links between the structural aspects and physical properties. 

The materials TlLa2Sb3Se9, La12Sb9S38, Ba6Si2-xGexSe12, Ba7Ge2Se17, Sr8Ge4Se17, Ba8Sn4Se17, and 

Sr6Ge3OSe11 were systematically investigated showcasing a diverse array of structural motifs 

present in group 14 and 15 chalcogenides. We report several complex chalcogenides that possess 

positional disorder, either S2
2-, Se2

2-, or [GeSe5]
4- anions that aid in the reduction of lattice thermal 

conductivity. Since positional disorder is typically uncommon in inorganic compounds and we 

have multiple examples of it among a relatively small number of compounds, this type of disorder 

may be more likely to appear in chalcogen-rich compounds with large cations such as Ba2+ or La3+. 

Disorder at the atomic scale is one of the factors leading to these materials having ultra-low thermal 

conductivities. In addition, several of these compounds, such as La12Sb9S38, Ba6Ge2Se12, and 

Ba7Ge2Se17, have optical band gaps below 1.8 eV, which is the optimal range for photovoltaic 

materials. Currently, their electrical conductivity is too low for this application, but they enrich the 

pool of compounds that can be tailored for various functionalities. 

 From the outset of these projects, our exploratory syntheses were focused on cations with 

lone pairs (Sb3+) or that adopt tetrahedral coordination environments (Si4+, Ge4+, Sn4+) because 

these are commonly employed design strategies for discovering novel noncentrosymmetric 
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compounds for nonlinear optical materials. While not an exhaustive sampling of this phase space, 

it is evident that these strategies are not a reliable means of creating noncentrosymmetric 

compounds. The tetrahedral anions tend to align antiparallel in the crystal structures, eliminating 

the purpose of introducing them in the first place. The one compound that is nonlinearly active 

(beyond TlLa2Sb3Se9) was Sr6Ge3OSe11, which has a strong second-harmonic response due to the 

aligned dipoles in its structure. We employed partial isovalent anion substitution by replacing 1/12 

of the Se atoms in Sr2GeSe4 with O atoms to produce the new noncentrosymmetric compound 

Sr6Ge3OSe11. To the best of our knowledge, all other Sr/Ge/O/Se quaternaries (SrGeOSe2, 

Sr3Ge2O4Se3, and Sr3Se[GeOSe3]) are also noncentrosymmetric crystal structures. This is a 

remarkable success rate when considering that the sample size is small, and more compounds of 

these four elements may be discovered. Moving forward, it would be worthwhile to explore 

chalcogen-rich compounds that incorporate oxygen or halogen atoms into their structure with the 

goal of aligning the noncentrosymmetric building blocks head-to-tail as in Sr6Ge3OSe11. The 

consequence would be preserving the polarizability of the electron-rich chalcogenides while 

widening the optical band gap with electronegative oxygen or halogen atoms to improve the laser 

damage thresholds of the materials.  
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Appendix 
 

Table A.1. Atomic positions and Ueq values of TlLa2Sb3Se9. All sites are 100% occupied. 

Atom Site x y z Ueq (Å
2) 

Tl1 4a 0.2603(4) 0.00304(7) 0.30311(4) 0.0321(3) 

La1 4a 0.2469(5) 0.15831(9) 0.64784(6) 0.0228(4) 

La2 4a 0.3233(4) 0.0807(1) 0.47901(6) 0.0182(4) 

Sb1 4a 0.2137(6) 0.3397(1) 0.06379(8) 0.0331(5) 

Sb2 4a 0.2355(6) 0.2434(1) 0.21848(6) 0.0215(4) 

Sb3 4a 0.6997(6) 0.0918(1) 0.09929(7) 0.0219(5) 

Se1 4a 0.1969(8) 0.5020(2) 0.09287(9) 0.0166(6) 

Se2 4a 0.207(1) 0.1202(2) 0.0132(1) 0.0280(8) 

Se3 4a 0.2150(9) 0.0523(2) 0.16464(9) 0.0208(7) 

Se4 4a 0.2169(8) 0.2005(1) 0.38019(9) 0.0163(6) 

Se5 4a 0.2414(9) 0.3922(1) 0.27149(8) 0.0165(6) 

Se6 4a 0.2962(8) 0.4262(1) 0.43186(9) 0.0151(6) 

Se7 4a 0.3819(7) 0.2678(2) 0.5428(1) 0.0178(7) 

Se8 4a 0.694(1) 0.2980(2) 0.1378(1) 0.0327(9) 

Se9 4a 0.6988(8) 0.1799(2) 0.2770(1) 0.0237(7) 
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Figure A.1. Powder X-ray diffraction pattern of TlLa2Sb3Se9. 

 

 

Figure A.2. Heating and cooling curves of the DSC/TGA of TlLa2Sb3Se9. 
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Figure A.3. Band gap determination of TlLa2Sb3Se9 from the temperature dependent electrical 

conductivity. 
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Table A.2. Atomic positions, Ueq values and occupancy factors of La12.17(1)Sb8.59(2)S37.86(3). 

Atom Site x y z Ueq (Å
2) occ. 

La1 8i 0.26879(1) 0.26879(1) 0.26879(1) 0.01032(6) 1 

La2 6e 0.35667(7) 0 0 0.0185(2) 0.529(2) 

Sb2 6e 0.2750(1) 0 0 0.0428(4) 0.432(3) 

La3 1b ½ ½ ½ 0.0105(1) 1 

Sb1 12j 0 0.46966(4) 0.32801(4) 0.0156(1) ½ 

S1 12k ½ 0.17772(7) 0.15549(7) 0.0133(2) 1 

S2 12k ½ 0.23611(7) 0.40646(7) 0.0105(1) 1 

S3 12j 0 0.2438(1) 0.2463(1) 0.0279(2) 1 

S4 8i 0.0518(3) 0.0518(3) 0.0518(3) 0.022(1) 0.232(4) 

 

 

 

Figure A.4. Rietveld refinement of sample with La12.17Sb8.5S38 nomical composition. 
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Figure A.5. Rietveld refinement of a sample with La12.17Sb8.5S37.75 nominal composition. 

 

 

Figure A.6. Specific heat of La12.17Sb8.5S38 and La12.17Sb8.5S37.35 in comparison to the Dulong-

Petit (DP) limits. 
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Figure A.7. Thermal diffusivity of La12.17Sb8.5S38 and La12.17Sb8.5S37.35. 

 

Figure A.8. SEM maps and EDAX results of the pellet of nominal composition La12.17Sb8.5S38 in 

comparison to the formula obtained from the Rietveld refinement. 
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Figure A.9. SEM maps and EDAX results of the pellet of nominal composition La12.17Sb8.5S37.5 

in comparison to the formula obtained from the Rietveld refinement. 
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Figure A.10. The simulated number of consecutive Se2
2- dumbbells in Ba6Ge2Se12 in each 

orientation, when the occupancies of PART1 and PART2 are 78% and 22%, respectively.  

 

 

Figure A.11. Band structure (left) and DOS (right) of the Ba6Ge2Se12 model with only the less 

occupied Se dumbbells occupied. 
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Figure A.12. DOS of the two Ba6Ge2Se12 models. Left: the more highly occupied Se dumbbells; 

right: 2 × 1 × 1 supercell with 75% of Se atoms in the more highly occupied sites. 

 

Figure A.13. DOS of the two Ba7Ge2Se17 models. The more highly occupied [GeSe5]
4- anions are 

depicted on the left and the less occupied anions are on the rig 
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Figure A.14. CP measurements of the Ba6Ge2Se12 and Ba7Ge2Se17 pellets, including the CP 

calculated via the Dulong-Petit law. 

 

Figure A.15. Thermal diffusivity measurements of the Ba6Ge2Se12 and Ba7Ge2Se17 pellets. Error 

bars represent 2.3%. 
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Table A.3. Atomic positions, Ueq values and occupancy factors of Ba6Ge2Se12 from sXRD. 

Atom Site x y z Ueq (Å
2) occ. 

Ba1 4e 0.00681(4) 0.49003(4) 0.21290(2) 0.01877(8) 1 

Ba2 4e 0.02453(4) 0.29379(5) 0.04804(2) 0.02146(9) 1 

Ba3 4e 0.24775(4) 0.43920(4) 0.37325(2) 0.02333(9) 1 

Ba4 4e 0.25194(4) 0.80652(4) 0.09424(2) 0.02225(8) 1 

Ba5 4e 0.48140(4) 0.29355(5) 0.04817(2) 0.02299(9) 1 

Ba6 4e 0.54251(4) 0.40665(4) 0.22036(2) 0.01966(8) 1 

Ge1 4e 0.24823(7) 0.03644(7) 0.41924(2) 0.01296(12) 1 

Ge2 4e 0.25143(7) 0.16963(6) 0.17799(2) 0.01309(12) 1 

Se1 4e 0.05259(7) 0.16360(8) 0.40523(3) 0.02176(14) 1 

Se2 4e 0.05369(7) 0.05750(8) 0.15352(3) 0.02299(15) 1 

Se4 4e 0.17844(6) 0.78368(7) 0.21645(2) 0.01572(12) 1 

Se6 4e 0.25264(7) 0.53018(7) 0.00739(2) 0.01954(13) 1 

Se7 4e 0.25812(7) 0.38983(7) 0.13479(2) 0.01841(13) 1 

Se8 4e 0.26594(7) 0.19806(7) 0.26819(2) 0.01909(13) 1 

Se9 4e 0.29839(7) 0.60546(7) 0.26194(3) 0.01948(13) 1 

Se10 4e 0.43944(6) 0.04618(8) 0.14899(3) 0.02041(14) 1 

Se11 4e 0.44415(7) 0.15471(8) 0.40064(3) 0.0290(2) 1 

Se14 4e 0.76377(7) 0.32737(7) 0.12993(2) 0.01762(13) 1 

Se3 4e 0.13277(2) 0.51382(13) 0.49553(5) 0.0596(5) 0.784(2) 

Se12 4e 0.63187(2) 0.00840(14) 0.00802(4) 0.0611(5) 0.784(2) 

Se5 4e 0.2519(4) 0.1085(4) 0.0152(2) 0.0449(13) 0.216(2) 

Se13 4e 0.7530(3) 0.1053(3) 0.03081(14) 0.0242(8) 0.216(2) 
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Table A.4. Atomic positions, Ueq values and occupancy factors of Ba7Ge2Se17 from the sXRD 

experiment. 

Atom Site x y z Ueq (Å
2) occ. 

Ba1 8d 0.12874(2) 0.14248(2) 0.74350(2) 0.01547(6) 1 

Ba2 8d 0.37134(2) 0.10723(2) 0.02470(2) 0.01856(7) 1 

Ba3 8d 0.38234(2) 0.11063(2) 0.48147(2) 0.01749(7) 1 

Ba4 4c 0.12714(4) ¼ 0.30548(4) 0.03053(1) 1 

Se3 8d 0.12087(4) 0.58832(2) 0.25328(3) 0.01405(9) 1 

Se7 8d 0.36331(4) 0.01982(2) 0.25367(3) 0.01450(9) 1 

Se9 8d 0.37463(5) 0.19117(3) 0.25173(4) 0.02361(12) 1 

Se10 4c 0.02767(6) ¼ 0.55680(5) 0.01631(13) 1 

Se11 4c 0.10348(9) ¼ 0.00980(7) 0.0471(3) 1 

Se12 4c 0.21927(5) ¼ 0.56131(5) 0.01546(13) 1 

Se13 4c 0.26256(7) ¼ 0.90889(6) 0.0268(2) 1 

Se14 4c 0.46901(7) ¼ 0.61938(7) 0.0287(2) 1 

Ge1 8d 0.17946(6) 0.02225(3) 0.27580(7) 0.01220(14) 0.809(1) 

Se2 8d 0.11597(5) 0.10219(3) 0.14825(5) 0.01726(13) 0.809(1) 

Se5 8d 0.12876(5) 0.07582(3) 0.43720(5) 0.0220(2) 0.809(1) 

Se8 8d 0.37011(5) 0.55231(3) 0.47097(5) 0.01536(12) 0.809(1) 

Ge2 8d 0.1800(3) 0.01807(2) 0.2260(3) 0.0135(6) 0.191(1) 

Se1 8d 0.1109(2) 0.09897(1) 0.3516(2) 0.0169(6) 0.191(1) 

Se4 8d 0.1242(2) 0.04981(1) 0.5280(2) 0.0155(5) 0.191(1) 

Se6 8d 0.1322(2) 0.05544(1) 0.0542(2) 0.0206(6) 0.191(1) 
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Figure A.16. Rietveld refinement plot for Ba6Si2-xGexSe12 for x = 0.5 including the Se4 and Se14 

sites. 

 

Figure A.17. Rietveld refinement plot for Ba6Si2-xGexSe12 for x = 1 including the Se4 and Se14 

sites. 
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Figure A.18. Rietveld refinement plot for Ba6Si2-xGexSe12 for x = 1.5 including the Se4 and Se14 

sites. 

Table A.5. Rietveld refned atomic positions, Uiso, and occupancies of the Ba6Si2Se12 sample. 

Atom Site x y z Uiso (Å
2) occ. 

Ba1 2i 0.0742(8) 0.3597(6) 0.6023(6) 0.0214(5) 1 

Ba2 2i 0.0942(8) 0.9395(6) 0.1750(6) 0.0214(5) 1 

Ba3 2i 0.2870(8) 0.5731(6) 0.0611(6) 0.0214(5) 1 

Ba4 2i 0.3159(8) 0.3620(6) 0.3019(6) 0.0214(5) 1 

Ba5 2i 0.3429(8) 0.0760(6) 0.5964(6) 0.0214(5) 1 

Ba6 2i 0.6513(8) 0.1582(6) 0.1674(7) 0.0214(5) 1 

Si1 2i 0.6138(20) 0.2807(16) 0.5265(16) 0.0115 1 

Si2 2i 0.630(2) 0.7801(18) 0.0415(16) 0.0123 1 

Se1 2i 0.0062(11) 0.2017(9) 0.3163(10) 0.0176(6) 1 

Se2 2i 0.0039(11) 0.0703(11) 0.4197(10) 0.0176(6) 1 

Se3 2i 0.0253(18) 0.3462(15) 0.0332(14) 0.023(3) 0.666(10) 

Se5 2i 0.0760(19) 0.6071(16) 0.8090(14) 0.023(3) 0.666(10) 
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Se4 2i 0.001(4) 0.480(3) 0.165(3) 0.023(3) 0.334(10) 

Se14 2i 0.946(4) 0.271(3) 0.083(3) 0.023(3) 0.334(10) 

Se6 2i 0.2037(13) 0.2679(9) 0.8181(9) 0.0176(6) 1 

Se7 2i 0.2241(12) 0.7849(9) 0.3482(9) 0.0176(6) 1 

Se8 2i 0.2474(12) 0.0896(10) 0.0203(10) 0.0176(6) 1 

Se9 2i 0.2662(12) 0.5945(10) 0.5446(9) 0.0176(6) 1 

Se10 2i 0.4484(12) 0.1174(9) 0.3561(9) 0.0176(6) 1 

Se11 2i 0.4645(12) 0.3611(10) 0.6314(10) 0.0176(6) 1 

Se12 2i 0.4578(12) 0.8662(11) 0.1174(10) 0.0176(6) 1 

Se13 2i 0.5127(13) 0.3875(10) 0.1222(10) 0.0176(6) 1 

 

Table A.6. Rietveld refned atomic positions, Uiso, and occupancies of the Ba6Si1.5Ge0.5Se12 

sample. 

Atom Site x y z Uiso (Å
 2) occ. 

Ba1 2i 0.0764(7) 0.3609(5) 0.6008(5) 0.0179(4) 1 

Ba2 2i 0.0939(7) 0.9385(5) 0.1758(5) 0.0179(4) 1 

Ba3 2i 0.2867(7) 0.5760(5) 0.0575(5) 0.0179(4) 1 

Ba4 2i 0.3160(7) 0.3609(5) 0.3025(6) 0.0179(4) 1 

Ba5 2i 0.3432(7) 0.0747(5) 0.5973(5) 0.0179(4) 1 

Ba6 2i 0.6541(7) 0.1604(5) 0.1708(6) 0.0179(4) 1 

Si1 2i 0.6107(15) 0.2742(13) 0.5297(13) 0.0115 0.759(18) 

Ge1 2i 0.6107(15) 0.2742(13) 0.5297(13) 0.0115 0.241(18) 

Si2 2i 0.6350(16) 0.7813(14) 0.0371(13) 0.0123 0.741(18) 

Ge2 2i 0.6350(16) 0.7813(14) 0.0371(13) 0.0123 0.259(18) 

Se1 2i 0.0056(10) 0.1957(9) 0.3090(9) 0.0233(6) 1 

Se2 2i 0.0066(10) 0.0719(10) 0.4208(9) 0.0233(6) 1 

Se3 2i 0.0352(15) 0.3436(13) 0.0345(12) 0.0161(2) 0.650(8) 
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Se5 2i 0.0586(16) 0.6060(13) 0.8052(13) 0.0161(2) 0.650(8) 

Se4 2i 0.042(3) 0.498(2) 0.187(2) 0.0161(2) 0.350(8) 

Se14 2i 0.945(3) 0.288(2) 0.091(2) 0.0161(2) 0.350(8) 

Se6 2i 0.2008(11) 0.2661(8) 0.8195(8) 0.0233(6) 1 

Se7 2i 0.2350(11) 0.7894(8) 0.3518(8) 0.0233(6) 1 

Se8 2i 0.2440(11) 0.0832(9) 0.0211(9) 0.0233(6) 1 

Se9 2i 0.2592(11) 0.5912(9) 0.5350(8) 0.0233(6) 1 

Se10 2i 0.4501(11) 0.1186(8) 0.3572(9) 0.0233(6) 1 

Se11 2i 0.4607(11) 0.3619(9) 0.6304(9) 0.0233(6) 1 

Se12 2i 0.4695(10) 0.8703(10) 0.1226(9) 0.0233(6) 1 

Se13 2i 0.5147(12) 0.3896(9) 0.1223(10) 0.0233(6) 1 

 

Table A.7. Rietveld refned atomic positions, Uiso, and occupancies of the Ba6SiGeSe12 sample. 

Atom Site x y z Uiso (Å
2) occ. 

Ba1 2i 0.0763(8) 0.3579(6) 0.5978(6) 0.0196(5) 1 

Ba2 2i 0.0968(8) 0.9407(5) 0.1749(6) 0.0196(5) 1 

Ba3 2i 0.2797(8) 0.5749(6) 0.0568(6) 0.0196(5) 1 

Ba4 2i 0.3180(8) 0.3616(6) 0.3000(7) 0.0196(5) 1 

Ba5 2i 0.3415(8) 0.0740(6) 0.5952(6) 0.0196(5) 1 

Ba6 2i 0.6534(8) 0.1605(6) 0.1683(7) 0.0196(5) 1 

Si1 2i 0.6139(14) 0.2794(12) 0.5297(12) 0.0115 0.49(2) 

Ge1 2i 0.6139(14) 0.2794(12) 0.5297(12) 0.0115 0.51(2) 

Si2 2i 0.6342(15) 0.7804(13) 0.0418(12) 0.0123 0.51(2) 

Ge2 2i 0.6342(15) 0.7804(13) 0.0418(12) 0.0123 0.49(2) 

Se1 2i 0.0106(11) 0.1993(9) 0.3133(10) 0.0203(6) 1 

Se2 2i 0.0014(11) 0.0683(11) 0.4189(10) 0.0203(6) 1 

Se3 2i 0.0354(18) 0.3484(15) 0.0413(14) 0.013(3) 0.615(9) 

Se5 2i 0.0694(19) 0.6115(15) 0.8053(14) 0.013(3) 0.615(9) 
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Se4 2i 0.026(3) 0.488(2) 0.181(2) 0.013(3) 0.385(9) 

Se14 2i 0.968(3) 0.284(2) 0.087(2) 0.013(3) 0.385(9) 

Se6 2i 0.2000(13) 0.2688(10) 0.8184(10) 0.0203(6) 1 

Se7 2i 0.2231(12) 0.7841(9) 0.3490(10) 0.0203(6) 1 

Se8 2i 0.2438(12) 0.0851(9) 0.0222(10) 0.0203(6) 1 

Se9 2i 0.2659(13) 0.5883(10) 0.5409(9) 0.0203(6) 1 

Se10 2i 0.4531(12) 0.1197(9) 0.3571(9) 0.0203(6) 1 

Se11 2i 0.4573(12) 0.3642(9) 0.6333(10) 0.0203(6) 1 

Se12 2i 0.4583(11) 0.8671(10) 0.1172(10) 0.0203(6) 1 

Se13 2i 0.5168(13) 0.3936(10) 0.1209(10) 0.0203(6) 1 

 

Table A.8. Rietveld refned atomic positions, Uiso, and occupancies of the Ba6Si0.5Ge1.5Se12 

sample. 

Atom Site x y z Uiso (Å
2) occ. 

Ba1 2i 0.0779(6) 0.3600(4) 0.5985(4) 0.0177(3) 1 

Ba2 2i 0.0945(6) 0.9395(4) 0.1766(5) 0.0177(3) 1 

Ba3 2i 0.2802(6) 0.5755(4) 0.0557(5) 0.0177(3) 1 

Ba4 2i 0.3173(6) 0.3621(4) 0.3015(5) 0.0177(3) 1 

Ba5 2i 0.3443(6) 0.0739(4) 0.5965(5) 0.0177(3) 1 

Ba6 2i 0.6532(6) 0.1596(4) 0.1678(5) 0.0177(3) 1 

Si1 2i 0.6121(10) 0.2766(8) 0.5305(8) 0.0115 0.201(14) 

Ge1 2i 0.6121(10) 0.2766(8) 0.5305(8) 0.0115 0.799(14) 

Si2 2i 0.6372(11) 0.7803(9) 0.0428(9) 0.0123 0.299(14) 

Ge2 2i 0.6372(11) 0.7803(9) 0.0428(9) 0.0123 0.701(14) 

Se1 2i 0.0071(9) 0.2005(7) 0.3124(7) 0.0216(5) 1 

Se2 2i 0.0062(8) 0.0715(8) 0.4207(8) 0.0216(5) 1 

Se3 2i 0.0400(14) 0.3444(12) 0.0372(11) 0.017(2) 0.604(8) 
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Se5 2i 0.0588(15) 0.6087(12) 0.8036(12) 0.017(2) 0.604(8) 

Se4 2i 0.032(2) 0.4929(16) 0.1827(18) 0.017(2) 0.396(8) 

Se14 2i 0.958(2) 0.2926(17) 0.0827(17) 0.017(2) 0.396(8) 

Se6 2i 0.1984(10) 0.2686(7) 0.8194(7) 0.0216(5) 1 

Se7 2i 0.2262(9) 0.7889(7) 0.3515(7) 0.0216(5) 1 

Se8 2i 0.2424(10) 0.0830(7) 0.0196(8) 0.0216(5) 1 

Se9 2i 0.2610(9) 0.5895(8) 0.5390(7) 0.0216(5) 1 

Se10 2i 0.4534(10) 0.1211(7) 0.3551(7) 0.0216(5) 1 

Se11 2i 0.4588(10) 0.3640(7) 0.6368(8) 0.0216(5) 1 

Se12 2i 0.4646(9) 0.8682(8) 0.1201(7) 0.0216(5) 1 

Se13 2i 0.5153(10) 0.3951(7) 0.1209(8) 0.0216(5) 1 

 

 

Figure A.19. EDAX and elemental mapping of hot-pressed Ba6Si2Se12 pellet. 
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Figure A.20. EDAX and elemental mapping of hot-pressed Ba6Si1.5Ge0.5Se12 pellet. 

 

Figure A.21. EDAX and elemental mapping of hot-pressed Ba6SiGeSe12 pellet. 
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Figure A.22. EDAX and elemental mapping of hot-pressed Ba6Si0.5Ge1.5Se12 pellet. 

 

 

Figure A.23. Specific heat capacity curves of the Ba6Si2-xGexSe12 samples and the Dulong-Petit 

limit of Ba6Si2Se12.  
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Figure A.24. Thermal diffusivity curves of the Ba6Si2-xGexSe12 samples. 
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Table A.9. Atomic positions, Uiso values of of Sr8Ge4Se17 from the Rietveld refinement. All sites 

are 100% occupied. 

Atom Site x y z Uiso (Å
2) 

Sr1 2i 0.1499(13) 0.7423(13) 0.2337(10) 0.0190(11) 

Sr2 2i 0.1519(12) 0.0610(12) 0.7921(12) 0.0190(11) 

Sr3 2i 0.1853(11) 0.3113(13) 0.3171(11) 0.0190(11) 

Sr4 2i 0.3333(14) 0.2538(13) 0.5859(11) 0.0190(11) 

Sr5 2i 0.3366(13) 0.0007(12) 0.0696(10) 0.0190(11) 

Sr6 2i 0.3492(12) 0.4689(13) 0.0765(12) 0.0190(11) 

Sr7 2i 0.6456(13) 0.2294(12) 0.4592(10) 0.0190(11) 

Sr8 2i 0.8022(13) 0.4113(13) 0.1995(12) 0.0190(11) 

Ge1 2i 0.0108(14) 0.2135(13) 0.0309(12) 0.0025(13) 

Ge2 2i 0.0216(13) 0.8124(14) 0.4737(12) 0.0025(13) 

Ge3 2i 0.4969(14) 0.8253(14) 0.1879(13) 0.0025(13) 

Ge4 2i 0.5027(14) 0.3823(14) 0.3061(13) 0.0025(13) 

Se1 2i 0.0655(15) 0.4284(14) 0.0496(14) 0.0196(10) 

Se2 2i 0.0596(18) 0.6410(18) 0.4987(15) 0.037(5) 

Se3 2i 0.0866(15) 0.1097(15) 0.4041(13) 0.0196(10) 

Se4 2i 0.1099(13) 0.2734(14) 0.7112(13) 0.0196(10) 

Se5 2i 0.1014(14) 0.9371(16) 0.1582(13) 0.0196(10) 

Se6 2i 0.0999(15) 0.5401(15) 0.3286(13) 0.037(5) 

Se7 2i 0.1991(14) 0.1867(14) 0.0572(12) 0.0196(10) 

Se8 2i 0.2937(15) 0.5082(14) 0.5823(12) 0.0196(10) 

Se9 2i 0.3099(15) 0.7217(14) 0.0630(12) 0.0196(10) 

Se10 2i 0.4000(14) 0.2088(15) 0.3412(12) 0.0196(10) 
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Se11 2i 0.4052(14) 0.5395(15) 0.3344(12) 0.0196(10) 

Se12 2i 0.5007(14) 0.2995(14) 0.1271(14) 0.0196(10) 

Se13 2i 0.5435(14) 0.1232(17) 0.6350(13) 0.0196(10) 

Se14 2i 0.6065(14) 0.0194(15) 0.1765(12) 0.0196(10) 

Se15 2i 0.6135(14) 0.6906(14) 0.1589(12) 0.0196(10) 

Se16 2i 0.7767(15) 0.0555(14) 0.4886(12) 0.0196(10) 

Se17 2i 0.9065(14) 0.1833(14) 0.1595(12) 0.0196(10) 

 

Table A.10. Atomic positions, Uiso values of Ba8Sn4Se17 from the Rietveld refinement. All sites 

are 100% occupied. 

Atom Site x y z Uiso (Å
2) 

Ba1 8f 0.0318(5) 0.2959(18) 0.4701(9) 0.0269(12) 

Ba2 8f 0.0391(6) 0.2565(20) 0.2205(10) 0.0269(12) 

Ba3 8f 0.0811(6) -0.0127(20) 0.1009(11) 0.0269(12) 

Ba4 8f 0.0853(6) 0.4765(23) 0.1120(11) 0.0269(12) 

Ba5 8f 0.0856(6) 0.0176(22) 0.3649(11) 0.0269(12) 

Ba6 8f 0.1648(5) 0.2544(18) 0.1466(11) 0.0269(12) 

Ba7 8f 0.1653(6) 0.2282(20) 0.4045(10) 0.0269(12) 

Ba8 8f 0.2099(5) 0.0076(19) 0.2875(11) 0.0269(12) 

Ba9 8f 0.2086(6) 0.4804(22) 0.0314(11) 0.0269(12) 

Ba10 8f 0.2117(6) 0.0062(21) 0.0352(11) 0.0269(12) 

Ba11 8f 0.2121(5) 0.4635(20) 0.2872(12) 0.0269(12) 

Ba12 8f 0.3302(6) 0.2358(22) 0.3511(10) 0.0269(12) 

Ba13 8f 0.3350(6) 0.2151(19) 0.1249(10) 0.0269(12) 

Ba14 8f 0.4175(6) 0.0137(21) 0.1550(11) 0.0269(12) 
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Ba15 8f 0.4545(6) 0.2682(22) 0.0435(11) 0.0269(12) 

Ba16 8f 0.4592(7) 0.2935(21) 0.2814(11) 0.0269(12) 

Sn1 8f 0.0020(6) 0.0122(20) 0.4073(11) 0.0032(13) 

Sn2 8f 0.1242(5) 0.3091(20) 0.2674(10) 0.0032(13) 

Sn3 8f 0.2514(6) 0.2383(20) 0.1570(10) 0.0032(13) 

Sn4 8f 0.2496(6) 0.2269(20) 0.4029(10) 0.0032(13) 

Sn5 8f 0.3694(6) 0.3103(22) 0.0171(10) 0.0032(13) 

Sn6 8f 0.3771(6) 0.4310(19) 0.2501(10) 0.0032(13) 

Sn7 8f 0.3790(5) 0.0444(21) 0.5127(10) 0.0032(13) 

Sn8 8f 0.5064(6) 0.0246(20) 0.1478(10) 0.0032(13) 

Se1 8f 0.0094(7) 0.0385(30) 0.3149(14) 0.0201(17) 

Se2 8f 0.0224(7) 0.1717(25) 0.5837(12) 0.0201(17) 

Se3 8f 0.0240(7) 0.3639(26) 0.3357(12) 0.0201(17) 

Se4 8f 0.0294(7) 0.1694(25) 0.0818(12) 0.0201(17) 

Se5 8f 0.0514(8) 0.0320(23) 0.4679(13) 0.0201(17) 

Se6 8f 0.0754(7) 0.0272(24) 0.2285(12) 0.0201(17) 

Se7 8f 0.0961(7) 0.2604(24) 0.3326(13) 0.0201(17) 

Se8 8f 0.0988(7) 0.2330(27) 0.1732(14) 0.0201(17) 

Se9 8f 0.1038(7) 0.2137(31) 0.0568(13) 0.0201(17) 

Se10 8f 0.1043(7) 0.2696(28) 0.4862(13) 0.007(6) 

Se11 8f 0.1390(7) 0.0055(29) 0.4839(15) 0.0201(17) 

Se12 8f 0.1384(6) 0.5053(25) 0.2855(12) 0.007(6) 

Se13 8f 0.1497(6) 0.4838(23) 0.4239(13) 0.0201(17) 

Se14 8f 0.1518(7) 0.4950(24) 0.0834(13) 0.0201(17) 

Se15 8f 0.1739(7) 0.2367(25) 0.2800(12) 0.0201(17) 

Se16 8f 0.1819(7) 0.2427(25) 0.0059(12) 0.0201(17) 
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Se17 8f 0.2215(7) 0.0761(25) 0.1654(12) 0.0201(17) 

Se18 8f 0.2214(7) 0.3998(26) 0.4191(13) 0.0201(17) 

Se19 8f 0.2254(7) 0.3999(26) 0.1645(13) 0.0201(17) 

Se20 8f 0.2246(7) 0.0629(26) 0.4206(12) 0.0201(17) 

Se21 8f 0.2534(6) 0.2284(25) 0.3063(14) 0.0201(17) 

Se22 8f 0.2600(7) 0.2133(31) 0.0673(14) 0.0201(17) 

Se23 8f 0.3008(7) 0.2368(23) 0.2193(12) 0.0201(17) 

Se24 8f 0.3017(7) 0.2433(23) 0.4622(11) 0.0201(17) 

Se25 8f 0.3462(7) 0.4790(23) 0.1578(13) 0.0201(17) 

Se26 8f 0.3491(7) 0.4928(23) 0.3208(13) 0.0201(17) 

Se27 8f 0.3491(7) -0.0018(24) 0.2994(11) 0.007(6) 

Se28 8f 0.3875(8) 0.2426(29) 0.2562(17) 0.0201(17) 

Se29 8f 0.4026(6) 0.2597(24) 0.1090(13) 0.0201(17) 

Se30 8f 0.4034(7) 0.2339(24) 0.4283(12) 0.007(6) 

Se31 8f 0.4308(7) 0.0212(24) 0.0281(12) 0.0201(17) 

Se32 8f 0.4464(8) 0.0246(23) 0.2868(12) 0.0201(17) 

Se33 8f 0.4759(7) 0.1783(25) 0.1723(12) 0.0201(17) 

Se34 8f 0.5130(7) 0.0164(26) 0.0525(13) 0.0201(17) 
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Figure A.25. Temperature dependent specific heat (CP) plot of Sr8Ge4Se17 and Ba8Sn4Se17 along 

with the Dulong-Petit limits (DP). 

 

 

Figure A.26. Temperature dependent thermal diffusivity (D) plot of Sr8Ge4Se17 and Ba8Sn4Se17. 
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NLO calculations.   

 

The non-linear optical susceptibility tensor for 3m is: 

[−
0 0 0

𝑑22 𝑑22 0
𝑑15 𝑑15 𝑑33

    
0 𝑑15 −𝑑22

𝑑15 0 0
0 0 0

] 

The deff expression for mm2 symmetry under Kleinman symmetry (d15 = d31) is: 

〈(𝑑𝑒𝑓𝑓)
2〉 =

19

105
(𝑑33)

2 +
26

105
(𝑑33𝑑15) +

144

105
(𝑑15)

2 +
10

21
(𝑑22)

2 

 

Table A.11. Atomic Positions and Ueq values of Sr6Ge3OSe11 from the sXRD Measurement. All 

sites are 100% occupied. 

Atom Site x y z Ueq (Å
2) 

Sr1 3d 0.13583(2) 0.86417(2) 0.60364(8) 0.01504(9) 

Sr2 3d 0.50918(2) 0.49082(2) 0.03806(7) 0.01527(10) 

Ge1 1c 2/3 1/3 0.60970(12) 0.00968(16) 

Ge2 1b 1/3 2/3 0.38771(12) 0.00939(16) 

Ge3 1a 0 0 0.00000(12) 0.00938(16) 

O1 1a 0 0 0.7141(8) 0.0093(10) 

Se1 3d 0.12727(2) 0.87273(2) 0.10399(8) 0.01438(10) 

Se2 3d 0.45740(2) 0.54260(2) 0.51109(7) 0.01201(10) 

Se3 3d 0.79157(3) 0.20843(3) 0.74914(7) 0.01195(10) 

Se4 1c 2/3 1/3 0.24591(12) 0.01392(17) 

Se5 1b 1/3 2/3 0.01711(12) 0.01222(16) 
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Figure A.27. Specific heat (CP) measurements of hot-pressed Sr6Ge3OSe11 pellets up to 573 K. 

The theoretical Dulong-Petit limit is represented by a red dashed line. 

 

Figure A.28. Thermal diffusivity (D) measurements of hot-pressed Sr6Ge3OSe11 pellets up to 

573. Error bars represent 2.3%. 


