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Abstract 

Intermetallic compounds not only play a crucial role in everyday life, since they appear in 

various applications ranging from communication devices, superconducting materials as well 

as high corrosion resistant materials. They are also of high interest with respect to fundamental 

research regarding their huge variety of structural chemistry just to name one example. Within 

this thesis, studies about intermetallic compounds combining aluminum with alkaline earth, 

rare earth and early transition metals were conducted. The focus was set on their synthesis, 

structure determination or validation using X-ray diffraction methods. Different aspects of the 

compounds were elucidated using spectroscopic methods such as solid state NMR, physical 

property measurements and DFT calculations. From a structural point of view a focus was 

applied on Laves phases, solid solutions within these structure types and finally the Frank-

Kasper phases. In the second part the question whether it is possible to use intermetallic 

aluminum compounds as precursors for oxidation reactions (limited to the chalcogenides) was 

investigated. The oxidation behavior of many compounds of the general formula AEAlx (AE = 

Ca, Sr, Ba) and REAl2 (RE = Sc, Y, La, Eu, Yb,) was investigated using various synthetic 

methods. Reactions using selenium and sulfur gave phase pure compounds that could be 

analyzed using the methods stated above. 
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Kurzzusammenfassung 

Intermetallische Verbindungen spielen nicht nur im täglichen Leben eine wichtige Rolle. Sie 

kommen in verschiedenen Anwendungen von Kommunikation über supraleitende Materialien 

bis hin zu korrosionsresistenten Werkstoffen vor. Für die Grundlagenforschung sind sie von 

großem Interesse, da sie, nur um ein Beispiel zu nennen, eine immens vielfältige 

Strukturchemie aufweisen. Im Rahmen dieser Arbeit wurden Studien über intermetallische 

Verbindungen von Aluminium mit Erdalkali-, Seltenerd- und frühen Übergangsmetallen 

durchgeführt. Der Schwerpunkt lag dabei auf ihrer Synthese, Strukturbestimmung oder 

Validierung mittels Röntgenbeugungsmethoden. Die Verbindungen wurden, falls möglich, mit 

spektroskopischen Methoden wie Festkörper-NMR, physikalischen Eigenschaftsmessungen 

und DFT-Rechnungen untersucht. Aus struktureller Sicht lag der Schwerpunkt auf Laves 

Phasen, festen Lösungen innerhalb dieser Strukturtypen und den Frank-Kasper Phasen. Im 

zweiten Teil wurde der in der Literatur nur wenig untersuchten Frage nachgegangen, ob es 

möglich ist, intermetallische Aluminiumverbindungen als Vorstufe für Oxidationsreaktionen zu 

verwenden (beschränkt auf die Chalkogenide). Das Oxidationsverhalten vieler Verbindungen 

der allgemeinen Formel AEAlx (AE = Ca, Sr, Ba) und REAl2 (RE = Sc, Y, La, Eu, Yb,) wurde 

untersucht. Die Reaktionen mit Selen und Schwefel ergaben phasenreine Verbindungen, die mit 

den oben genannten Methoden analysiert werden konnten. 
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DFT Density Functional Theory 
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LOBSTER Local-Orbital Basis Suite Towards Electronic-Structure Reconstruction 
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TEM Transmission electron microscopy 

VASP Vienna ab initio program package 
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1 Motivation 

The research area on intermetallic compounds plays a crucial role in many everyday life 

applications and brings together material scientists, physicists and of course chemists. 

The latter are interested, sometimes fascinated and sometimes desperate about the 

unmanageable variety of structures that can be formed by combining two, three or more metals. 

To investigate all facets of these compounds, methods for structure determination such as X-

ray diffraction on powders and single crystals, spectroscopic investigations such as solid state 

nuclear magnetic resonance, X-ray absorption or fluorescence and Mössbauer spectroscopy as 

well as quantum-chemical DFT-based calculations using the program packages VASP and 

LOBSTER, just to name examples, are used. Solid state physicists are always searching for new 

interesting physical phenomena found in intermetallic compounds, such as magnetic ordering, 

superconductivity, thermoelectric behavior, heavy-fermion behavior, the Kondo effect, charge 

density waves and many more. Finally, material scientists are fascinated by extraordinary 

mechanical properties (e.g. high tensile strength) combined with low density as well as 

ultrahigh thermal stability found in alloys or intermetallic compounds, that qualifies them for 

use in highly corrosive environments. 

Examples for intermetallic compounds in various applications are the superconductor 

Nb3Sn used in NMR and MRI instruments,[1] the permanent magnets SmCo5,
[2] Sm2Co17,

[3] and 

Nd2Fe14B,[4] the magnetocaloric compound Gd5Si2Ge2
[5] or Yb14MnSb11

[6] which is a highly 

interesting thermoelectric material. The explorative syntheses in the system Mn-Al led to the 

discovery of aperiodic materials followed by many more quasicrystalline compounds; all 

formed by the combination of solely metallic elements.[7, 8] 

Intermetallic compounds can be formed by almost every combination of two metals in the 

periodic table (exceptions confirm a rule). A comprehensive overview sorting intermetallic 

compounds and their structures by the main (group) element, respectively the network builder, 

is given in a recent textbook by Pöttgen and Johrendt.[8] An overview focusing on the most 

important rare earth element containing compounds is given in the chapter by Janka and Pöttgen 

in “Rare Earth chemistry”.[9] Further aspects of intermetallic compounds can be found in other 

textbooks.[10-12] Moreover, various review articles addressing different families of compounds 

can be found in literature.[13-18] This work sets a focus on intermetallic compounds containing 

aluminum as the main element and usually the only p-block element.  
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When it comes to real life applications, aluminum intermetallics (or alloys) are interesting 

since aluminum belongs to the light elements/metals and therefore forms light-weight materials. 

Element combinations that are the most prominent ones are with Ni or Ti, namely NiAl and 

Ni3Al,[19, 20] as well as TiAl and Ti3Al,[21] which show high stability and good mechanical 

properties. For the tuning of specific properties, additional metals can be incorporated. An 

additional benefit is the low cost of aluminum.[22, 23] 

The variety in structural chemistry of aluminum containing binary and ternary compounds 

is overwhelming. Aluminum forms binary compounds with almost all metallic elements, one 

clear exception is found for the alkaline metals, except for lithium. When it comes to ternary 

compounds the same applies with the addition that all metals can form ternary compounds 

containing aluminum. The variety of structures becomes unmanageable. Therefore, databases 

like the Pearson’s Crystal Data database become an important tool for solid state chemists.[24] 

Many of the above-mentioned properties and phenomena apply to compounds with aluminum. 

Therefore, explorative synthesis is necessary to fill gaps within science. If isostructural series 

are identified by changing the additional elements, it is possible to compare the structural and/or 

spectroscopic properties. For this thesis a focus was put on intermetallic compounds with 

aluminum combined with two early transition metals or combined with one rare earth metal and 

a transition metal (mainly groups IV & V).  

Besides the interesting structures and properties of aluminum intermetallics, this 

dissertation also deals with the oxidation behavior of these compounds and wants to extend the 

knowledge on the usage of these materials as potential precursor materials for non-metallic 

(oxides, sulfides etc.) products. This topic has only been scarcely investigated in literature, 

although a strong focus was set on the corrosion behavior with regards to applications. 

Aluminum is an element with a high oxophilicity under high temperatures resulting in 

passivating surface layers that qualify the materials for the application in high corrosive 

environments.[25] This is the case, for example, with the above-mentioned combination of 

aluminum and the noble metal nickel.[19] For the case of Ti and Al the resulting oxides highly 

depend on the conditions like atmosphere and temperature, however, in many cases undesired 

TiO2 is formed. If e.g. Nb or Cr is added to the phase, the oxidation products and kinetics can 

change dramatically.[21] 

From a chemical point of view, the question of whether a binary aluminum compound can 

be used for the selective synthesis of oxidation products is extremely interesting. Reactions that 
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do not lead to the desired or expected product can provide insights into the reaction pathways 

through analysis of the products obtained. The investigation of the influence of various reaction 

parameters can probably be applied to other systems.  
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2 Introduction 

2.1 On the existence, structural chemistry and interesting properties of 

selected important intermetallic (aluminum) compounds 

The focus, or rather the starting point, of this work are (mostly binary) aluminum 

compounds containing either alkaline earth metals (AE = Ca-Ba), rare earth metals (RE = Sc, 

Y, La-Nd, Sm-Lu) or the early transition metals of group IV (Ti-Hf). These seemed to be a good 

starting point for investigating the oxidation behavior. Moreover, ternary compounds of these 

given elements with an additional early transition metal (group V-VI) were investigated. The 

late transition metals of groups VIII-XI are only sporadically used and therefore shall not be 

discussed in detail. The following section is intended to give a comprehensive and not even 

nearly complete overview of the existence of important intermetallic compounds with different 

compositions; to explain the structure types and point out some interesting findings already 

reported in the literature. 

This overview is important for the following work for two reasons. On the one hand, series 

of compounds adopting the same composition and/or structure enable systematic investigation 

of either spectroscopic properties or the oxidation behavior. On the other hand, it enables 

systematic studies for the finding of new multinary compounds. 

2.1.1 Laves phases and their superstructures 

When discussing the above-mentioned combinations of metals with aluminum, a 

discussion of the Laves phases is unavoidable. The so-called Laves phases (named after the 

crystallographer Fritz Laves)[26, 27] adopt three structure types namely cubic MgCu2 (Fd3̅m),[28] 

as well as hexagonal MgZn2
[29, 30]

 and MgNi2 (both P63/mmc).[31, 32]
 They belong to a larger 

family of compounds called Frank-Kasper phases, which will be explained a little in section 

2.1.2. The three basis structure types have in common that they show the same composition of 

AB2 with the element A being larger (atomic radius) than B. For the discussion, B is considered 

as a network forming element, while A remains in the voids, respectively cavities, of the 

network. The optimal theoretical atomic radii ratio can be calculated to rA/rB ≈ 1.225, while a 

broad spread of this ratio from ~1.1 to ~1.7 is found. More and detailed information on the 

applications and properties can be found in an extensive review by Leineweber.[33] A review 

article published during the process of this thesis set a focus on the structural variety of the 

superstructures that can be derived from the Laves phases (vide infra).[34] 
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All three structures have in common, that the connection mode of the B-atoms is identical. 

They form empty tetrahedra, which are connected in different modes. The Laves phases can 

also be considered as tetrahedrally closest-packed structures. The tetrahedra are either only 

connected via the corners (MgCu2 type) or they form an empty trigonal bipyramid or a trigonal 

antiprism around a central B-atom (MgZn2 type). The MgNi2 type can be understood as an 

intergrowth, in which both connection modes are present. The three prototypes are shown in 

Figure 1. 

 

Figure 1. Crystal structures of the three prototypes of the Laves phases. The network building atom B (Cu, Zn, 

Ni) is shown as grey spheres, while the Mg atoms (cavities) are colored blue. 

The importance of the Laves phases in aluminum chemistry is illustrated in Figure 2. All 

rare earth elements (Sc, Y, La-Nd, Sm-Lu) as well as Ca and U form the compounds MAl2 

adopting the MgCu2 structure type as usually most stable phase under normal conditions.[24] 

For Sr, Ba and Th, these phases are reported as high-pressure compounds.[35, 36] Under ambient 

conditions, Hf and Zr crystallize in the hexagonal MgZn2 structure type.[37, 38] “MgAl2” is 

reported as an off-stoichiometry and metastable phase with mixed site occupancies of Mg and 

Al on the Zn positions of MgZn2.
[39] 
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Figure 2. Existence of the three Laves phases for the general formula MAl2. MgCu2 type compounds are colored 

blue, MgZn2 type green and MgNi2 type yellow. Multiple colors indicate polymorphism.[24] 

An interesting point here is the absence of binary Laves phase type compounds with the 

surrounding elements of aluminum (e.g. B, Ga, Si, Ge) in the p-block as B element. For most 

other main group elements, no binary compounds adopting the Laves phase structures are 

known, except for some lead and bismuth compounds as well as non-intermetallic high-pressure 

phases of nitrogen, hydrogen and noble gases, such as NeHe2,
[40] stressing the closest-packed 

structure for two given atoms of different sizee realized in these structures. 

A distribution of the observed ratio of the atomic radii becomes immediately clear when 

looking at Figure 2. With e.g. ratom(Sc) = 161, ratom (La) = 188 and ratom(Al) = 143 pm, it 

becomes clear that small deviations in the optimal geometry are allowed in the gain of most 

likely electronic stabilization which can be the main reason for the formation of these structure 

types then.[41] 

Interestingly, for many combinations of early transition metals the Laves phase exists; 

examples for this are e.g. ZrV2 and HfV2 or MCr2 (M = Ti, Zr, Hf, Ta, Nb).[42] For many systems 

it is moreover the only binary compound known. This again shows their remarkable stability 

and importance for structural chemistry of the early transition metals as well. Some of these 

compounds show interesting properties, for example superconductivity in HfV2 below TC = 

9.6 K.[43] This compound also shows an interesting phase transition at low temperatures, which 

leads to another large field of structural chemistry. More binary distortions variants as well as 

ternary coloring and puckering variants can be derived from the highly symmetric structures of 

the Laves phases. The already mentioned HfV2 undergoes a phase transition to the distorted 
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YMn2 (I41/amd) type and then to the orthorhombic UMn2 (Imma) type.[44] This structural 

relationship can be expressed in a group-subgroup scheme following the Bärnighausen 

formalism.[45-48] For structures that are related to the cubic Laves phase, this scheme is shown 

in Figure 3. It indicates the reduction of symmetry leading to different space groups as well as 

the transformations of the unit cell. Indices k and t stand for klassengleiche, respectively 

translationengleiche transition. The discussed phases can be found in the right part of the 

scheme. 

 

Figure 3. Group-subgroup scheme in the Bärnighausen formalism for the MgCu2 superstructures. The indices for 

the klassengleiche (k) and translationengleiche (t) symmetry reductions and the unit cell transformations are given. 

Reprinted from Z. Anorg. Allg. Chem. 2023, 649, e202300109, published under CC BY-NC-ND 4.0. Copyright 

2025 WILEY-VCH. 

As can already be seen in Figure 3, the discussed example is only one of the many structure 

types that can be derived from the three basic Laves phase structures. To stress this structural 

variety, some of these structures and some important representatives will be discussed in the 

following. 
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The easiest ternary compound that can be derived starting from MgZn2 is the ternary 

coloring variant of MgZn2. Since this structure has two different Zn positions in a 3:1 ratio 

(Wyckoff positions 6h and 2a), coloring allows for the formation of compounds without the 

loss of symmetry. The prototype for this is the Mg2Cu3Si type structure (P63/mmc).[49] Many 

aluminum compounds such as Ce2RuAl3,
[50] U2Cu3Al,[51] the series RE2TAl3 (RE = Y, La-Nd, 

Sm, Gd–Lu and T = Ru, Rh, Ir),[52] the gallium compounds U2Fe3Ga,[53] Eu2IrGa3
[54] or the 

germanide Mn2Co3Ge[55] are reported. The same composition cannot be formed starting from 

the cubic Laves phase MgCu2 without the loss of symmetry. However, a translationengleiche 

symmetry reduction of index 4 leads to the trigonal crystal system and space group R3̅m  

allowing for coloring and the formation of the Mg2Ni3Si (respectively TbFe2) type structure, as 

expressed in the middle path of Figure 3.[56, 57] Here, the gallium representatives RE2Rh3Ga (RE 

= Y, La-Nd, Sm, Gd-Er),[58] the silicides RE2Rh3Si (RE = Ce, Pr, Er)[59, 60] or the germanide 

Ca2Pd3Ge[61] are known. Another possibility is the formation of the cubic Al2Mo3C type 

structure (P4132).[62] Here, for example, the aluminum auride Na2Au3Al is reported.[63] 

When looking at this list of compounds (which is not intended to be a complete list by all 

means), one interesting observation can be made. While the most compounds reported follow 

the general formula M2T3X with X being Ga, Ge or Si, the Al representatives tend to form the 

corresponding antitypes, with respect to the transition metal. This observation can be made at 

quite some points in literature. Exceptions confirm a trend. Some examples are e.g. the YNi5Si3 

prototype (Pnma), for which all aluminum compounds reported show the main group element 

rich antitype such as the MPt3Al5 (M = Ca, Y, La–Nd, Sm–Er) series[64, 65] or Eu2Ni8Si3 and 

Sr2Al8Pt3.
[66] 

URe2 (Cmcm) is an orthorhombic distortion variant of MgZn2.
[67] The coloring of this 

compound leads to Mg2MnGa3
[68] or Mg2NiGa3.

[69] Staying with binary distortion variants, 

from the cubic Laves phase the two polymorphs of TmNi2, adopting the cubic space groups 

P4̅3m and F4̅3m, can be derived via two consecutive structural transformations.[70] The 

transformation from cubic MgCu2 to tetragonal YMn2 (I41/amd)[71] down to orthorhombic 

UMn2 type structure (Imma),[72] which is realized for e.g. HfV2 at low temperatures, has already 

been mentioned.[44] Further symmetry reduction leads to the so far only known compound 

adopting this structure, orthorhombic Cd4Cu7As (Pnnm).[73] 

Compounds close to the equiatomic compositions are the reported gallium compounds 

RE6Ir5Ga7 (RE = Sc, Y, Nd, Sm, Gd–Lu)[74] and aluminum representatives RE6T5Al7 (RE = Sc, 



10 

 

Y, Ce-Nd, Sm, Gd-Lu, T = Ru, Ir)[74] adopting the Yb6Ir5Ga7 type structure (P63/mcm).[75] If a 

compound is not fully ordered, one would expect a statistical mixing within, for example, the 

MgZn2 structure type. The finding of the mixed site occupancy in compounds like Nb6.4Ir4Al7.6 

shows that site occupancy accompanied by symmetry changes are possible.[76] 

Lastly, the structures of MnCu4In (P63mc)[77] and MgCu4Sn (F4̅3m),[78] one of the very few 

variants in which a splitting of the positions of the A atoms leaving the composition A(C1-xBx)2 

accompanied by different coloring are reported. The structural transformation for the latter is 

shown in the left part of Figure 3. Many isostructural compounds have been reported. [79-82] 

Some examples for the discussed structure types are summarized in Figure 4. 

Two interesting things that clearly motivate further work on these types of compounds are 

that their structural variety is not fully explored yet and the formation of distinct structures with 

certain element combinations is not predictable in any way. It was further explained that the 

existence of the binary Laves phases involving main group elements is limited to aluminum. 

However, the discussion of all ternary variants clearly shows that in the ternary system these 

structures can be formed by almost all metallic elements of the periodic table. And even this 

limitation is only partially true, since the Laves phases also come up in compounds involving 

non- or semimetals like the discussed Cd4Cu7As (Pnnm)[73] or in the phosphides Mg2Ni3P 

(Mg2Ni3Si type, R3̅m).[83] 
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Figure 4. Structural examples for the compounds discussed in this section. The network of the condensed 

tetrahedra is emphasized. The cavity atoms are depicted as blue spheres, while the network atoms are shown as 

grey and green spheres. 
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2.1.2 Frank-Kasper phases 

As already mentioned, the Laves phases belong to a larger family of structural familiar 

compounds, namely the “so-called” Frank-Kasper phases, named after the two scientists, F. C. 

Frank and J. S. Kasper, that introduced the concept of topological closest packing.[84, 85] 

For the closest packing of equally sized spheres the cubic closest packing (ccp, Fm3̅m) and 

the hexagonal closest packing (hcp, P63/mmc) are the preferred structure types, which have an 

optimal space filling of 74.05 %. These structures are adopted by many metallic elements, such 

as Al, Cu and Au as examples for ccp and Mg, Zn or Sc and Y as selected examples for hcp. 

From these structures many examples of coloring variants can be derived. Within these 

structures the highest possible coordination number that can occur is 12. It is realized as either 

a cuboctahedron (ccp) or anticuboctahedron (hcp), both shown in Figure 5. Another possibility 

for the same coordination number is an icosahedron, which is not found in the closest packing 

of equally sized spheres. However, Frank and Kasper found that this coordination environment 

is often found in more complex structures together with three other coordination environments 

of the coordination numbers (CN) 14, 15 and 16. The Frank-Kasper phases are complex phases 

of at least two elements with different sizes for which only these four coordination 

environments are realized. These four coordination environments have in common, that they 

have only triangular faces in contrast to the ccp and hcp structures in which still rectangles are 

present. They are called topological densest structures. 

One example has already been discussed with the Laves phases being by far the most 

prominent Frank-Kasper phases. The coordination environment is shown in Figure 5 for the 

example of ScAl2 adopting the MgCu2 structure type. Here, only the coordination numbers 12 

and 16 are present. The different combinations of these coordination environments lead to a 

high variety of compounds, with totally different elements and compositions. Besides the Laves 

phases other important structure types, such as the already mentioned prominent 

superconductor Nb3Sn, also are Frank-Kasper phases. The coordination environments here are 

14 (Nb@Sn4Nb10) and 12 (Sn@Nb12). Other examples are β-Mg2Al3,
[86, 87] the σ-phase as well 

as the P- and R-phases.[84] 
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Figure 5. Different coordination environments in the closest packing (hcp and ccp) vs. the Frank Kasper polyhedra 

for CN = 12 and 16. 

Lastly, two structure types shall be mentioned in a little more detail; the Zr4Al3 structure 

type (P6/mmm),[88] which is adopted by Zr and Hf in combination with aluminum.[89] These are 

the only two binary examples for this structure type. Aluminum is coordinated in an icosahedral 

fashion (Al@Al4Zr8), while two Zr atoms are surrounded by a 14 (Zr1@Al6Zr8) and 15 

(Zr2@Al6Zr9) atoms forming the remaining two Frank-Kasper polyhedron. The so-called μ-

phase, W6Fe7 type (R3̅m),[90] is an interesting example for the appearance of all Frank-Kasper 

polyhedral, within the same structure. Binary examples for this structure are Nb6Zn7
[91] or 

nominal Nb6Ni7 and Ta6Ni7,
[92] both reported with mixed site occupancies. For aluminum, many 

ternary disordered compounds with mixed site occupancies are reported, e.g. in the systems Zr–
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Cu–Al or Hf–Ag–Al.[93] The structure of the W6Fe7 structure type represented by the respective 

coordination polyhedral is shown in Figure 6. 

 

 

Figure 6. Unit cell and crystallographic environments of the five atoms in the W6Fe7 type. All Frank Kasper 

polyhedra are present. W and Fe are represented as green, respectively grey, spheres. 
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2.1.3 Other important binary structure types in intermetallic aluminum chemistry 

Interestingly, besides the already discussed Laves phases, it is hard to identify families of 

binary compounds that adopt the same structure type and are that prominent in aluminum 

chemistry. It is, however, at least possible to identify some prominent compositions. 

Sticking with the composition of the Laves phases; when looking at Figure 2, it is quite 

puzzling that titanium is the only element from all the relevant ones that does not form the 

Laves phase. The formed compound TiAl2 adopts the HfGa2 type structure (I41/amd).[94] With 

this structure type also metastable MgAl2 was reported.[95] The compound SrAl2, which is the 

ambient pressure variant, undergoes a phase transition to MgCu2 type under high pressures. It 

adopts the KHg2 type (Imma) and is the only binary aluminum compound to exist in that specific 

structure.[96] This is comparable to the Ba compound which also forms cubic BaAl2 only at high 

pressures. In contrast to SrAl2 a stable “BaAl2” formed under ambient conditions does not exist. 

Instead, a complex structure with the nominal composition Ba21Al40 (own type P31m) could be 

identified. This structure is strongly related to the hexagonal MgNi2 type.[97] 

When further looking at the alkaline earth metals, as well as Europium, the only 

isostructural family of compounds exists for the composition MAl4 (M = Ca, Sr, Ba and Eu), 

adopting the BaAl4 structure type.[98-101] It has to be mentioned that the Ca compound adopts a 

monoclinic distorted variant at room temperature and undergoes a phase transition to the 

tetragonal phase at 443 K.[102] For the rare earth metals La, Ce-Nd and Sm a phase being 

isostructural was postulated but later corrected to the composition RE3Al11 adopting the La3Al11 

type (Immm).[103] 

As already stated, identifying other compositions that are often found is easy when looking 

at the system M–Al (M = RE, Ti-Hf, V-Ta). However, here no example with large families of 

isostructural compounds can be identified anymore. The occurrence of the Laves phases for so 

many elements is outstanding. 

A composition that is often found has the general formula 1:3 or vice versa. For the general 

formula MAl3 compounds with M = Sc-La, Ti-Hf, V-Ta and all lanthanoids (except for Eu) are 

listed in the Pearson’s Crystal Data database.[24] The main structure types are the Cu3Au 

structure type (Pm3̅m),[104] which is a coloring variant of the cubic closest packing. And the 

hexagonal Mg3Cd (Ni3Sn) structure type (P63/mmc), which is a stacking variant of the 

hexagonal closest packing.[105] For the elements of groups IV-V, the dominant structure types 
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are the tetragonal TiAl3 and ZrAl3 (both I4/mmm),[106, 107] being superstructures of the cubic 

closest packing. 

The aluminum poor counterpart M3Al only exists for some examples such as M = Y, La, Ti, Zr, 

V, Nb, Ce-Nd and Tb. Here, still the structure types Cu3Au and Ni3Sn are the most prominent 

ones next to the Cr3Si type (Pm3̅n), which is adopted by the V and Nb compound.[94]  

Lastly the equiatomic composition shall be mentioned. Sc is the only example to only adopt 

the CsCl (Pm3̅m) structure type.[108] An equiatomic compound exists for all rare earth elements, 

except for Nd, Yb and Lu. Besides other, the DyAl type structure (Pbcm) is the most prominent 

one.[109] Y, La as well as Ti-Hf compounds exist but do, however, form multiple different 

structure types.[24] The compound EuAl (own type, Pmmn) is the only representative of its own 

structure type so far.[110] 

2.1.4 Ternary compounds 

This section is supposed to give a short overview on the few structures of ternary 

compounds that are known for the combination of mainly elements that are colored in Figure 

2, being group II-IV metals as well as the lanthanoids, in combination with other transition 

metals, mostly of group IV-VI. The reason that group IV is mentioned twice here, is that 

titanium mostly shows different behavior compared to Zr and Hf. In this context, it must be 

mentioned, that many reports on solid solutions realized for example in the elemental structures, 

the Laves phases or the ThMn12 type (I4/mmm)[111] are reported regarding these element 

combinations.[24] However, this is not the main interest here. 

The two main prototypes that have to be mentioned here are the cubic CeCr2Al20 

(Fd3̅m)[112] and the hexagonal Ho6Mo4Al43(P63/mcm).[113] The occurrence of the first one 

alongside with interesting physical phenomena has been reviewed recently.[114] The CeCr2Al20 

structure type can be understood as a ternary coloring variant of ZrZn22.
[115] A second example 

for this is the Mg2Cr3Al18 type structure[116] of which several representatives are reported, all 

following the formula Mg2T3Al18 (T = Ti, V, Mn).[117, 118] The structure itself is highly interesting 

since it is strongly related to the cubic Laves phase, not only because they share the same space 

group. The network formed by the CeCr2 substructure is identical to the atoms in MgCu2. This 

network is stuffed with 20 more atoms, leading to extremely long Ce-Ce distances (<500 pm). 

However, the coordination polyhedra remain the same. Cr is surrounded by 12, whereas Ce is 

surrounded by 16 aluminum atoms in the manner of an icosahedron and a 16 Frank-Kasper 

polyhedron (Figure 7). The coordination environment of the aluminum atoms is described by 
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bi-capped hexagonal and pentagonal prisms. Al1 is surrounded by 12 aluminum atoms and two 

capping cerium atoms (Al1@Al12Ce2). For Al2, ten aluminum atoms are arranged as pentagonal 

prism capped with two chromium atoms (Al2@Al10Cr2). For Al3, a mixture is observed. The 

pentagonal prism of ten aluminum atoms is capped with one cerium and chromium atom 

(Al3@Al10CrCe). 

 

Figure 7. Unit cell and coordination environments of the CeCr2Al20 structure type.[112, 114] 

This structure type is formed by the main group elements aluminum but also many zinc 

and cadmium compounds are known. Focusing on the aluminum case, it is highly interesting 

that for the general formula RET2Al20 (RE = Sc, Y, La-Nd, Sm-Lu) only compounds with T 

being an early transition metal (T = Ti, V-Ta, Cr-W and Mn) are known. For T = Ti-Mo, Ca 

compounds are also reported. In comparison for RET2Zn20 and RET2Cd20 (RE = Sc, Y, La-Nd, 

Sm-Lu), only compounds with T = Fe-Os, Co-Ir and Ni are known. In the case of the Zn 

compounds also compounds like ZrCr2Zn20 or HfCo2Zn20 are known. Many of these 
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compounds were investigated towards the formation of solid solutions, their magnetic and 

spectroscopic properties as well as superconductivity, which is observed for many compounds 

at low temperatures.[114] Lastly, the only two magnesium representatives RENi2Mg20 with RE = 

Pr and Nd shall be discussed. They are reported to crystallize in a tetragonal subgroup I41/amd, 

which can be derived from CeCr2Al20 by a translationengleiche transition.[119] 

For the Ho6Mo4Al43 type series compounds like Y6T4Al43 (T = Ti, Nb, Ta, Cr, Mo W) or 

single representative Ca6W4Al43
[120]

 exist. Many other combinations involving rare earth 

elements are reported and can be found in the Pearson’s Crystal Data database.[24] 

As already stated, these two extremely aluminum rich structures are the only 

representatives relevant for these element combinations so far. Within the context, one can 

mention the tetragonal YbMo2Al4 structure type (I4/mmm),[121] which has been reported for the 

series REMo2Al4 (RE = Y, Gd-Lu),[121, 122] as well as the tetragonal CaCr2Al10 (I4/mmm)[123] 

type structure. Here, only a few compounds are described such as the prototype compound as 

the only Cr compound and many group VII compounds such as REMn2Al10 (RE = Y, La-Nd, 

Sm, Gd-Dy) and RERe2Al10 (RE = Ce, Pr, Sm).[124] 

When selectively picking a three-component system, the absence of many examples of 

ternary ordered structures is quite surprising. Looking at the system Zr–V–Al, for example no 

ordered compounds are reported. Here, only solid solutions of V and Al are known in the 

MgZn2, respectively the MgCu2, structure with the general formula Zr(V1–xAlx)2
[125, 126]

 or 

within the cubic closest packing, respectively the Cu3Au structure.[127] When looking at the 

surrounding elements of aluminum in the periodic table many ternary ordered compounds 

appear such as gallium compounds Zr3V2Ga4 (own type, Pnma),[128] ZrV2Ga4 (YbMo2Al4 type, 

I4/mmm),[117] the silicide ZrVSi (PbFCl / MnAlGe type, P4/nmm)[129] and the germanides 

Zr2V3Ge4 (Zr2Nb3Ge4 type, Pnma)[130] and ZrVGe (UGeTe type, I4/mmm).[131] 

Another out of many examples is the system Sc–V–Al, for which sole compound ScV2Al20 

adopting the already explained CeCr2Al20 structure is known.[132] When looking at the 

surrounding elements again, the gallium compound ScV2Ga4,
[117] the silicide and germanides 

Sc2V3Si4 and respective germanide Sc2V3Ge4
[133] or the stannides ScV6Sn6 that recently got 

attention due to a charge density wave.[134] In contrast to this is, for example, the system Yb–

Ti–Al for which the two compounds YbTi2Al20
[135] and Yb6Ti4Al43

[136] exist, however, no 

compounds of Yb, Ti and the surrounding p-block elements are reported.[24] 
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The list of compounds that do and do not exist could be continued endlessly; however, this 

short introduction should have conveyed a fascination for the complexity of intermetallic 

compounds and encourage further research on this topic. 

2.2 The oxidation of intermetallic compounds and alloys 

This chapter gives a short overview of the literature work that has been done on the 

oxidation behavior of intermetallic compounds and alloys. The first section contains a brief 

overview of the main principles in corrosion of alloys and intermetallic compounds. Due to the 

high technological interest in selected systems for application, the literature studies are 

uncountable. The second part provides an overview of studies that were conducted to find 

different synthetic routes to new materials, that were either not accessible by reaction of the 

elements or to discover new reaction pathways. Selected examples that have used the concept 

of oxidizing an intermetallic precursor to get to ideally phase-pure products are described. 

Aluminum based alloys and intermetallic compounds are interesting for several 

applications due to low specific weight and density combined with remarkable mechanical 

properties, excellent oxidation (corrosion) resistance and low fabrication temperatures. This 

results in applications such as architecture or automative sector. The most prominent examples 

are alloys based on either Cu, Mg, Fe, Ti or Ni in combination with Al. Either alloying or coating 

can be used.[23, 25] 

It is known that elemental aluminum is passivated with a layer of alumina (thickness 

between 0.005-0.01 mm depending on the conditions) even at room temperature. Other metals 

occurring in the aluminum will be incorporated into this oxide layer, which can lead to mixed 

oxides. When multiple metals are involved, it becomes clear that it is likely that one element is 

oxidized first.[25] As stated above, the parameters that influence the oxidation resistance of a 

material show an immense variety. The main points are the temperature, the composition of the 

material and/or the coating as well as the oxidizing medium and its concentration.[25, 137] 

Taking a look at the compositions of alloys, a key property must be that the oxide that is 

formed at first instance (on the surface) shows high stability and low diffusivity. Then the 

material is passivated and protected against further oxidation. This is e.g. the case for Al2O3, 

SiO2 or Cr2O3. It must be mentioned that Cr2O3 evaporates at high temperatures as CrO3 limiting 

the application environments.[138] Moreover, the stability of the formed oxide on the metal 

surface below plays a crucial role. Examples for this are the incorporation (or coating) of 

aluminum into nickel (β-NiAl and γ-Ni3Al) or MoSi2 which is used in heating elements. If this 
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clear difference in the stability of selective oxide formation is not given, as for the system of 

titanium and aluminum (Ti3Al and TiAl), the processes involved become more complicated. If 

an element is only added as a “dopant” (small amounts) it plays a crucial role, whether the 

amount is sufficient for passivating the whole surface with sufficient thickness of the more 

active metal oxide, otherwise, mixed oxides can be formed.[137] 

Another parameter that plays a crucial role is the adhesion of the passivating layer to the 

metal surface. For the system NbAl3 it has been shown that under a small layer of Al2O3, the 

intermetallic compound Nb2Al is formed, which leads to a cracking of the alumina surface 

layer. The formation of mixed oxide AlNbO4 and Nb2O5 in various layers has been proven to 

be highly temperature dependent. This effect can be overcome by adding elemental aluminum 

on the grain boundaries. Then solely the formation of Al2O3 is observed. The depletion of NbAl3 

to Nb2Al formed on the metal-oxide surface was not observed. It has been shown that all 

processes also show a temperature dependence.[139] 

Going back to the highly prominent system Ni-Al. Extensive investigations have been 

carried out to analyze the procedures of oxidation for the two most prominent example (β-NiAl 

and γ-Ni3Al). It has been shown that small incorporations of rare earth elements or zirconium, 

for example, improve the adhesion of the formed surface oxide to the metal. However, the 

oxidation behavior of both alloys differs due to the different compositions. For the Ni rich Ni3Al 

the formation of NiAl2O4 and Al2O3 was observed, while on NiAl only alumina was 

observed.[20] In extensive computational supported studies the structure of this thin film was 

analyzed.[19] Embedding Cr into NiAl results in the formation of Al2O3, Cr2O3 or solid solutions 

of both oxides highly depending on morphology and temperature. Interestingly, the use of Mo 

leads to a total loss of corrosion stability due to volatile oxide formation. PXRD analysis 

revealed the remaining compounds as Al2Mo3O12 and NiMo4.
[140] 

Besides the system Ni–Al, alloys of titanium and aluminum, namely γ-TiAl (and Ti3Al) 

have extensively been studied and reviewed.[138, 141, 142] They show remarkable mechanical 

properties combined with light-weight and low cost of the two metal main components. The 

oxidation behavior, however, differs mainly from the system Ni-Al and other transition metals 

such as Fe or Co.[138] While for many of these systems it is sufficient to mix (or coat) the 

materials with Al or Si, which form the protective oxides, this is not straightforward for 

titanium. This is due to the comparable tendency of formation of Al2O3 and TiO on the metal 

surface, which is the limiting factor. TiO2 as final product shows negative influence on the 
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oxidation behavior and is not favored. The formation of one oxide over the other depends highly 

on the activities of the metals, the oxygen partial pressure and the exact composition of the 

alloy. The system is even more complex due to the possibility of nitride formation by 

titanium.[138] The oxidation behavior can be influenced by many elements like Mo, Cr but also 

C, Si or Y2O3. The latter gave exceptional oxidation resistance due to the formation of Y2Ti2O7 

which decreases undesired TiO2 formation.[143] 

To conclude, one could extend the number of systems and examples endlessly. The 

corrosion/oxidation behavior of metals, alloys and intermetallic compounds is a huge field of 

research and technology. The oxidation behavior of metallic materials highly depends on the 

composition, structure on the surface, external conditions such as oxidizing medium and 

temperature. The best systems for applications rely on the formation of thin layers of ultra stable 

low diffusivity oxides such as alumina or SiO2. This however is the counterpart of what is 

described within the next chapter, in which literature examples are presented that use the 

concept of oxidation reactions to obtain phase pure or unknown compounds, by reaction of the 

whole material. 

2.2.1 The use of intermetallic compounds as precursor materials 

In the 1960’s, Hoppe and coworkers reported on the synthesis of cubic and hexagonal 

NaTlO2 starting from the Zintl phase NaTl. It was further possible to identify LiInO2 and KTlO2 

using the same route. The authors state that the reaction worked better than combining the 

respective oxidic precursors (Li2CO3/In2O3 or Na2O2/Tl2O3).
[144-146] The question of what could 

be the outcome if a compound containing a noble metal and a base metal is oxidized was 

answered by Hoppe and coworkers, who investigated the oxidation of CsAu. It was postulated 

that either the formation of the base metal oxides and the elemental noble metal occurs, or the 

formation of the ternary oxide immediately happens. By the oxidation approach they could form 

CsAuO, which oxidizes further to CsAuO2 when heated to 672 K. However, the product always 

showed trace amounts of elemental gold and was unstable in water.[147] Several attempts to 

obtain the high temperature superconductor YBa2Cu3O7
[148]

 or related compounds such as 

Tl2Ba2CaCu2O8
[149]

 and Bi2Sr2CaCu2Ox
[150]

 were successfully applied in the 1990’s. Either 

reactions were performed under oxygen flow or with defined amounts of oxygen using the 

thermal decomposition of PbO2 into PbO and 1/2 O2.
[149]  

In the late 1990’s, Jung and coworkers published many investigations on the oxidation 

products of alloys that were obtained and structurally characterized. However, in these works 
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it is stated that the precursor was a multi-phase sample (some components identified), the alloys 

could not be pulverized due to their ductility and were used as pieces. Single crystals of 

(Al0.5Ga0.5)CuOAsO4 were obtained after the reaction of an Al/Ga/Cu/As alloy with the 

composition Al0.5Ga0.5CuAs. The authors state that the precursor was characterized, however 

an inhomogeneous mixture was identified. The same applies after oxidation reaction; within 

the mixture the authors could identify CuGa2O4 and Cu4O(AsO4)2 beside the single crystals of 

the newly identified phase.[151] Tl2CuIAsO4 was identified as an intermediate phase when 

oxidizing alloys with the general compositions TlCuAs and TlCu2As at low temperatures.[152] 

Under increased reaction temperatures the product Tl[CuIIAsO4] could be identified as well as 

the isostructural Tl[CuIIPO4], when starting with TlCuP alloys.[153] In an analogous way the 

intermediate mixed valent compound TlCuICuIIP2O7 could be identified.[154] For the same 

elements with different starting composition also the oxide phosphate Cu4O(PO4)2 was 

identified.[155] Other compounds described in these studies are e.g. CuInOPO4,
[156] 

CuInOVO4,
[157] TlCu5O(VO4)3

[158]
 or TlNi4(PO4)3, Tl4Ni7(PO4)6 and Tl2Ni4(P2O7)(PO4)2 which 

were all identified starting with an alloy of the composition TlNi2P depending on the respective 

reaction temperature.[159]  

The huge variety of structures, compositions (sometimes independent from the starting 

composition) and valence states (when looking at the Cu atoms within the compounds) shows 

the potential of this reaction pathway. However, it shall be mentioned that within these studies 

the precursor was not fully characterized nor was the product mixture of the reactions fully 

investigated. The focus was clearly set on the growth of single crystals on the surface of the 

metallic starting material.  

This is different for some more recent studies. Mosel and coworkers reported on the phase-

pure formation of Eu2GeS4 starting with the phase-pure Zintl phase Eu2Ge, based on X-ray 

analysis. 151Eu Mößbauer spectroscopic investigations and magnetic measurements proved the 

presence of only divalent Europium after sulfidation.[160] Grin, Armbrüster and coworkers have 

worked intensively on the processes involved when CaAg2 (KHg2 type) is used for catalytic 

applications, namely ethylene epoxidation. By using SEM/EDX and powder X-ray analysis, it 

was proven that highly crystalline CaAg2 produces Ca rich oxidic phases (CaO) and a silver 

enriched intermetallic phase Ca2Ag7 and finally elemental Ag.[161] The group of Hoch and 

coworkers reported on the use of highly crystalline LiGa as a precursor. The corresponding 

oxide, LiGaO2 and the corresponding sulfide LiGaS2 were obtained straightforward and 

structurally characterized. LiGa5O8 was identified as intermediate phase. However, for the 
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reaction with nitrogen a mixture of GaN and Li3GaN2 was identified.[162] One example for a 

nitride that could be synthesized successfully is the Sr0.99Eu0.01AlSiN3 starting with 

Sr0.99Eu0.01AlSi. The compound shows an intense orange-red emission corresponding to Eu2+. 

Product formation is reported to depend on the nitrogen pressure.[163] 

With all previously discussed studies about the use of intermetallic precursors, finally work 

related to aluminum chemistry shall be discussed. Eisenmann and Schäfer synthesized and 

determined the structures of many ternary sulfides and selenides of group II elements in 

combination with group XIII elements. For the synthesis of orthorhombic CaAl2S4 and SrAl2S4 

(both Fddd), they explicitly state that a stoichiometric premelting of the alkaline earth metal 

and aluminum (respectively Ga/In) was used before reacting with the correct amount of sulfur 

due to the highly exothermal reaction (explosive character) when starting from the elements.[164] 

The isostructural compounds CaGa2S4, SrGa2S4 and BaIn2S4
[164] as well as the cubic (Pa3̅) 

BaAl2S4 and BaGa2S4
[165] and the compound BaAl4S7

[166] were obtained by the same method. 

This was not the case for the selenides CaAl2Se4 and SrAl2Se4 which could be obtained by the 

reaction of the elements.[167]
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3 Methods 

This chapter is supposed to give an overview about the utilized analytical methods, such 

as diffraction methods, spectroscopy, physical property measurements and quantum chemical 

calculations, that can be used to shine light on the nature of not only intermetallic compounds 

but basically every kind of solid material. All methods for the synthesis of the materials as well 

as thermal analysis are explained in the following chapter.  

Diffraction-based techniques such as powder diffraction and single-crystal X-ray (or 

neutron) diffraction are the methods of choice for analyzing the structures of crystalline 

compounds. Powder analysis can also be used to make statements about phase compositions, 

for microstructure analysis and quantitative phase analysis to determine the phase fractions of 

the present crystalline compounds. Depending on the results obtained and the nature of the 

compounds, the structural findings can be supported or extended by performing different further 

analyses. Within this work, solid state Nuclear Magnetic Resonance (NMR), Mößbauer and 

Raman spectroscopic studies as well as physical property measurements (magnetism and heat 

capacity) were conducted. Density Functional Theory (DFT) based quantum-chemical 

calculations using the Vienna ab initio program package (VASP) enabled the extraction of 

different parameters using the Local-Orbital Basis Suite Towards Electronic-Structure 

Reconstruction (LOBSTER). 

3.1 X-ray diffraction methods  

X-ray diffraction is the universal method of choice for the work on crystalline materials, 

either performed on a single crystal to do a detailed structure determination or done on a 

powdered sample (usually in combination with Rietveld refinement) to either confirm a 

structure, do quantitative phase analysis, determine the different phase compositions or extract 

microstructural parameters. Examples of the usage of these techniques are found in a huge 

number of (but not limited to) publications dealing with inorganic solid state materials. The 

principles shortly discussed here, have been examined in many textbooks.[168, 169] 

As the names indicate, the requirements on a sample for the performance are different, since 

for powder X-ray diffraction (PXRD) a fine-grained powder, depending on the elements in 

quantities of 20-50 mg, while for the analysis of single crystals the name says it all; well-shaped 

single crystals are necessary. 
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The common ground is the interaction of crystalline solids with X-ray radiation, which is 

expressed in equation 1, the Bragg equation. Here, d is the distance of the hkl-layers in the 

structure, λ the wavelength, θ the diffraction angle and n the diffraction order.  

 2𝑑 sin 𝜃 = 𝑛𝜆 (1) 

It describes when constructive interference of the diffracted radiation is observed. Since 

the distances in inorganic materials (d-values) are in the same order of magnitude as the X-ray 

radiation used it is possible to utilize it for structure determination. The most common X-ray 

sources are either Cu (λ = 1.5418 Å) or Mo (λ = 0.7107 Å) anodes. 

The Bragg equation gives information about the geometrical requirements to observe 

constructive interference of the diffracted radiation. If one calculates the so-called squared 

Bragg equations one can determine the lattice parameters of a system directly, if the symmetry 

is known. The simplest example, for the cubic crystal system, is given in equation 2. Here, the 

lattice parameter a is the only degree of freedom. 

 (sin 𝜃)2 =  
𝜆2

4𝑎2  [ℎ2 + 𝑘2 + 𝑙2] (2) 

By only taking geometrical considerations of a crystal into account one can also determine 

the systematic absences of reflections, which result in the centering of the lattice. Details on the 

rules to select the respective hkl-values can be found in literature.[168, 169]  

Besides the occurrence and the position of a Bragg reflection, which can be calculated by 

solely taking symmetry and geometry of the unit cell into account, the question the chemist is 

most interested in is the exact position and nature of an atom within a crystal structure. For this 

analysis multiple factors must be considered, which are called atomic scattering factors (or form 

factors), thermal displacement factors and finally the structure factors. 

Atoms interact with X-rays in such a way that the incident X-ray beam is coherently 

diffracted by the electrons, not the nuclei, without the loss of energy. This is called Thompson 

scattering and the basis for the analysis of diffractograms. It shall be mentioned that incoherent 

scattering, which is accompanied by the loss of energy of the incident beam also exists. This is 

called Compton scattering. But this only plays a major role when materials containing mainly 

light elements are investigated. Details about the determination of the atomic factors shall not 

be discussed here. For all atoms these are tabulated in the International Tables for X-Ray 

Crystallography – Volume B and implemented in the widely used analysis tools for the 

evaluation of both powder and single-crystal analysis.[170] The most important consequences 
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that are needed for the interpretation of diffraction data are that light elements are harder to 

detect in X-ray diffraction experiments and the fact that the atomic form factors strongly 

decrease for high diffraction angles. Therefore, the intensity at high angles 2θ is normally quite 

low. 

For real samples, a correction term for these atomic form factors is necessary. All 

calculations about the atomic scattering factors consider the spatial extension of the electron 

hull of a given atom, but do not consider that the atoms within a crystal structure move around 

their center of gravity due to thermal vibration. Therefore, the electron density of a given atom 

is not fixed at one certain point but is smeared out over a distinct volume. Since the thermal 

vibration of an atom is temperature dependent, this correction is expressed as a temperature 

factor. In a refinement these can be calculated as isotropically, assuming a spherical movement 

of an atom, however, often anisotropic values are used describing the motion as ellipsoid. 

By going to a three-dimensional unit cell, taking all atoms and their respective positions 

within the unit cell into account it is then possible to calculate a so-called structure factor F. 

With this it is possible to calculate the position and the intensity of any given hkl-reflection. All 

structure refinement relies on the comparison of the calculated Fcalc and observed structure 

factor Fobs. 
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3.1.1 Powder X-ray diffraction and Rietveld refinement 

As already explained, the requirement for the performance of PXRD analysis is that the 

material can be ground to a fine powder to reduce the crystallite size, avoid effects of preferred 

orientation and provide a homogeneous sample. This can usually be done for any sample and 

is much easier than obtaining single crystals. It should be noted that it is also possible to measure 

thin films or polished samples, which are not powdered. The refinement of the data using the 

Rietveld method is a crucial analysis technique, which has been done after every synthesis 

discussed in this thesis. It is a widely applied method to confirm crystal structures, if a structural 

model is available, or to check the outcome of a synthesis. Data analysis with regards to 

structure determination cannot be done that easily. Small structures can be completely solved 

if, for example, they are isostructural to already known compounds. It is sometimes possible to 

refine a powder diffractogram using an hkl-phase to get a possible symmetry and unit cell, 

without any chemical information (indexing). 

The Rietveld method is a powerful tool to extract other data from a powder 

diffractogram.[171, 172] Besides structural confirmation, lattice parameters can be calculated with 

high accuracy alongside information about strain and average crystallite sizes, since an average 

of many crystallites is taken. This is a difference to single-crystal analysis (vide infra). For good 

quality PXRD data atomic positions, mixed site-occupancies and isotropic temperature factors 

can be considered and examined. Further information that can then be obtained is the sample 

but not structure dependent analysis of the microstructure such as the crystallite size and the 

strain. Finally, quantitative phase analysis, which can also be done by the Rietveld method, is a 

powerful tool that can be used when all phases present in a sample can be identified. This 

provides information about the phase contributions of a mixture of solid materials. And it is 

possible to determine the amount of impurities. For this, a detailed determination of the 

fundamental parameters is necessary. This is done by the measurement of standards such as 

elemental Si, Al2O3 or LaB6. The quality of the refinement can be presented as it is done for the 

refinement of single-crystal structures (vide infra). The intensity profile of the measured one-

dimensional powder diffractogram is compared to the calculated intensity profile. In contrast 

to the presentation of single-crystal data it is not common to give the Rp-value (equation 3), but 

rather Rwp being the weighted R-value or the GOF (Goodness of fit) are used. The calculation 

of the Rwp is equivalent to the wR2 value given for single-crystal data. Equations for wR2 and 

GOF are discussed in the following section (equations 5 and 6). Usually, the difference profile 

between measurement and calculation is shown.  
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 𝑅𝑃 =  
∑||𝐼𝑜𝑏𝑠|−|𝐼𝑐𝑎𝑙𝑐||

|𝐼𝑜𝑏𝑠|
 (3) 

The sample holders that can be used are shown in Figure 8. For larger quantities, stainless 

steel sample holders can be used. Here it is extremely important that that all the available space 

is filled with powder, while the “so-called” zero-background sample holders made from single 

crystalline silicon enable measurements with extremely low amounts of sample. Powder X-ray 

diffraction can also be performed under non-ambient conditions. For air-sensitive samples, a 

closed system using a dome, which is prepared in an argon filled glovebox can be used. 

 

Figure 8. Sample holders for PXRD measurements, from left to right: stainless-steel for large quantities, zero-

background sample holders for small amounts, zero-background sample holder capped with a dome for 

measurements under inert gas atmosphere and smaller sample holder for the non-ambient chambers made of 

stainless steel and MACOR®. 

Temperature-dependent PXRD can be used as an in-situ method in two ways, one 

possibility is to heat up or cool down samples under an inert atmosphere. Here, possible phase 

transitions can be observed, for example, for the already discussed HfV2 or Eu2Pt5Al16. Another 

possibility is the heating under reactive atmosphere such as air, oxygen or hydrogen. In this 

thesis mainly a XRK 900 (Anton Paar GmbH, Graz, Austria) with a maximum temperature of 

1173 K was used. Samples holders can be either made of stainless steel or MACOR®. Before a 

measurement, a correction of the height sample displacement must be done using silicon as a 

standard material to exclude all effects of thermal extension of the sample holder and chamber. 

For the measurement, usually heating steps of 50 or 100 K were used. After 10 minutes of 

equilibration at a given temperature the measurement of about 1 h was started. The temperature 

program was repeated in cycles. The mentioned temperature chamber as well as the special 

sample holders, which are also made of stainless steel or MACOR®, are shown in Figure 9.  
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Figure 9. Picture of the XRK900 non-ambient temperature chamber for PXRD measurements at temperatures up 

to 1173 K. 

The measurements discussed in this thesis were performed either on a D8-A25-Advance 

diffractometer (Bruker, Karlsruhe, Germany) in Bragg-Brentano θ-θ-geometry (goniometer 

radius 280 mm) or an X’Pert MPD diffractometer (PANalytical, Almelo, Netherlands) in Bragg-

Brentano θ-θ-geometry (goniometer radius 240 mm). Both are operating with non-

monochromatic Cu Kα1,2-radiation (λ = 154.0596 and 154.4425 pm). Diffraction patterns were 

usually recorded between 6 and 130° 2θ with a step size of 0.013° and a total scan time of 1-

2 h. A 12 µm Ni foil working as Kβ filter and a variable divergence slit were mounted at the 

primary beam side. On the Bruker instrument, a LYNXEYE detector with 192 channels was 

used at the secondary beam side, and on the PANalytical instrument, a PIXcel1D detector was 

used at the secondary beam side. The recorded data was evaluated using the Bruker TOPAS 5.0 

software[173] using the fundamental parameter approach and the Rietveld method.[171, 172] 
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3.1.2 Single-Crystal X-ray diffraction analysis 

As already discussed, the analysis of powdered samples can be used as a crystallographic 

tool to confirm crystal structures or even solve them, if a good structure model and high-quality 

data are available. It can provide a reasonable determination of the atomic coordinates, mixed 

site-occupancies or the microstructure of a given sample. However, it is mostly used for 

quantitative phase analysis. But for a detailed structure determination powder X-ray diffraction 

is not the method of choice for several reasons. Within the one-dimensional data set, the three-

dimensional information of the reflections are not present anymore. That can lead to a strong 

overlap of different reflections, which makes indexing as well as a clear matching of intensities 

difficult. As a result, some space groups belonging to the same crystal class cannot be 

differentiated. If single crystals of a material can be grown a better determination of the 

structure, even without having an input structure, can be provided. A major drawback of the 

technique is that good single crystals are not always available. 

Single crystals must be pre-selected in a sample; for intermetallic compounds only an 

incident light microscope can be used, since the material is never transparent. The situation is 

different for e.g. most molecular crystals, or the chalcogenides discussed in this thesis. Here, a 

transmission light microscope using polarized light can be used for the selection. Examples of 

well-shaped intermetallic single crystals are shown in Figure 10. 

  

Figure 10. Examples for nicely grown single crystals of (left) intermetallic compounds of Ba3Pt4Al4
[174] grown 

from the elements ("Reprinted with permission from Inorg. Chem. 2015, 54, 10785. Copyright 2025 American 

Chemical Society.") and (right) LaV2Al20 obtained after flux synthesis following the synthetic strategy of [175]. 

Crystals can be glued to a glass fibers using beeswax, which is softened using a soldering 

iron, or by a so-called loop system. Air-sensitive samples can be kept under oil and when 

selected directly be transferred to the diffractometer.  
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The samples presented in this thesis were either measured on a Bruker X8 APEX2 Nonius 

k-CCD or a Bruker D8 Venture diffractometer, both operating with graphite monochromated 

Mo Kα1 (λ = 71.073 pm) radiation. Multi-scan absorption corrections using the Bruker SadABS 

datapackage[176] were applied to the data sets. Alternatively, measurements were performed on 

a Synergy-S diffractometer (Rigaku, Neu-Isenburg, Germany), operating with monochromatic 

Mo Kα1 (λ = 0.71073 Å) radiation. Multi-scan absorption corrections and scaling using the 

Crysalis program package[177] were applied to the data sets. The crystal structures were solved 

and refined using either SUPERFLIP[178] and JANA2006;[179, 180] or by direct methods using 

SHELXT[181] and refined by full matrix least squares calculations on F2 (SHELXL2018),[182] 

part of the SHELX program package,[183] in the graphical user interface ShelXle.[184] Structural 

drawings were generated with Diamond 4[185] and edited with Adobe Illustrator CS6 or MS 

PowerPoint. The details on the respective measurements and refinements are always given at 

the respective places in the form of a comprehensive table. 

When reporting the result of structural refinement, it has already been stated that a comparison 

between the calculated and the observed structure factor is given. This is called the residual 

factor or R-value. It is calculated by equation 4. 

 𝑅 =  
∑||𝐹𝑜𝑏𝑠|−|𝐹𝑐𝑎𝑙𝑐||

|𝐹𝑜𝑏𝑠|
 (4) 

This value is usually given as a percentage, so it must be multiplied with 100. It should be lower 

than ~10 %. This calculation does not give any information about the data considered. One can 

give a weighted R-value called wR2 which then considers only the data collected with a 

sufficient high intensity, e.g. F  3(F). These are calculated according to equation 5. 

 𝑤𝑅2 =  √
∑ 𝑤((𝐹𝑜𝑏𝑠)2−(𝐹𝑐𝑎𝑙𝑐)2)2

∑ 𝑤(𝐹𝑜𝑏𝑠)2  (5) 

Another possibility to express the quality of the refined structure is the goodness of fit (GOF) 

parameter (equation 6) which also takes the number of parameters n and the number of 

measured reflections m into account. 

 𝐺𝑂𝐹 =  
∑ 𝑤((𝐹𝑜𝑏𝑠)2−(𝐹𝑐𝑎𝑙𝑐)2)

2

𝑚−𝑛
 (6) 
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3.2 Spectroscopic Methods 

3.2.1 Solid state Nuclear Magnetic Resonance – Background 

(Solid state) Nuclear Magnetic Resonance (NMR) spectroscopy is a widely used technique 

for structure determination or validation in all aspects of chemistry. For molecular chemists, 

proton (1H) solution NMR is the most powerful tool due to the high sensitivity, high resonance 

frequency and almost 100% abundance of the 1H nucleus and the fact that high-quality spectra 

with narrow lines can be measured within seconds. The situation is different for the solid state, 

especially for inorganic solid state chemistry. Here, many contributions to line broadening come 

into play that are neglectable in solution. A detailed description of these effects is given in a 

review along the example of the 13C solid state NMR investigation of Glycin, as well as a 

detailed comparison to solution NMR. The fundamental physical principles of solid state NMR 

are summarized in many textbooks and review articles. Therefore, here only the most important 

theoretical background as well as some examples are discussed.[186] 

Within this thesis, the application of 27Al NMR is by far the most applied nucleus. 

Therefore, the principles shall be discussed in this example. For every nucleus having a half-

integer spin >1/2, such as 7Li, 9Be 11B, 23Na or 45Sc the principles are the same.[187-189] 

The basis of an NMR experiment is that a nucleus must have a spin ≠ 0. Examples for 

nuclei without spin are 12C and 28Si. The spin of the nucleus is accompanied by a splitting of 

the Zeeman energy levels when an external magnetic field B0 is applied. For the case of the 27Al 

nucleus this is shown in Figure 11. Due to the spin of I = 5/2 six energy levels exist, which 

results in five possible transitions. 

The basis of the NMR experiment is that this energy splitting depends on other 

contributions that slightly affect the size of this splitting. This is expressed in equation 7. Here, 

ω is the frequency, at which a resonance is observed; γ is the gyromagnetic ratio, a nucleus 

specific constant (γ(Al) = 6.976 × 107 rad s–1 T–1). Bint is a sum of local fields at a specific 

nucleus that slightly affect the position of the resonance. In the case of 27Al the resonance 

frequency at ~9.4 T is at 104.5 MHz.[187]
 

 𝜔 =  𝛾 (𝐵0 + 𝐵𝑖𝑛𝑡) (7) 

For the case of the spin I = 5/2 nucleus 27Al the main contribution to the change of the 

Zeemann levels is the quadrupolar interaction or more precisely the interaction of the 

quadrupolar moment of the nucleus with the electric field gradient (EFG). This quadrupolar 
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splitting, which is demonstrated for first and second order perturbation, is shown in the energy 

diagram in Figure 11. It becomes clear that the central transition does not change when only 

first order effects are considered. However, for sufficiently large interactions the central 

transition is also affected. Other contributions to the signal are the anisotropy of the magnetic 

shielding and the dipole coupling to surrounding nuclei. These anisotropies can be reduced by 

applying a technique called magic-angle spinning (MAS). When the sample is rotated with an 

angle of 54.7° respective to the external magnetic field the first order effects are eliminated. 

Within this work, usually rotation frequencies of 8 to 13 kHz are used. Nowadays frequencies 

up to 100 kHz are possible.[190] Analysis of the resulting spectra is described in the following. 

The quadrupolar interaction is usually the most dominant part when measuring in the solid state.  

 

Figure 11. Zeemann splitting of (left) a 27Al nucleus with the respective splitting of the quadrupolar interaction 

and (right) for 45Sc together with the respective lines that create the satellite transitions. Reprinted with permission 

from Acc. Chem. Res. 2017, 50, 1459. Copyright 2025 American Chemical Society. Reprinted with permission 

from Z. Anorg. Allg. Chem. 2010, 636, 2232. Copyright 2025 WILEY-VCH. 

The so called EFG (electric field gradient) tensor is characterized by the two quadrupolar 

parameters, namely the quadrupolar coupling constant CQ (within the range of usually 

0-10 MHz) and the asymmetry parameter ηQ (0 ≤ ηQ ≤ 1). These parameters are essential for 

structure validation, since these can be calculated using quantum mechanical calculations for 

the respective atoms within a crystal structure. 

Figure 12 illustrates how these two parameters affect the spectrum and can be determined 

from the same. On the right a simulation of a spectrum for a small CQ (< 5 MHz) parameter is 

depicted. One relatively sharp, usually symmetric and intense central transition |+1/2> ↔  

|–1/2> is observed together with a broad spinning sideband manifold originating from the 

satellite transitions |±1/2> ↔ |±3/2> and |±3/2> ↔ |±5/2>. As one can see in Figure 12, the 

intensity pattern of the spinning sideband manifolds one can estimate the value of ηQ. Since CQ 

gives information about the magnitude of the quadrupolar interaction, the range in which 
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rotational sidebands are observed gives rise to this parameter. Although one must care about the 

excitation bandwidth of the respective spectrometer. Therefore, this analysis cannot always be 

applied and is limited to small values of CQ (<5 MHz). As already mentioned for larger 

interactions the central transition becomes also affected, as MAS cannot average out all 

anisotropic effects. Figure 12 (left) shows the anisotropic broadening that is observed for the 

central transition. It highly depends on the asymmetrical parameter. The width is determined by 

CQ. 

 

Figure 12. (left) Simulation of the second order perturbation line shape in dependence of ηQ. (right) Simulated 

intensity pattern of the spinning sideband manifold for different values of ηQ when small quadrupolar splitting is 

present (first order). Reprinted with permission from Acc. Chem. Res. 2017, 50, 1459. Copyright 2025 American 

Chemical Society. Reprinted with permission from Z. Anorg. Allg. Chem. 2010, 636, 2232. Copyright 2025 

WILEY-VCH. 

Another piece of information that can be obtained from the spectra, which is highly 

interesting for intermetallic compounds, is the position of the resonance frequency of the central 

transition. This is the sum of the magnetic shielding contribution δms and a negative term 

involving the second order quadrupolar interactions. By measuring at two different magnetic 

field strengths, it is therefore possible to determine CQ and ηQ, however, this was not done 

within this thesis. Details on that can be found in literature.[187]  
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More interesting are the different contributions to the magnetic shielding parameter. It is 

the sum of many contributions, which is expressed in equations 8 and 9. 

 𝛿𝑚𝑠 =  𝛿𝐶𝑆 + 𝛿𝐶𝑢𝑟𝑖𝑒 + 𝛿𝐾  (8) 

 𝛿𝑚𝑠 =  𝛿𝑑𝑖𝑎 + 𝛿𝑜𝑟𝑏 + 𝛿𝐶𝑢𝑟𝑖𝑒 + 𝛿𝐾  (9) 

For the most compounds (non-metallic) the term chemical shift (δCS) is the most important 

contribution being the sum of diamagnetic interaction of paired electrons (δdia) and the part of 

the orbital angular momentum (δorb). The term δCurie refers to paramagnetic samples, in which 

unpaired electrons are present. The main contribution to the resonance shift observed in 

(inter)metallic systems is the so-called Knight shift (δK), which originates from the interaction 

of the nucleus with the conduction electrons close to the Fermi-level EF. The resulting shifts 

can be quite large, e.g. resulting in a resonance shift of elemental aluminum at around 

1640 ppm. 

Details on the experiments for the solid state NMR spectra are given with the respective 

samples. In general, the measurements were performed on a Bruker Avance III 400 WB device. 

Spectra were recorded using the Bruker TopSpin[191] software and analyzed using the Dmfit[192] 

software package. For the measurements of metallic compounds, it is necessary to dilute the 

powder using an NMR inactive substance such as NaCl or KCl to prevent heating of the sample 

under the MAS conditions. The ground powder was loaded into ZrO2 rotos (diameter 4 mm). 

The spectra of CaAl2S4 and SrAl2S4 were recorded and evaluated in cooperation with Lukas 

Rüthing and Prof. Dr. Jörn Schmedt auf der Günne from the University of Siegen. 
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3.2.2 Solid state Nuclear Magnetic Resonance – Examples 

Going from theory to practical applications, selected examples in which solid state NMR 

was applied to intermetallic systems shall be discussed. It must be mentioned that the 

application of NMR is limited to diamagnetic or Pauli-paramagnetic compounds. Usually these 

are compounds with the group II and IV elements and the diamagnetic rare earth atoms Sc, Y, 

La, Lu. Divalent Yb compounds can also be investigated. For all other rare earth elements 

spectra are usually heavily broadened due to the high magnetic moment and cannot be 

measured. 

As a first example, the structure validation of Ba3Pt4Al4 shall be discussed. It crystallizes 

in its own structure type (space group Cmcm) with lattice parameters of a = 1073.07(3), b = 

812.30(3), c = 1182.69(3) pm.[174] The 27Al solid state NMR spectrum (recorded at B0 = 9.4 T 

and a MAS frequency of 30 kHz) together with the most important structural motif is shown in 

Figure 13. It contains a distorted cube shaped building block with alternating corners of Pt and 

Al. As labelled in Figure 13 there are two different Al sites present. The spectrum clearly shows 

two sharp central transitions at 1031, and 762 ppm accompanied with a wide sideband spinning 

manifold. Upon analysis of the structure, one observes a more asymmetric coordination 

environment for the Al2 site, since the deviation from the optimal angle within the tetrahedra is 

larger than for Al1. This is also stressed by the calculation of the CQ parameters using DFT 

methods. A site assignment and therefore structure validation was possible since the spinning 

sideband manifold belonging to the signal at 1031 ppm extends over a broader range and is 

therefore linked to a higher quadrupolar constant.  
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Figure 13. (left) Full and (right) enlarged section of the 27Al NMR spectrum of the compound Ba3Pt4Al4. Adapted 

with permission from Inorg. Chem. 2015, 54, 10785. Copyright 2025 American Chemical Society. 

As already explained in equation 9, different contributions of the observed NMR shifts 

exist, whereas in intermetallic compounds the Knight shift is the main contribution. In studies 

of aluminum compounds, it was tried to find correlations of the observed shift. This is so far 

also only possible for isostructural series of aluminum compounds. 

The left part of Figure 14 shows this for the series of MgCu2 type compounds with the 

general formula REAl2 (RE = Y, La and Lu). This has been correlated with the calculated s-

electron density at the Fermi level EF. This is the major contribution to the Knight shift.[193] 

In a different study of the ternary series RETAl2 (RE = Sc, Y, La, Lu; T = Ni, Pd, Pt), it was 

shown that the observed shift could be calculated by increments, similar to 1H solution NMR 

spectra. Different elements change the surrounding of the aluminum nucleus, therefore change 

the electronic situation at the Al nucleus, which therefore changes the observed shift. As one 

can see in Figure 14 a good agreement was observed. However, identifying this large family of 

isostructural compounds is rare in literature.[194] It was also possible to set up this increment 

approach for the quadrupolar parameters, however a common correlation of the observed shift 

and the CQ value with regard to the elements involved was not possible. The authors state that 

this is due to the fact that the Knight shift and the EFG parameters CQ have different origins, 

which are differently affected by the substituting elements. The Knight shift is a local probe of 

the s-electron density at the Fermi level EF, while the EFG tensor depends on all electrons and 

their distribution as well as local geometric distortion.  
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Figure 14. (left) Dependence of the observed 27Al NMR shift in dependence of the s-electron density for the series 

REAl2 (RE = Y, La, Lu) and (right) an incremental approach to predict the Knight shift in the series MTAl2. 

Reprinted from Solid State Nucl. Magn. Reson. 2012, 41, 28. C.C. Yuan, Y.-F. Yang, X.K. Xi, J. Cui, J.F. Xiang, 

Solid state 27Al NMR investigation of Knight shift tensors of LnAl2 (Ln=Y, La and Lu) and correlation with DFT 

calculations, Copyright 2025, with permission from Elsevier. Reprinted with permission from Inorg. Chem. 2019, 

58, 7010. Copyright 2025 American Chemical Society. 

Lastly the example of Na2Au3Al from the literature shall be discussed. This compound has 

already been mentioned as a representative of the Al2Mo3C type (P4132), being a superstructure 

that can be derived from the cubic Laves phase.  

Figure 15 (left) shows the 27Al MAS spectra for the ordered compound Na2Au3Al at three 

different magnetic field strengths. The full spectrum could nicely be simulated by assuming an 

ordered component, which shows severe quadrupolar broadening due to second order 

perturbation. This results in the asymmetric line shape of the central transition. The further red 

curve indicates a disordered solid solution, which is in parts formed in the samples. 

The red spectra again show the ordered sample (top right) and two members of the solid 

solution with the nominal composition Na2Au4–xAlx (x = 0.5, 0.75). The disorder of the phase 

is clearly shown in the spectra, in which only a featureless broad line is visible. A comparable 

trend is visible when looking at the 23Na spectra recorded for the three samples. The interested 

reader is referred to the original work.[63] Moreover, the work also nicely shows two spectra 

that are nearly not affected by quadrupolar interactions. Due to their high symmetry the spectra 

of the endmembers 23NaAu2 (MgCu2 type) and Au27Al2 (CaF2 type, Fm3̅m) show sharp central 

transitions only accompanied by less than five visible spinning sidebands.[63] 
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Figure 15. 27Al solid state NMR spectra of (left) the compound Na2Au3Al and (right) off-stoichiometric solid 

solutions. Adapted with permission from Inorg. Chem. 2017, 56, 1919. Copyright 2025 American Chemical 

Society. 

3.2.3 Mößbauer spectroscopic investigations 

This spectroscopic method, named after its explorer Rudolf Mößbauer, also involves the 

nucleus but not in a way that the spin states but the energy levels of the nucleus itself are 

targeted. These transitions are in the range of γ-radiation. The source of the radiation is usually 

produced by the decay of isotopes of the same element, that shall be investigated. Examples for 

this are e.g. 57Co/Rh or Ca119mSnO3. The decay of these isotopes is recoilless, so the emission is 

highly monochromate γ-radiation. For the measurement of 151Eu, a 151Sm:EuF3 source is used. 

Since the energy levels of the nucleus within a sample can be slightly changed in 

comparison to the source, shifts in the energy can occur. In order to address these energy 

differences, one uses the Doppler effect. The source is moved with a defined velocity towards 

or away from the sample (saw-tooth pattern), resulting in a change in energy. In the spectrum 

of a Mößbauer spectroscopic investigation, usually this shift is shown. If source and sample are 

identical, one observes an absorbance signal at 0 mm s–1. The shift, however, depends on the 

electron density and distribution around the nucleus and is therefore called isomeric shift in 

analogy to NMR spectroscopy.[169] Therefore, one can observe severe differences in the 

Mößbauer resonances depending on the valence state of the nucleus e.g. Fe2+/Fe3+ or the 

difference between Eu2+ and Eu3+ (vide infra). 
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Besides the position of the signal, the splitting of the signal is of interest. It appears due to 

quadrupolar splitting, if a nucleus with a spin I > 1/2 is investigated as well as magnetic ordering 

phenomena can be observed. This is called magnetic hyperfine Zeeman splitting and appears if 

the nucleus is placed into a magnetic field. This can be due to intrinsic magnetism induced due 

to an applied external magnetic field or by ferro-, ferri- or antiferromagnetism. In the case of 

the latter, a splitting below the ordering temperature is observed. 

It shall be mentioned that Mößbauer spectroscopic investigations can be applied to many 

nuclei, such as 57Fe, 119Sn, 121Sb,151Eu and 170Yb. Within this thesis only 151Eu plays a role, 

therefore it shall be discussed in more detail. 

Figure 16 sums up the different values for isomeric shifts observed in a Mößbauer 

spectroscopic experiment. One can clearly see that the valence state of the Eu atoms plays a 

crucial role for the observed shift. It plays moreover a crucial role, if the sample investigated is 

metallic or non-metallic, which simply reflects the fact that the overall electron density 

significantly influences the observed isomeric shift. Details on different valence states, static 

and dynamic valance states can be found in detail in another review article on Eu intermetallic 

compounds published during this thesis[195] or in review articles and handbooks on Mößbauer 

spectroscopic investigations.[196-199] 
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Figure 16. Mößbauer shift range for the 151Eu isotope in different inorganic compounds. Adapted from Rev. Inorg. 

Chem. 2023, 43, 571. 

One examples that nicely shows the use of Mößbauer spectroscopic investigations is given 

with the example of Eu2Pt6Al16. It crystallizes in an orthorhombic (3+1)D commensurately 

modulated structure (Sc2Pt6Al15 type) with space group Cmcm (α,0,0)0s0 (α = 2/3). The 

compound showed an anomaly within the magnetic susceptibility curves that could not be 

explained straightforwardly. However, the combination of temperature dependent PXRD and 

Mößbauer spectroscopic investigations clearly proofed the change in the valence state of the 

Eu atoms. The spectra at 78, 40 and 6 K are shown in Figure 17 (left). Beginning with the 78 K 

spectrum, one signal with an isomeric shift with δ = –7.93(3) mm s–1 is observed. For the 

simulation a quadrupolar splitting energy of 2.5 mm s−1 was used for all spectra. Upon cooling 

a second species appears, as can be seen in the spectrum at 40 K, showing the presence of both 

Eu2+ and Eu3+ according to the observed isomeric shifts. Finally at 6 K, only a signal at  

δ  = –1.71(3) mm s–1 is visible. Upon heating and cooling the spectra are all reproducible, clearly 

underlining the reversible change in the valence state of the Eu atoms. The absence of any 

hyperfine splitting further shows that no magnetic ordering is present. This is different for the 
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isostructural Ga compound Eu2Pt6Ga15. The conducted 151Eu Mößbauer spectroscopic 

investigations are shown in Figure 17 (right). Over the whole temperature range divalent Eu is 

present. Below the Neel temperature TN = 13.1 K a strong hyperfine splitting with a high value 

of Bhf = 34.7 T is observed.[200] 

 

Figure 17. Temperature dependent Mößbauer spectra of (left) Eu2Pt6Al15 and (right) the corresponding Ga 

compound. Adapted with permission from J. Am. Chem. Soc. 2018, 140, 8950. Copyright 2025 American Chemical 

Society. 

The 151Eu Mößbauer spectroscopic measurements conducted within the scope of this thesis 

were performed by Aylin Koldemir and Joshua Wiethölter at the University of Münster. Details 

of the experimental setup can be found in the respective chapter (5.4.2). 

3.2.4 Raman spectroscopy 

Raman spectroscopy is a technique that involves the vibrations of usually functional groups 

or specific bonds in molecules. It is closely related to infrared spectroscopy (IR), but unlike IR 

spectroscopy, it does not require a change in the transition dipole moment, but rather a change 

in the polarization of the respective vibration. An experiment is done by irradiating a sample 

with highly monochromatic light. In contrast to other spectroscopic techniques, the method is 

a non-resonant method. The energy of the incident radiation does not have the same wavelength 

as the excited transition, which is why this is a scattering technique in which vibrational 
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transitions take place within the sample. One observes either Stokes or anti-Stokes bands in the 

spectrum, which are shifted by a certain energy compared to the used excitation light.[169] 

Raman spectroscopy is a technique which is rarely used to investigate intermetallic 

compounds and therefore only some interesting examples shall be discussed here. Examples 

found in literature are the isostructural series REAl2 (RE = La, Ce, Eu, Gd, Tb, Dy and Yb)[201] 

the solid solution (Sm1–xGdx)Al2 with x = 0, 0.01 and 0.02[202] as well as the gold and platinum 

compounds adopting the cubic CaF2 structure type AuX2 (X = Al, Ga and In)[203] and PtGa2.
[204] 

The measurements shown within this thesis were performed by Dr. Petra Herbeck-Engel at 

INM Saarbrücken. Details of the experimental setup can be found with the respective 

measurements (5.1.1). 

3.2.5 SEM/EDX 

Electron microscopy is a powerful tool for the analysis of solids. It is based on the different 

interaction and penetration depth of high energy electrons of different domains of a solid 

sample. Electron microscopes can be used in transmission mode, then called transmission 

electron microscopy (TEM). Sample requirements for this are that thin films or foils can be 

produced, or the sample thickness can be reduced (e.g. by Ar ion milling), as otherwise 

penetration of electrons through a sample to a detector is not possible. It has a very low 

resolution limit and is therefore capable of imagining the exact surroundings of an atom. 

Structure analysis can also be performed via electron diffraction.[169] 

Another possibility, and the one used in this thesis, is scanning electron microscopy (SEM). 

Here the sample is measured in reflection geometry. SEM is usually combined with energy 

dispersive X-ray spectroscopy (EDX). It can be used as an imaging technique taking pictures 

analyzing surface morphology of a sample and quantifying the elemental composition of a 

sample.[205, 206] 

A sample is targeted with high energy electrons with an acceleration voltage between 5 and 

30 kV. Following the same principle as for the generation of X-rays, every element within a 

sample emits characteristic X-ray radiation. As the name indicates, the detector of an EDX, also 

known as EDS, device differentiates between the different energies of the emitted radiation. 

After calibration it is therefore possible to quantify the elemental composition at certain points 

of the sample. With a standard device, however, this is not possible in an unlimited way. The 

lower limit, when it comes to elements, is sodium, which can be measured. For lighter elements 
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other techniques (e.g. Auger and electron energy loss spectroscopy) can be used. Moreover, 

sample preparation plays a crucial role for the accuracy of the values obtained. It is possible to 

work with powdered samples, however, small deviations in height can cause deviating results. 

Samples are usually covered with gold to avoid a charging of the surface. For (inter)metallic 

investigations it is more common to work with polished melting beads. Within this thesis and 

also in literature, it is used as a standard method to determine and confirm the elemental 

composition of samples.[169] 

The measurements within this thesis were performed by Dr. Stefan Engel and Jörg 

Schmauch. Details of the experimental setup can be found in the respective publications. For 

all investigations powdered samples were used. 

3.3 Physical property measurements 

Magnetism is just one of the interesting properties when it comes to intermetallic 

compounds, or solid materials, in general. One can just think of the already mentioned strong 

permanent magnet Nd2Fe14B.[4] This chapter is intended to give an overview of the most 

common observations. All principles and expected results are summarized in excellent 

textbooks.[8, 207, 208] Examples for measurements of magnetism for intermetallic compounds are 

found at various points in literature. 

Magnetic properties of a sample can readily be measured in a large temperature range by 

using a MPMS (Magnetic Property Measurement System) or PPMS (Physical Property 

Measurement System). The magnetic susceptibility can be measured as a function of 

temperature or magnetic field strength. For the first measurement, the difference between zero-

field-cooled and field-cooled (ZFC/FC) is often important. It depends on the time, respectively 

the temperature, at which the external magnetic field is turned on. Usually, magnetic field 

strengths of 100 Oe are used for the ZFC/FC measurements, in addition, ZFC measurements at 

higher magnetic fields (10 kOe) are conducted. When the magnetic field varies but the 

temperature is held constant, the measurement is called a magnetization isotherm. All 

investigations within this thesis have been carried out by the group of Prof. Dr. Rainer Pöttgen 

at the University of Münster by Lars Schumacher and Jasper Baldauf. Details on sample 

preparation and experimental parameters can be found in the respective publications. 

Most of the elements involved in the discussion in section 2, including elements belonging 

to group II and IV of the periodic table and the rare earth atoms Sc, Y, La and Lu are 

diamagnetic. Since only paired electrons are present, no permanent magnetic moment should 
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be observed. However, in metallic systems unpaired electrons from paramagnetic impurities 

and the paramagnetism caused by the interaction of conduction electrons with the magnetic 

field, called Pauli-paramagnetism, can cause a response in magnetic measurements. A usual 

measurement of the magnetic susceptibility in dependence of the temperature shows a negative 

susceptibility which is temperature independent. For metallic compounds, sometimes a 

temperature independent small positive susceptibility is observed due to the above-mentioned 

Pauli-paramagnetic behavior. In this case, one speaks of the fact that the intrinsic Pauli 

paramagnetic overcompensates the intrinsic diamagnetism. This can lead to either positive 

susceptibility or a susceptibility close to zero even for diamagnetic systems. Another feature, 

which is sometimes observed, is the small rise of the susceptibility of dia- or Pauli-paramagnetic 

compounds at temperatures below 25 K. This is often due to traces of Curie-paramagnetic 

impurities.[8, 209] 

When (magnetic) transition metals or rare earth elements are present in compounds having 

unpaired d- or f-electrons, magnetic moments can behave differently. One possibility is Curie-

paramagnetic behavior. The magnetic moments align in an applied external magnetic field but 

do not interact with each other. The temperature dependence of magnetic susceptibility follows 

the Curie (for only paramagnetic substances) or Curie-Weiss Law (for antiferro-, ferro- or 

ferrimagnetic substances in their paramagnetic temperature region) expressed in Equations 10 

and 11. χ is the magnetic susceptibility, C the Curie constant and θP the paramagnetic Curie 

temperature, sometimes also labeled Weiss constant. For compounds in which the temperature 

independent Pauli-paramagnetism is present, the so-called modified Curie-Weiss law (Equation 

12) should be used. It includes a temperature independent constant called χ0. With increasing 

temperature, the magnetic moments tend to dissipate orientation more often resulting in less 

susceptibility. With these three equations one can determine the magnetization of a sample by 

analyzing the measured (inverse) susceptibility as a function of temperature.  

 𝜒 =  
𝐶

𝑇
 (10) 

 𝜒 =  
𝐶

𝑇−𝜃𝑃
 (11) 

 𝜒 =  
𝐶

𝑇−𝜃𝑃
+  𝜒0 (12) 

In that case, two interesting anomalies have been mentioned before. It can happen that 

below certain temperatures the magnetic moments spontaneously align parallel or anti-parallel. 

This is called ferro- (for parallel moments) or antiferromagnetic (for antiparallel moments). 



47 

 

This results in anomalies within the temperature dependent susceptibility curves. The respective 

temperatures at which ordering is observed are called Curie temperature TC for ferromagnetic 

materials and Néel temperature TN for antiferromagnetic materials. The latter case has already 

been discussed in section 3.2.3 for the compound Eu2Pt6Ga15 with a TN = 13.1 K.[200] 

Lastly, one must mention the phenomenon of superconductivity, which was first discovered 

in several metals.[210] When a material enters a superconducting state, it has no electrical 

resistivity and acts as a perfect diamagnet. The transition temperature below which 

superconductivity can be observed is called the critical temperature TC. This effect can also be 

present in intermetallic compounds; it has already been mentioned for HfV2 (TC = 9.6 K)[43] or 

Nb3Sn (TC = 18 K),[1] which is used as a superconductor in many applications. Within a 

measurement of the magnetic susceptibility this can be seen as the sudden appearance of strong 

diamagnetism, indicated by a negative susceptibility. Due to the so-called Meissner effect in a 

superconducting material, all magnetic field is pushed out of the sample. Another characteristic 

of a superconductor is the critical magnetic field strength Hcrit at which the superconducting 

state is not stable anymore. Depending on the behavior of the superconducting state in an 

applied external magnetic field, one can differentiate between type I and II superconductors. 

3.4 Quantum-chemical calculations using VASP and LOBSTER 

Besides experimental methods to analyze structure and properties of a solid material that 

have been described so far, quantum-chemical calculations based on mainly density functional 

theory (DFT) can be used to obtain various information about any crystalline solid compound 

(either metallic or oxidic (valence-precise) in character). Review articles and books addressing 

basic concepts are found in many places in literature.[211, 212] A comprehensive example is given 

in a recent textbook by Dronskowski.[213] 

Within this chapter, only the most important concepts together with the actual use for the 

questions asked within this thesis are discussed. The quantum chemical calculations within this 

thesis were done by many different collaborators, namely Prof. Dr. Yuemei Zhang, Prof. Dr. 

Samir F. Matar, Prof. Dr. Horst P. Beck and PD Dr. Oliver Janka. The details on the parameters 

used for the calculations can be found in the respective publications. 

The calculations for solid crystalline materials used within this thesis are based on the 

projector augmented wave (PAW) method introduced by Blöchl,[214, 215] which is implemented 

in the Vienna ab initio simulation package (VASP).[216, 217] An alternative available program is 

Quantum ESPRESSO.[218] 
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The basics of the calculations go back on the theorem of Bloch for calculations of a periodic 

material.[219] This results in wave functions that can be considered as periodic plane waves. An 

infinite translational periodic material is described as a small finite unit, which is defined by 

the k-spacing and is called the Brillouin zone. An optimization of this k-spacing can be done by 

using the approach by Monkhorst, for example.[220] The aforementioned work of Blöchl 

introduced the most effective way to describe the pseudopotentials used in calculations. By that, 

it is not necessary to consider all electrons of all nuclei present; only the valence electrons are 

considered, while the other electrons and the nucleus are considered as pseudopotential. More 

details on the topic can be found in literature. In the following, the actual information that can 

be obtained to analyze chemical structures is briefly summarized.  

As a result of a calculation, one obtains (hopefully) an optimized structure of the system 

and by that the total energy of a compound. This can give information about the stability of 

certain structures for the same composition, for example. It is moreover possible to analyze the 

stabilities of compounds (at 0 K) when the total energies are compared to the elements or binary 

compounds. This is expressed in a so-called convex-hull diagram.[221, 222] 

Another piece of information that can readily be obtained and has been used at various 

points in literature is the determination of the relevant solid state NMR quadrupolar parameters. 

It is not possible to calculate the shift of the NMR signal, however, as mentioned the 

quadrupolar constant CQ and the asymmetry parameter ηQ can be calculated and used for further 

simulation of the spectra.[174, 187] This function is implemented in VASP and can readily be used 

when the quadrupolar moment of the respective nuclei is given.[223] 

For the deeper analysis of solid compounds DFT based calculations are very helpful to get 

a better understanding of the charge distribution, electron density at the Fermi level and the 

bonding situation. In many cases a Bader analysis of the compounds is done, giving the 

respective charge of the nuclei. In the case of intermetallics, this often results in partially 

positive or negative atoms.[224-226] Addressing the bonding situation, it is further possible to 

extract an ELF (Electron localization function)[227] analysis. The program package developed 

by the Dronskoswki group at RWTH Aachen called LOBSTER[228-232] (Local Orbital Basis 

Suite Towards Electronic-Structure Reconstruction) allows for the fast analysis of Mulliken and 

Loewdin charges[233] and COBI (Crystal Orbital Bond Index) values which indicate the bond 

strength.[234] The integrated COBI – ICOBI – corresponds to the covalent bond order, usually 

adopting values between 0 and 1 in solid state materials. An ICOBI close to 0 indicates only 
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ionic (as for example in NaCl) or no interactions (for large distances between the atoms), for 

diamond an ICOBI of 0.95 was identified indicating a covalent single bond. Within SiO2 a value 

of 0.76 was calculated showing the partially ionic and covalent character.[234] 
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4 Experimental 

Since a detailed description of the experiments including the synthetic approach as well as 

the characterization is always given with the respective publications, the following chapter is 

supposed to give a general overview of the variety of experimental conditions that can be used 

for the synthesis of intermetallic compounds as well as the oxidation of the same.   

4.1 Used chemicals 

This first chapter is supposed to give the used metals or other chemicals for the synthesis 

done within this work. Table 1 sums up all chemicals used within this work, listed with the 

respective purity and supplier. Most metals were delivered in dendritic shape, as pellets or 

chunks. For the use of these in the arc furnace, they were all cut into smaller pieces enabling a 

better homogenization in the melt. The chalcogenides were used as fine powders. The alkaline 

earth metals Ca-Ba as well as the rare earth elements La, Ce and Eu as well as elemental 

manganese were stored in an argon filled glove box. 

Table 1. Used chemicals, given with supplier, purity and appearance used within this work. 

Chemical Appearance Purity / % Supplier  

Aluminum pieces (2.5 mm) 99,99  Koch chemicals 

 foil 99.5 Alujet   

Magnesium swarf 98 Sigma Aldrich 

Calcium pieces 99.5 chemPUR   

Strontium bar 99 Sigma Aldrich 

Barium pieces 99.95 Onyxmet 

Scandium pieces (dendritic) 99.98 Onyxmet 

Yttrium pieces (dendritic) 99.99 Onyxmet 

Lanthanum pieces 99.95 Onyxmet 

Titanium dendritic (electrolytic) 99.9 Onyxmet 

Zirconium crystal bar 99.9 Onyxmet 

Hafnium crystal bar 99.9 Onyxmet 

Vanadium pellets 99.9 Onyxmet 

Niobium pellets 99.95 Onyxmet 

Tantalum pellets 99.95 Onyxmet 

Chromium pieces (electrolytic) 99.99 Onyxmet 

Molybdenum pellets 99.95 Onyxmet 

Tungsten pellets (evaporation) 99.95 Onyxmet 

Manganese pieces (purified with SiO2) – self-made 

Iron pieces 99.97 Onyxmet 

Nickel wire 99.98 chemPUR 

 swarf – Riedel-de Haën 

Palladium rods 99.95 Onyxmet 

Platinum pieces 99.9 Agosi AG 
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 pellets 99.95 Onyxmet  

Silver pellets 99.99 Onyxmet 

Gold foil 99.9 Agosi 

 shots 99.95 abcr 

Silicon pieces 99.99 chemPUR 

Germanium pieces 99.999 Onyxmet 

Tin pieces – Carl Roth 

Cerium pieces 99.9 Onyxmet 

Europium pieces 99.9 Onyxmet 

Gadolinium pieces 99.99 Smart Elements 

Terbium pieces 99.95 Onyxmet 

Dysprosium pieces 99.95 Smart Elements 

Holmium pieces 99 Smart Elements 

Erbium pieces 99.99 Onyxmet 

Thulium pieces (chips) 99.9 Smart Elements 

Ytterbium pieces 99.99 Smart Elements 

Lutetium pieces 99.95 Onyxmet 

Bariumperoxide powder 99.99 abcr 

Sulfur powder 99.95 chemPUR 

Selenium powder 99.7 abcr 

Tellurium powder 98 Merck 
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4.2 Synthesis of intermetallic compounds in the arc furnace 

The principle of an electric arc furnace is that a material heats up because it functions as a 

resistor while it is incorporated into a circuit. The circuit to the material is obtained by an 

electric arc because a small gap of inert gas is left between the electrode and the sample, which 

prevents a reaction of the electrode with the material. The starting materials (here mainly the 

elements) are placed in a water-cooled crucible which acts as counter electrode closing the 

circuit. With that, an arc furnace is of course limited to materials which have sufficient electric 

conductivity. Heating of ceramics e.g. is not possible.  

For the synthesis of intermetallic compounds, the use of an arc furnace is by far the fastest 

and most effective method, if the starting materials are suitable. It can be also used for the 

making and closing of metal ampoules of the refractory metals such as Nb, Ta or W. The 

limitation of the arc furnace is that only materials with rather high boiling point or low vapor 

pressure in the liquid state are suitable for a direct synthesis. Zn and Mg e.g. cannot be reacted 

in an arc furnace in any useful way due to direct evaporation, pointing out one obvious 

disadvantage of the setup; temperature control is not possible. For the other alkaline earth 

metals, Ca to Ba, it depends on the used amounts of the elements. In case of aluminum, a 

workaround is using aluminum foil, which is wrapped around the other elements and therefore 

can prevent evaporation since the reaction to the intermetallic compound happens before the 

alkaline earth element can vaporize. The same applies for the divalent rare earth metals Yb and 

Eu. Here, however, closed metal ampoules have shown to be way more advantageous. An upper 

limit of the melting point is not given, since temperatures way above 3000 K can be achieved 

melting even Ta or W (3269 respectively 3680 K).[41] Since in this thesis aluminum was present 

as the main component in most syntheses this is not necessary since Al melts at 660 °C and then 

readily reacts with the remaining elements. 
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Figure 18. (left) Picture of the used arc furnace setup and (right) the home-made copper crucibles as well as the 

brass insert for the use of metal ampoules. 

Figure 18 (left) shows a picture of the setup used for the synthesis of intermetallic 

compounds. Details on the design reported by Pöttgen, Gulden and Simon can be found in 

literature.[235] The home-built furnace contains a welding generator (Lorch, HandyTIG 180 DC) 

equipped with a ceria stabilized tungsten electrode. The counter electrode is a water-cooled 

hearth in which either a home-made copper crucible containing the elements or a brass insert 

for metal ampoules can be placed, both depicted in Figure 18 (right). The oven is closed by a 

three-component build made of silica. One is a ball cut on which the electrode is fixed but still 

enables movement of the electrode. This is attached to a piece with a large cut which is not 

closed to avoid working in a closed system (potential overpressure release possible) and the 

bottom piece which closes the oven and is moreover attached to a vacuum pump and argon. 

The argon is purified over Ti sponge (99.95 %, Alfa Aesar), which is placed in an oven at 873 K 

and moreover purified over molecular sieve and silica gel. Before use, the sample chamber was 

evacuated at least four times and backfilled with argon. As working pressure for the melting 

800 mbar (±30 mbar) was used. For reactions, a power output of 30 A was used. For the melting 

of Nb and Ta ampoules this power was increased up to 45 A. 
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4.3 Container materials for annealing and synthesis 

Since in this thesis most of the compounds deal with metals that can easily be handled in 

the arc furnace, this device was used for an initial reaction of the metals. To enhance 

crystallinity, homogeneity or to get to phase pure compounds, additional annealing is necessary 

in many cases. One easy possibility is the usage of silica ampoules. The obtained melting bead 

or pieces of it can be sealed in silica ampoules under vacuum. For this a so-called Stock 

apparatus was used. Silica tubes obtained from proQuarz (Mainz, Germany) were used and 

melted to ampoules with a variety of diameters and wall thicknesses of at least 1 mm. Direct 

synthesis in silica ampoules starting with the elements is not a suitable technique because highly 

oxophilic elements such as aluminum would react with the glass wall and break the ampoule. 

Nevertheless, for intermetallic compounds prepared by arc-melting, the use of silica ampoules 

works nicely. In cases in which side reactions with the glass wall are observed, even by the 

melting beads, either corundum or metal (Nb or Ta) crucibles can be placed inside a glass 

ampoule and prevent this reaction. It is also possible to put the elements inside these crucibles 

and perform reactions inside glass ampoules. As already described above, reactions involving 

elements with low boiling points, respectively high vapor pressures are better performed in fully 

closed metal ampoules. The metal ampoules used within this work were produced from either 

Nb or Ta pipes (WHS Sondermetalle) which were cut to a length of 3-5 cm. Sheet metal (WHS 

Sondermetalle) was used for the lids. Closing of the ampoules was done with the arc furnace. 

The corundum crucibles were obtained either from KYOCERA Fineceramics Europe GmbH 

(Mannheim, Germany) or THEPRO (Heinsberg, Germany). Lastly, carbon crucibles shall be 

mentioned as another possible container material. Here, either glassy carbon or graphite 

crucibles can be used. For the reaction of the intermetallic compounds with the chalcogenides 

S, Se and Te graphitized silica ampoules proved to be quite effective. For this, a small layer of 

graphite is deposited at the inner wall of the ampoule. This is achieved by the pyrolysis of small 

amounts of acetone. An advantage of this technique is that one avoids the incorporation of 

oxidic impurities which can happen in corundum crucibles. Oxidation reactions under air or 

oxygen were performed in porcelain (likely to be a mixture of Al2O3, SiO2 and MgO) boats, 

simply because one can use higher masses while also having a large surface compared to small 

corundum crucibles alongside the advantage of using them in horizontal tube furnaces (vide 

infra). All described container materials are shown in Figure 19. 
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Figure 19. Container materials used within this thesis. From left to right: Silica ampoules; alumina and graphite 

crucibles for synthesis and annealing; niobium crucibles, sheet and tubes that can be closed to ampoules; porcelain 

boats in different sizes; small alumina crucibles which are used for thermal analysis. 

4.4 Annealing and oxidation reactions in muffle furnaces 

As explained before, glass ampoules were commonly used within this work. The closed 

silica ampoules were placed inside a resistance muffle furnace with a temperature controller. 

Samples can be heated with given heating rates, usually between 25-400 K h–1 kept at 

temperatures between 873-1473 K for dwelling times between 10 hours up to 40 days and 

cooled to room temperature with rates of usually 2-20 K h–1 or furnace cooling if slow cooling 

processes are not necessary. The advantages of muffle furnaces are that one can easily heat 

multiple samples at the same time, set the temperature precisely and enable slow to very slow 

cooling rates for crystallization if necessary. Besides annealing and reactions in closed 

ampoules oxidation reactions with air as reactive gas were also performed in muffle furnaces 

using the samples in either corundum crucibles or porcelain boats. Within this work either 

Nabertherm 11/HR (Lilienthal/Bremen, Germany) or Carbolite Gero CWF 3016 (Neuhausen, 

Germany) muffle furnaces were used. 
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4.5 High frequency induction system  

Besides heating in the described classic muffle furnaces, also the use of high-frequency 

induction systems is possible. Heating of the sample is based on the resistivity of metals when 

placed in an electromagnetic field. They start heating due to the induced current within the 

material. The system used within this work (Typ TIG 5/300, Hüttinger Elektronik, Freiburg, 

Germany) is shown in Figure 20. A home-built water-cooled sample chamber can be attached 

to a vacuum pump and inert gas.[236] The Ar used in this system is also purified over Ti sponge 

at 873 K, molecular sieve and silica gel. Water cooling is necessary to prevent heating of the 

glassware and subsequent reactions with the container materials. Inside the sample chamber 

either a corundum crucible, a metal ampoule (or crucible) or carbon-based crucibles can be 

placed. Induction furnaces can either be used for synthesis (use of the element pieces), 

annealing of the melting beads after arc-melting or pressed pellets from ground intermetallic 

powder. When a ceramic crucible is used the heating is only based on the intrinsic heating of 

the intermetallic material. Metal and carbon crucibles heat up much faster than the sample due 

to their higher mass. In that case, the sample is heated indirectly at first. Reactions are usually 

done under flowing Ar, annealing under static Ar atmosphere. Besides that, it is also possible 

to anneal an arc-melted bead in a closed glass ampoule. The ampoule is put in an attachment 

which can also water-cool the ampoule from the outside in a way that the melting bead is placed 

in the center of the coil.[236] Upon heating the sample, “snipping” on the top of the ampoule, 

which must point out of the attachment, will create a sound due to the clicking of the melting 

bead inside the glass ampoule. When the temperature is high enough the clicking gets muffled 

based on the softening of the material, indicating that the sample is close to its melting point. 

With that technique one can anneal samples slightly below the melting point without knowing 

it precisely. 
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Figure 20. Picture of the (left) high-frequency generator, (middle) a vacuum pump attached to the (right) water-

cooled reaction chamber for the insertion of alumina or metal crucibles and glass ampoules. 

An advantage of the induction system is the incredibly fast homogeneous heating of a 

sample. Reactions can be done within minutes. Two disadvantages are that the temperature 

cannot be controlled precisely, and no controlled cooling is possible. The temperature can only 

be visually controlled (in the present system) based on black body radiation, furthermore the 

temperatures inside e.g. metal ampoules cannot be measured. It is also not possible to do a 

precise cooling of the samples since an external control to regulate the output power does not 

exist for the used system. 

For the oxidation of intermetallic compounds, one could possibly think of attaching 

reactive gas to the sample chamber which was not done yet. But experiments were done using 

the induction system for heating pressed pellets of an intermetallic sample under vacuum. 

Opening the valve to air exposed the samples to oxygen at already elevated temperatures, 

neglecting possible effects of heating rates. 
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4.6 Oxidation reactions of intermetallic compounds  

4.6.1 STA – A combination of thermogravimetric analysis and differential 

scanning calorimetry 

One possibility for the oxidation reaction of intermetallic compounds is the use of a so-

called STA (Simultaneous Thermal Analyis) device. A sample, which is placed in a corundum 

crucible can be heated under oxygen/argon atmosphere while the mass difference and heat flow 

against a reference is measured. These measurements generate results that are interesting in 

multiple ways. On the one hand, one can gather information about how much mass the samples 

gain when reacting with oxygen, on the other hand the heat flow gives information about the 

character of the occurring reaction (exo- or endothermic) alongside how intense the change in 

temperature is. Lastly, the obtained powder can of course be analyzed with PXRD revealing the 

formed phases. The setup used within this thesis was a TGA/DSC 1 Star HT/1600 system from 

Mettler Toledo (Columbus, OH, USA). Sample quantities range between 10-30 mg. Crucibles 

(usually 150 µL) are also shown in Figure 19. 

4.6.2 Tube furnace with reactive gas 

The above-mentioned possibilities of oxidation reactions of intermetallic compounds have 

the problem that the gas atmosphere cannot be controlled, since in muffle furnaces air is still 

present and no gas flow is present. Moreover, oxidation reactions in the STA setup only allow 

for low sample quantities. Therefore, a home-built system consisting of a tube furnace alongside 

a gas control unit was implemented, allowing for the use of porcelain boats in which more 

material can be oxidized. The installed flowmeters allow for controlled gas flow rates of oxygen 

or in theory any other reactive gas. To exclude all effects of air or moisture, the argon used to 

flush the device is also purified over Ti sponge at 873 K. The setup together with the flow 

meters is shown in Figure 21. Finally, the use of a combination of a reactive gas with argon or 

pure reactive gas is possible. 
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Figure 21. Tube furnace setup, which was used in this thesis. It can be run with either purified inert or reactive 

gas together with flowmeters to control the gas flow. 
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5 Results and discussion 

The results in this thesis will be presented in four separate parts. Chapters 5.1 and 5.2 

contain studies solely about intermetallic compounds, their synthesis, structural, spectroscopic 

and magnetic characterization, whereas the results of the first chapter have already been 

published in peer-reviewed scientific journals. The second chapter deals with unpublished 

results, which are presented in the way of a monography. The same applies for chapters 5.4 and 

5.5 in which all results investigating the oxidation behavior of intermetallic compounds as well 

as their use as precursor materials are presented. In between, a small intermezzo between the 

two big acts, namely chapter 5.3, contains the results of a study of both worlds. During 

systematic investigations of an intermetallic solid solution, a still intermetallic sub-oxide was 

discovered.  

In the first work an isostructural series of known binary aluminum compounds was 

synthesized and further investigated by spectroscopic methods, mainly 27Al solid state NMR. 

This has been done due to the lack of comprehensive studies about the spectroscopic properties 

of such a series. The following publications deal with results found during exploratory synthesis 

of ternary aluminum compounds with either two early transition metals or one rare earth 

element and one early transition metal. Here the first compounds with the Mg2Ni3Si structure 

type with Al were found for the series RE2TiAl3 (RE = Y, Gd-Tm, Lu). Staying with the Laves 

phase structure types a detailed investigation of the solid solution Hf(V1–xAlx)2, using powder 

and single-crystal XRD as well as solid state NMR experiments, SEM/EDX and where possible 

magnetic property measurements, was done. This study revealed a new superstructure of the 

hexagonal Laves phase MgZn2, crystallizing in the trigonal crystal system with space group 

P3̅m1 and the composition Hf4VAl7. This symmetry-reduced structure shows a small 

homogeneity range. These findings motivated new experiments in many directions leading to a 

similar detailed investigation of the solid solution Zr(V1–xAlx)2 as well as finding more 

compounds adopting the newly discovered Hf4VAl7 structure type leading to the discovery of 

binary Hf6Al7 and a reinvestigation of ternary Hf4Nb2Al7. 

The second chapter summarizes unpublished results starting with attempts to find more 

compounds with the Hf4VAl7 structure type based on the approach of exchanging V leading to 

different results depending on the chosen transition metal. Furthermore, the formation of the 

compound ZrV2Al4, which adopts the tetragonal YbMo2Al4, after long annealing times is 

reported. Furthermore, a study about the synthesis and magnetic characterization of selected 
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members of the solid solution Gd(Fe1–xAlx)2 is shown. A single-crystal analysis of a quaternary 

substitution compound of YbTi2Al20 substituted with Sn is given and finally, a study showing 

the synthesis and investigation of the local order or disorder in the compounds with the general 

formula RE2Si2Al (RE = Sc, Y, Lu) using 27Al, 29Si and 45Sc solid state NMR is reported.  

The third chapter contains a combination of both topics of this thesis due to an unexpected 

finding. While investigating the solid solution Sc2(Au1–xAlx), which was investigated by solid 

state NMR on one hand the instability towards air/humidity of the endmember Sc2Au was 

investigated, which is interesting since Sc is a stable metal at room temperature. Moreover, 

during these investigations, the cubic sub-oxide Sc4Au2O1–x was discovered where oxygen 

stabilizes “Sc2Au”. 

In the fourth chapter two separate publications sum up the oxidation behavior of the cubic 

Laves phase CaAl2, which was carefully investigated, using different oxidation conditions, as 

well as high-energy ball milling. When switching the oxidation reagent from oxygen (air) to 

sulfur phase pure samples of the compounds MAl2S4 (M = Ca, Sr, Eu) could easily be obtained, 

spectroscopically characterized (NMR and Mößbauer) and embedded into a polysiloxane 

generating a luminescent hybrid material.  

Finally, the fifth chapter shows further results about the oxidation chemistry of selected 

binary intermetallic aluminides. The oxidation behavior and product formation of the already 

discussed series of the REAl2 (RE = Sc, Y, La, Eu, Yb), AEAl4 (AE = Ca, Sr, Ba) as well as 

SrAl2 and Ba21Al40 was investigated due to their availability and comparability. Based on 

intermetallic precursors the compound CaAl2Se4 could be synthesized and analyzed using 

SCXRD resulting in a correct description of the structure, which was not available in literature. 

The compounds YbAl2S4 and YbAl2Se4 which were lacking a structure description in literature 

could also be investigated. Leaving group II and rare earth elements, finally, the oxidation 

behavior of the hexagonal Laves phase HfAl2 was investigated using in-situ PXRD. 
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5.1 Synthesis and spectroscopic investigations of intermetallic 

compounds (published) 

5.1.1 Systematic studies of 27Al solid state NMR spectroscopy on two 

isostructural series MAl2 (M = Ca, Sr, Sc, Y, La, Yb, Lu) and AEAl4 (AE = 

Ca, Sr, Ba) 

Published as two articles: 

Raman and NMR spectroscopic and theoretical investigations of the cubic 

laves-phases REAl2 (RE = Sc, Y, La, Yb, Lu) 

Elias C. J. Gießelmann, Stefan Engel, Weronika Kostusiak, Yuemei Zhang, Petra Herbeck-

Engel, Guido Kickelbick and Oliver Janka, Dalton Trans. 2023, 52, 3391. 

https://doi.org/10.1039/d3dt00141e published under CC BY-NC 3.0 

Contribution of the authors to the manuscript 

Supervision of this project was done by PD Dr. Oliver Janka. Elias C. J. Gießelmann did 

most of the synthetic work, the measurement and evaluation of the solid state NMR data and 

provided an initial draft of the manuscript. Dr. Stefan Engel assisted with the synthesis of YbAl2 

in a sealed metal ampoule. Weronika Kostusiak and Prof. Dr. Yuemei Zhang did the quantum 

mechanical calculations and wrote the respective parts in the manuscript. Dr. Petra Herbeck-

Engel did the measurement and evaluation of the Raman spectroscopy measurement. The 

manuscript was finalized by PD Dr. Oliver Janka and Prof. Dr. Guido Kickelbick 

Theoretical and 27Al NMR Spectroscopic Investigations of Binary 

Intermetallic Alkaline-Earth Aluminides 

Stefan Engel, Elias C. J. Gießelmann, Lukas E. Schank, Gunter Heymann, Kristina Brix, Ralf 

Kautenburger, Horst Philipp Beck, and Oliver Janka, Inorg. Chem. 2023, 62, 4260. 

https://doi.org/10.1021/acs.inorgchem.2c04391  

Contribution of the authors to the manuscript 

Synthesis was done by Dr. Stefan Engel and Lukas Schank during his internship. High-

pressure synthesis was done by assoz. Prof. Dr. Gunter Heymann. Dr. Kristina Brix and apl. 

https://doi.org/10.1039/d3dt00141e
https://doi.org/10.1021/acs.inorgchem.2c04391
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Prof. Dr. Ralf Kautenburger did the ICP-MS measurement and analysis. DFT calculations were 

performed by Prof. Dr. Horst P. Beck. The manuscript was finalized by PD Dr. Oliver Janka. 

Elias C. J. Gießelmann did the preparation, measurement and evaluation of the solid state NMR 

data, as well in parts the evaluation of the quantum mechanical data and wrote the respective 

parts in the manuscript. Therefore, only the solid state NMR data will be discussed in detail in 

the following. Other details about the compounds can be found in the publication, which is not 

incorporated here.  

Summary 

When looking into the literature on intermetallics, it becomes evident that systematic 

studies combining synthesis and spectroscopy on isostructural compounds are quite rare. This 

might be since isostructural series of multiple compounds, in which only one element is 

exchanged, are not often to be found. Especially for solid state NMR spectroscopic 

investigations, series of the rare earth atoms are unsuitable, as only compounds containing the 

closed-shell rare-earth elements can be investigated. 

One excellent example for this is the series of binary aluminides MAl2 (M = Ca, Sr, Sc, Y, 

La, Lu, Yb) which all adopt the cubic MgCu2 type (Fd3̅m). Another example is the series of the 

compounds AEAl4 (AE = Ca, Sr, Ba). Here, the Ca compound adopts the monoclinic CaGa4 

(C2/m) structure type at ambient conditions. It undergoes a phase transition to the tetragonal 

BaAl4 structure type (I4/mmm). The Sr and Ba compound crystallize in this tetragonal structure 

at ambient conditions. However, despite the fact that CaAl4 adopts a different structure type at 

room temperature, the low and the high-temperature polymorphs are structurally closely related 

and therefore still comparable. 

The synthesis and structural characterization of the above-mentioned aluminides of the 

alkaline earth metals were investigated by Stefan Engel. Furthermore, the structural relationship 

of the high and low temperature phase of CaAl4 as well as quantum chemical considerations of 

the stability of these compounds were conducted in the publication cited above. Here, only the 

NMR spectroscopic investigations on these compounds shall be discussed.  

The compounds AEAl4 with AE = Ca, Sr, Ba have two crystallographically independent Al 

sites in the crystal structure. Therefore, one expects them to show two distinct signals within a 

27Al solid state NMR spectrum. Recorded 27Al single-pulse excitation spectra for these 

compounds are shown in Figure 22. 
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Figure 22. 27Al solid state MAS NMR spectra of monoclinic CaAl4 (CaGa4 type, top), SrAl4 (middle) and BaAl4 

(both BaAl4 type, bottom). (left) Full spectra and (right) zoomed regions on the central transitions. Adapted with 

permission from Inorg. Chem. 2023, 62, 4260. Copyright 2025 American Chemical Society. 

Details about the refinement, the starting values obtained from DFT calculations as well as 

a comparison of the extracted data to literature known values can be found in the publication 

given above. Here, it should simply be summarized that the analysis of the obtained spectra 

could nicely be done. The values obtained for the Sr and Ba compound were in good accordance 

with the literature.[98] The spectrum for the CaAl4 compound shows the impurities of elemental 

Al and CaAl2 (MgCu2 type), which could also be identified in the powder X-ray diffractograms. 

A correlation of the obtained shifts of the resonance frequency of the two central transitions 

could be made within this work. It was pointed out that the Knight shift of the respective Al site 

shows a correlation with the calculated Bader charges for each Al site, when compared to the 

respective electronegativity difference of the alkaline earth metal to aluminum. While in the 

series from Ca to Ba the charge on the Al1 site becomes less negative, the negative charge of 

the Al2 site increases. The observed resonance frequency shifts show exactly the opposite trend. 

This is already visible in the spectra shown above, in which the two signals of the Al sites drift 

apart when going from Ca to Ba. 

Within the above-mentioned work, the compounds CaAl2 and SrAl2 were synthesized 

by Stefan Engel. CaAl2 adopts the cubic MgCu2 type, as does the high-pressure modification 

of SrAl2 synthesized by Gunther Heymann. The ambient pressure phase adopts the KHg2 type 
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(Imma). All three were also investigated by solid state NMR spectroscopy. The spectra are 

shown in Figure 23. 

 

Figure 23. 27Al solid state MAS NMR spectra of CaAl2 (MgCu2 type, top), SrAl2 (KHg2 type, middle) and SrAl2 

(MgCu2 type, bottom). (left) Full spectra and (right) zoomed regions on the central transitions. Adapted with 

permission from Inorg. Chem. 2023, 62, 4260. Copyright 2025 American Chemical Society. 

Interestingly, although the composition is the same for NP- and HP-SrAl2, the structural 

differences lead to a dramatic change of the observed resonance shift of about ~480 ppm. 

To sum up this first part, all synthesized aluminides could be characterized using 27Al solid 

state NMR spectroscopy. The spectra could be fitted reasonably good using starting values 

obtained from DFT calculations. All spectra confirm the crystal structures of the binary phases 

and the impurities in the sample of CaAl4, as identified by Rietveld refinement of the powder 

X-ray diffractograms. 

In another parallel work, the isostructural series REAl2 with RE being the diamagnetic 

(closed shell) elements RE = Sc, Y, La, Yb, Lu was synthesized followed by a systematic study 

of these compounds using 27Al and 45Sc solid state NMR, Raman spectroscopy as well as DFT 

calculations. All the results are summed up in the publication on the following pages. The 

literature known phases could be synthesized phase pure based on X-ray powder analysis. Solid 

state NMR spectra for these compounds were in parts known to literature. In this work, they 

were set in context, as was the measurement of the missing compound ScAl2. Here, also a 45Sc 
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solid state NMR spectrum could be measured and nicely fitted due to the high symmetry of the 

structure. A significant impact on the spectrum of LuAl2 was observed by annealing the sample, 

namely a significantly reduced line width of the central transition. 

In addition, the symmetry of the cubic Laves phases makes it possible to measure Raman 

spectroscopy with these compounds. Here, literature known data for La, Yb and Lu could be 

confirmed and extended for the data of the Sc and Y compounds.  

DFT calculations of the Bader charges for the discussed compounds showed a negative 

charge for the Al atoms confirming the term aluminides. Analysis of the electron localization 

functions revealed electron density between Al atoms showing covalent bonding interactions, 

while interactions between the rare earth atoms and aluminum are rather weakly covalent to 

moderate ionic. 

Based on the extracted s-electron density at the Fermi-level EF, a correlation of the 

observed resonance shifts can be done. This is given in Figure 13 of the attached manuscript. It 

is clearly visible that a correlation only makes sense when comparing the clearly trivalent rare 

earth atoms. The divalent (or more correctly intermediate valent) Yb compound is not in line 

with the others. Therefore, Figure 24 (left) shows the combination of a combined plot with all 

measured resonance shifts of the MAl2 species as a function of the calculated s-electron density 

at the Fermi level. Values for the Ca and Sr compound were calculated after publication. In 

addition to the ELF analysis presented in the manuscript, a quantitative analysis using 

LOBSTER was performed to investigate bonding in the REAl2 series. Results are shown in the 

right part of Figure 24. The ICOBI values for the Al–Al bonds, which are an indicator for the 

bond strength/covalency were calculated. They show that the increase in the Al–Al distances is 

likely to be a combination of a size effect of the rare earth atom but also the bonding plays a 

crucial role. Short distances in the Sc compound match a higher ICOBI value in comparison to 

the La compound. However, the Lu (with a full f-electron shell) and Yb as divalent metal do 

not fit in the order of the remaining compounds, with the ICOBI in YbAl2 being the highest 

calculated for the series. The analysis for the NMR parameters as well as for the bonding 

situation is not straightforward here. 



68 

 

 

Figure 24. Additional Quantum chemical data and comparisons for the binary series MAl2; (left) Compiled 

calculated s-electron density at the Fermi Level and the observed 27Al solid state NMR shifts of all non-magnetic 

(diamagnetic) members of the series MAl2; (right) Calculated ICOBI values in comparison to lattice parameters 

and resulting Al–Al distances in the series REAl2. 
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5.1.2 On the RE2TiAl3 (RE = Y, Gd–Tm, Lu) Series—The First Aluminum 

Representatives of the Rhombohedral Mg2Ni3Si Type Structure 

Published as an article (under CC BY): 

Elias C. J. Gießelmann, Stefan Engel, Israa M. El Saudi, Lars Schumacher, Mathis 

Radzieowski, Josef Maximilian Gerdes and Oliver Janka, Solids, 2023, 4, 166. 

https://www.mdpi.com/2673-6497/4/3/11 

Contribution of the authors to the manuscript (as published in the manuscript) 

Conceptualization, O.J.; methodology, E.C.J.G., S.E., M.R., J.M.G. and L.S.; analysis, 

E.C.J.G., S.E., I.M.E., L.S. and O.J.; investigation, E.C.J.G., S.E., I.M.E., M.R., J.M.G. and 

L.S.; writing—original draft preparation, E.C.J.G. and M.R.; writing—review and editing, 

E.C.J.G. and O.J.; visualization, E.C.J.G.; supervision, O.J.; project administration, O.J.; 

funding acquisition, O.J. 

Parts of the synthesis and preparation, physical property measurements as well as X-ray 

diffraction results (powder and single-crystal) have been reported in the dissertation of Mathis 

Radzieowski entitled “Darstellung, Kristallchemie, physikalische und spektroskopische 

Eigenschaften intermetallischer Aluminiumverbindungen sowie bi- und ternärer Zintl-Phasen” 

at University of Münster in 2020.[237] 

The contribution of Elias C. J. Gießelmann was the repetition of the experiments and 

further explorative synthesis as well as additional magnetic characterization in collaboration 

with Lars Schumacher and finalization of the manuscript. 

Summary 

The series of ternary compounds RE2TiAl3 (RE = Y, Gd-Tm, Lu) could be synthesized as 

the first aluminum compounds of the rhombohedral distortion variant of the cubic Laves phase. 

Their existence is so far highly interesting as they differ significantly from all other known main 

group compounds (p-block elements) in this structure type. As the prototype indicates, 

compounds that adopt this structure type usually show the main group element as the minor 

component with a ratio to the transition metal of 3:1. As explained in the introduction, examples 

for these are the gallium compounds RE2Rh3Ga (RE = Y, La–Nd, Sm, Gd–Er), the silicides 

RE2Rh3Si (RE = Ce, Pr, Er), the germanides Ca2Pd3Ge and the phosphide Mg2Ni3P. When 

taking only the network building elements into account, the new series can be understood as an 

https://www.mdpi.com/2673-6497/4/3/11
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antitype. It is moreover highly interesting because the only two structure types known before 

with these element combinations were the extremely Al-rich CeCr2Al20 and Ho6Mo4Al43 

structure types described in the introduction. 

The compounds were synthesized by arc-melting followed by additional annealing and 

analyzed using PXRD. The Y, Gd and Tb compounds were structurally characterized by single-

crystal XRD analysis. The lattice parameters and the unit cell volume show the expected 

correlation with the respective ionic radii of the trivalent rare earth atoms. Within the 

publication, the attempt to synthesize the La compound is discussed, which in case of success 

would have opened the question of whether the series can be expanded towards all early, large, 

rare earth elements. Here, results showed that the formation of the pure binary cubic Laves 

phases in combination with other byproducts are favored under the synthetic conditions chosen. 

Due to X-ray pure samples the magnetic properties were measured revealing diamagnetism for 

Y and Lu as well as Curie-paramagnetism for the other compounds alongside antiferromagnetic 

ordering below TN = 26 K for example for Gd2TiAl3. 
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5.1.3 Searching for Laves Phase Superstructures: Structural and 27Al NMR 

Spectroscopic Investigations in the Hf−V−Al System 

Published as an article: 

Elias C. J. Gießelmann, Stefan Engel, Jasper Baldauf, Jutta Kösters, Samir F. Matar, Guido 

Kickelbick and Oliver Janka, Inorg. Chem. 2024, 63, 8180. 

https://doi.org/10.1021/acs.inorgchem.4c00391  

Reprinted with permission from Inorg. Chem. 2024, 63, 8180. Copyright 2025 American 

Chemical Society. 

Contributions of the authors to this manuscript 

Elias C. J. Gießelmann conducted the synthetic work, the evaluation of the PXRD 

measurements, measured the solid state NMR spectra and provided an initial draft of the 

manuscript. PD Dr. Oliver Janka and Dipl.-Ing. Jutta Kösters helped with the measurement and 

evaluation of the SCXRD data. Dr. Stefan Engel collected the SEM/EDX data, Jasper Baldauf 

did the magnetic characterization as well as the heat capacity measurement. Prof. Dr. Samir 

Matar did the quantum chemical calculations. Prof. Dr. Guido Kickelbick and PD Dr. Oliver 

Janka supervised the work and finalized the manuscript.  

Summary 

Inspired by the literature studies about Laves phases described in sections 2.1.1 and 5.7.2, 

our attention was drawn to the ternary system Hf–V–Al, especially the solid solution Hf(V1–

xAlx)2. The Pearson’s Crystal Data database [24] does not list any entry for the ternary system, 

while the binary phase diagram Hf–Al shows many different combinations of the two elements. 

The Hf–V system only shows the phase HfV2, adopting cubic MgCu2 structure. Upon cooling, 

this compound undergoes two phase transitions to tetragonal YMn2 (I41/amd) and finally to the 

orthorhombic UMn2 (Imma) which becomes a superconductor at around 9 K.[44, 238] 

The full solid solution Hf(V1–xAlx)2 for 0 ≤ x ≤1 was synthesized and for many compositions 

the x was chosen according to the known ternary ordering variants of Laves phases discussed 

in the introduction. Despite these, also other values for x were selected. Analysis showed a small 

two-phase region for low values of x. Pure cubic samples were only obtained for x ≤ 0.05. 

Although no formation of ternary ordered compounds were observed in the PXRD analysis, 

selected samples were investigated by solid state 27Al NMR spectroscopy. This is necessary 

https://doi.org/10.1021/acs.inorgchem.4c00391
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because, for example, the formation of the coloring variant of MgZn2 namely Mg2Cu3Si, can 

be difficult to detect by diffraction methods due to the small difference in the atomic form 

factors of V and Al. Solid state NMR as local probe would clearly indicate whether structural 

ordering was present in the sample. While in all other spectra only a very broad signal was 

observed, the samples with the nominal composition Hf(V0.125Al0.875)2 (Hf4VAl7) showed a 

sharp signal qualifying this compound for a more detailed analysis using SCXRD. The single-

crystal data proved the formation of a superstructure with reduced symmetry with all reflections 

of the reduced symmetry being invisible in the PXRD data. The newly discovered ordering 

variant shows a small homogeneity range before the samples crystallize again as a solid solution 

in the MgZn2 structure type. 

Selected samples of the hexagonal solid solution showed Pauli-paramagnetic behavior. 

HfV2 showed superconductivity at the critical temperature TC reported in literature. Small 

substitution by Al, keeping the cubic MgCu2 structure, showed a significant lowering of the 

critical temperature by 1.3 K. 
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5.1.4 Systematic Investigations of the Solid Solution Zr(V1–xAlx)2 Adopting the 

Laves Phase Structures 

Published as an article (under CC-BY-NC-ND): 

Elias C. J. Gießelmann, Lars Schumacher, Samir F. Matar, Stefan Engel, Guido Kickelbick 

and Oliver Janka, Chem. Eur. J. 2025, 31, e202404248. 

https://doi.org/10.1002/chem.202404248 

Contributions of the authors to this manuscript 

Elias C. J. Gießelmann did the synthetic work, the evaluation of the PXRD measurements, 

the solid state NMR spectroscopic investigations and provided an initial draft of the manuscript. 

PD Dr. Oliver Janka helped with the measurement and evaluation of the SCXRD data. Dr. 

Stefan Engel measured the SEM/EDX data. Lars Schumacher did magnetic property 

measurements. Prof. Dr. Samir Matar conducted the quantum chemical calculations. Prof. Dr. 

Guido Kickelbick and PD Dr. Oliver Janka supervised the work and finalized the manuscript. 

Summary 

The results from the investigation of the previously described solid solution in the ternary 

system Hf–V–Al led to several new questions that had to be answered. 

The first one was whether the existence of the singular compound Hf4VAl7 adopting the 

newly discovered trigonal structure type could immediately be extended by simply replacing 

Hf with Zr. This is highly likely as these two elements show the same electron configuration 

with both being a group IV element and have nearly identical ionic radii (Zr: 87, Hf: 84 pm), 

atomic radii (Zr: 160, Hf: 156 pm) as well as covalent radii (Zr: 145, Hf: 144 pm).[41] In addition, 

the question arose whether one observes the same two-phase region and amount of V that can 

be incorporated in the ZrAl2 structure type before the structure switches from the hexagonal to 

the cubic Laves phase, so the same approach to synthesize the solid solution now being Zr(V1–

xAlx)2 was used. In contrast to the system Hf–V–Al, the system Zr–V–Al was investigated 

before in literature. The Pearson’s Crystal Data database lists three entries (vide infra), being 

solid solutions in the Laves phase structure types as well as two publications about the phase 

diagram at 800 and 1100 °C are present.[205, 239] In contrast to these, a synthetic approach of 

slow cooling to enhance crystallinity was chosen.  

https://doi.org/10.1002/chem.202404248
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The results are presented in the following publication. By combining the same methods 

used before, namely PXRD analysis and solid state NMR, no ordered structure could be 

observed regardless of the composition. For two samples, this was additionally shown with the 

analysis of two single crystals. For nominal compositions with x < 0.4, higher annealing 

temperatures were needed to obtain crushable and therefore analyzable melting beads. In case 

of the Hf system, all compounds could easily be made by applying the same temperature 

program. For the Zr system, no two-phase region was identified and only one sample in the 

cubic MgCu2 structure type could be made with the nominal composition of Zr(V0.875Al0.125)2. 

For this, superconductivity slightly below the reported temperature of ZrV2 (TC = 8.2 K) was 

identified. For the structural parameters obtained, namely being the change in lattice parameters 

and (preferred) site occupancy of V and Al, an identical trend in comparison to the work on Hf–

V–Al before was found. All refined compositions could be additionally underlined by 

SEM/EDX measurements. 

Attempts to find other ternary ordered compounds were made by trying nominal 

composition leaving the solid solution mentioned above. This came together with the identical 

problem mentioned above; even higher annealing times were necessary to get to crushable 

melting beads that could be analyzed. Despite long annealing times and slow cooling of the 

samples, no further ternary compounds could be identified. All powder X-ray diffractograms 

show only binary phases with hints of solid solutions of V and Al in multiple structure types. 

These results correspond to the work published in the literature on the phase diagram. 
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5.1.5 Hf6Al7 and Hf4.44(1)Nb1.56(1)Al7 – The First Fully Ordered Main Group Metal 

Containing W6Fe7 Type Compound and its Ternary Coloring Variant  

Published as an article (under CC BY): 

Elias C. J. Gießelmann, Lena Ruck, Bernd Morgenstern, Stefan Engel, Lars Schumacher, 

Guido Kickelbick and Oliver Janka, Z. Anorg. Allg. Chem. 2025, 651, e202500044. 

https://doi.org/10.1002/zaac.202500044 

Contributions of the authors to this manuscript 

Elias C. J. Gießelmann together with the assistance of Lena Ruck did the synthetic work. 

Elias C. J. Gießelmann evaluated the PXRD measurements, solid state NMR spectra and 

provided an initial draft of the manuscript. PD Dr. Oliver Janka and Dr. Bernd Morgenstern 

helped with the measurement and evaluation of the SCXRD data. Dr. Stefan Engel measured 

the SEM/EDX data. Lars Schumacher conducted magnetic property measurements. PD Oliver 

Janka did the quantum chemical calculations. Prof. Dr. Guido Kickelbick and PD Dr. Oliver 

Janka supervised the work and finalized the manuscript. 

Summary 

Going back to the results of the investigation of the solid solution Hf(V1–xAlx)2 and the 

newly discovered ordering variant Hf4VAl7, the next question was about changing the transition 

metal within the network. The results for the compounds Hf4TAl7 (T = Ti, Ta, Cr, Mo, W, Fe 

and Ni) will be discussed in section 5.2.1 as unpublished results. This is because the result of 

the nominal composition Hf4NbAl7 deserved the most attention.  

The analysis of the obtained powder X-ray diffractograms after annealing a sample of the 

nominal composition Hf4NbAl7 revealed the formation of a MgZn2 type structure. The 

remaining Bragg reflections in the powder pattern could not be described with a binary Hf–Al 

phase present in the Pearson‘s Crystal Data database. Indexing the remaining reflections 

revealed a rhombohedral structure whose lattice parameters gave a match in the database. This 

compound, namely Hf3.6Nb2.3Al7.1, is described as a ternary compound adopting the W6Fe7 type 

with a mixing of the three metals on the three W sites (3 × 6c) and Al occupying the two Fe 

sites (3b and 18h). This finding in combination with the rather obscure entry in the database led 

to questions about whether a ternary ordered compound or even the binary compound Hf6Al7 

could exist. Both are answered in the following publication. The results are quite similar for Ti, 

https://doi.org/10.1002/zaac.202500044
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Ta and W. For following detailed studies, probably resulting in clarification about annealing 

strategies, Nb was chosen due to the good electron difference of the three elements which makes 

X-ray analysis a lot easier compared to Al/Ti or Hf/Ta/W. 

A ternary ordered variant of this compound could be obtained and no mixing of all elements 

on the three positions is observed. The compound that forms here is nominal Hf4Nb2Al7 with 

Al sitting on the two iron positions as reported, but Hf on two W positions and Nb only to be 

found on one site, labelling this compound a ternary ordering variant of the W6Fe7 structure 

type. Nevertheless, a full site occupation could not be detected even when using a higher 

amount of Nb. In single-crystal and powder analysis, a maximum of 85% Nb on this one site 

accompanied with a mixing with Hf was detected. The refined sum formula of this compound 

is then Hf4.44(1)Nb1.56(1)Al7 or for a clarification of the site occupancy Hf4(Hf0.22Nb0.78)2Al7. This 

compound could easily be made using the arc furnace. Annealing led to better homogeneity and 

less mixed site-occupancy. These findings negated the question of whether a compound with 

an even higher amount of Nb could exist in this structure type. One could possibly think of 

replacing another Hf atom making the compounds Hf2Nb4Al7. The answer to the question of 

what happens in this stoichiometry is not part of this thesis and must be clarified in the future. 

The same applies for the question what happens if one thinks about replacing one Al atom with 

Nb making a nominal Hf6NbAl6. Besides thinking about this coloring variant of W6Fe7, one 

could also think about a binary compound Hf6Al7, which indeed could be realized in this work, 

labelling it the first binary main group compound adopting this structure type. The synthetic 

problems making this compound are described in detail in the manuscript. No annealing 

strategy led to phase pure samples; the phase was observed only phase pure in two single 

attempts within the arc furnace labelling the compound as not very stable in comparison to other 

binary compounds within the phase diagram Hf–Al. Both title compounds were synthesized 

phase pure according to X-ray powder diffraction. Single-crystal analysis could be performed. 

Solid state NMR showed only one signal for the binary phase although one would expect two 

signals based on the crystal structure. However, the one Al site has only a Wyckoff multiplicity 

of 3 compared to 18 and a higher quadrupolar interaction and therefore is not visible in the 

NMR. The ternary compound shows a shift of the central transition compared to the binary of 

~ 90 ppm showing the electronic differences between Nb and Hf. Quantum chemical 

calculations supported the finding that Nb only occupies one site in the structure with the two 

alternatives being higher in energy, probably due to strong Nb–Nb interactions shown by DFT 
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based calculations followed by an analysis with LOBSTER. Both samples do not show any 

anomaly in the magnetic susceptibility measurements being Pauli-paramagnetic.
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5.2 Synthesis and spectroscopic investigations of intermetallic 

compounds (unpublished) 

This chapter presents the remaining results dealing with the investigation of intermetallic 

compounds in the way of a small monography that were not published yet. 

5.2.1 Further attempts to synthesize compounds in the newly discovered Hf4VAl7 

structure type 

As already explained before, the discovery of the new ternary ordering variant of MgZn2 

namely Hf4VAl7 (own type P3̅m1) inspired additional work on these types of compounds. Two 

follow-up studies have been discussed before; the substitution of Hf by Zr and the results from 

attempts to replace vanadium by niobium leading to discovery of a different Frank-Kasper 

phase within these systems. This chapter presents the results of further investigations all based 

on the existence of Hf4VAl7. It was attempted to replace the minor component vanadium by 

other early transition metals. Table 2 sums up the relevant obtained lattice parameters and 

structure types. 

Table 2. Refined lattice parameters for structures of the Hf4VAl7 type as well as HfAl2. 

Compound / structure type method a / pm c/ pm Ref. 

Nominal Comp. 

HfAl2 MgZn2 powder 524.1 867.4 [240] 

Hf4VAl7 Hf4VAl7 powder 527.5 859.6 [240] 

Hf4VAl7 Hf4VAl7 single crystal 527.1 857.7 [240] 

Hf4MoAl7 Hf4VAl7 powder 528.2 863.6 *, Figure 25 

Hf4MoAl7 Hf4VAl7 single crystal 527.9 862.9 * 

Hf(Cr0.125Al0.875)2 MgZn2 powder 525.3 856.3 *, Figure 28 

Hf(Fe0.125Al0.875)2 MgZn2 powder 521.9 854.4 *, Figure 29 

Hf(Fe0.125Al0.875)2 MgZn2 single crystal 521.4 853.8 * 

* This work. The standard deviations for the lattice parameters are ±0.1 pm or smaller. 
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5.2.1.1 The compound Hf4MoAl7 

As could be shown in section 5.1.5 the substitution of V by Nb does not lead to the 

formation of the desired compound Hf4NbAl7 but replacing vanadium by the neighboring 

element molybdenum, gave the diffractogram shown in Figure 25. The elements were arc-

melted and afterwards the sample was annealed at 1123 K for 6 d. As can already be seen in the 

powder diffraction data the additional reflections that are created by the symmetry reduction 

from MgZn2 (P63/mmc) to Hf4VAl7 (P3̅m1) are visible in the powder pattern. This is due to the 

electron difference of Mo compared to V. This combination also forms the ternary ordered 

variant. 

 

Figure 25. Powder X-ray diffraction pattern of the sample with the nominal composition Hf4MoAl7. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown 

as continuous blue lines. Bragg positions are shown as green (Hf4MoAl7, space group P3̅m1) ticks. 

The formation was further proven by single-crystal investigations. During the refinement 

of a single crystal obtained from the batch given above, various problems concerning residual 

electron density occurred, although overall good agreement factors could be obtained. Table 3 

gives the results for two different structure types that could match the real structure of 

Hf4MoAl7. The first is identical to the Hf4VAl7 type (space group P3̅m1), however slightly 

better values could be obtained by lowering the symmetry to space group P3̅. 

Table 4 shows the atomic positions and Table 5 the obtained bond distances for the 

refinement in this space group. Figure 26 depicts the structural relationship using the 

Bärnighausen formalism. It becomes evident that the symmetry reduction gives an additional 

degree of freedom for the Al2 atoms within the Kagomé network, which could be the reason. 
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Figure 26. Bärnighausen formalism[45-48] expressing the structural relationship of HfAl2, Hf4VAl7 and possible 

structure solution for the compound Hf4MoAl7 adopting a new structure type with space group P3̅m. 

To conclude, this data is not suitable for publishing, yet, since the overall electron density 

is too high and the isotropic displacement parameters obtained are too high as well. For 

additional structural validation new batches using higher annealing times and/or new single 

crystals are required. Nevertheless, the compound Hf4MoAl7 either shows another new 

structure type or is a representative of the Hf4VAl7 type. Lastly Figure 27 shows the 27Al NMR 

spectrum recorded for the compound. In analogy to the ordered vanadium compound distinct 

sharp signals are visible, proving the local order of this compound in comparison to a solid 

solution. 
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Figure 27. 27Al solid state NMR spectrum of Hf4MoAl7 record at a MAS frequency of 13 kHz. Spinning sidebands 

close to the central transitions are marked with an asterix. 
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Table 3. Crystallographic data and structure refinement from single-crystal X-ray diffraction experiments for 

nominal Hf4MoAl7. 

Nominal composition Hf4MoAl7 Hf4MoAl7 

Refined composition Hf4Mo1.25Al6.75 Hf4Mo1.14Al6.86  

Structure type Hf4VAl7 (P3̅m1) own type (P3̅) 

Lattice parameters a (pm) 527.90(1) 527.90(1) 

 c (pm) 862.89(2) 862.89(2) 

 V (nm3) 0.20825 0.20825 

Molar mass, g mol-1 1015.8 1008.1 

Density calc., g cm-3 8.0997 8.0382 

Crystal size, µm 50×40×30 40×30×20 

Detector distance, mm 38 38 

Exposure time, s 10 10 

Range in hkl  h ± 7, k ± 7, l ± 12  h ± 7, k ± 7, l ± 12 

min, max, deg 2.36, 30.15 2.36, 30.15 

Linear absorption coeff., mm–1 51.766 51.766 

No. of reflections 4748 4748 

Rint / Rσ 0.029 / 0.0144 0.0281 / 0.0151 

No. of independent reflections 274 424 

Reflections used [I  3(I)] 274 424 

F(000), e 431 425 

R1 / wR2 for I  3(I) 0.0221 / 0.0404 0.0182 / 0.0618 

R1 / wR2 for all data 0.0221 / 0.0404 0.0182 / 0.0618 

Data / parameters 274 / 21 424 / 26 

Goodness-of-fit on F2 3.39 2.45 

Extinction coefficient 200(40) 180(30) 

Diff. Fourier residues /e– Å–3 +3.03 / –5.51 +5.01 / –3.98  

Table 4. Atom positions and equivalent isotropic displacement parameters (pm2) for nominal Hf4MoAl7, refined 

with the space group P3̅. Ueq is defined as one third of the trace of the orthogonalized Uij tensor. Grey lines are 

shown for better visibility. 

Atom Wyckoff position x y z Occ Ueq 

Hf1 2d 1/3 2/3 0.55164(6) 1 63(1) 

Hf2 2d 2/3 1/3 0.06522(6) 1 49(1) 

Mo 1a 0 0 0 1 48(3) 

Al1 1b 0 0 1/2 0.967 230(20) 

Mo1’ 1b 0 0 1/2 0.033 230(20) 

Al2 6g 0.1615(5) 0.3418(4) 0.2468(2) 0.983 60(16) 

Mo2’ 6g 0.1615(5) 0.3418(4) 0.2468(2) 0.017 60(16) 
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Table 5. Interatomic distances (in pm) for nominal Hf4MoAl7. Standard deviations for the interatomic distances 

are ≤0.2 pm. 

Hf1 (2d) 3 Al2/Mo2’ 302.1 Mo (1a) 6 Al2/Mo2 264.2 

 3 Al1/Mo1’ 308.0  6 Hf2 309.9 

 3 Al2/Mo2’ 312.0 Al1/Mo1’ (1b) 6 Al2/Mo2 268.7 

 3 Hf1 317.5  6 Hf1 308.0 

 3 Al2/Mo2’ 320.3 Al2/Mo2’ (6g) 2 Al2/Mo2 257.4 

 1 Hf2 330.6  1 Mo 264.2 

Hf2 (2d) 6 Al2/Mo2’ 302.7  1 Al1/Mo1 268.7 

 3 Mo 307.5  2 Al2/Mo2 270.8 

 3 Al2/Mo2’ 309.9  1 Hf1 302.1 

 3 Hf2 311.3  1 Hf2 302.7 

 1 Hf1 324.9  1 Hf2 307.5 

     1 Hf2 311.3 

     1 Hf1 312.0 

     1 Hf1 320.3 

 

5.2.1.2 The incorporation of Cr and Fe 

The nominal compositions Hf4CrAl7 and Hf4FeAl7 were synthesized and the powder X-ray 

diffractograms, shown in Figure 28 (nominal Hf4CrAl7) and Figure 29 (nominal Hf4FeAl7), 

were collected. No observations of any ordering could be made here. It seems that only a solid 

solution of MgZn2 has formed. This was verified for the Cr compound collecting a solid state 

27Al NMR spectrum. Only a broad reflection in analogy to the solid solution Zr(V1–xAlx)2 was 

recorded (data not shown). Table 2 sums up the obtained lattice parameters. 

 

Figure 28. Powder X-ray diffraction pattern of the sample with the nominal composition Hf4CrAl7. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown 

as continuous blue lines. Bragg positions are shown as green (MgZn2 type Hf(Cr1–xAlx)2, space group P63/mmc) 

ticks. 
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Figure 29. Powder X-ray diffraction pattern of the sample with the nominal composition Hf4FeAl7. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown 

as continuous blue lines. Bragg positions are shown as green (MgZn2 type Hf(Fe1–xAlx)2, space group P63/mmc) 

ticks. 

For the iron compound a single-crystal analysis was performed. Results are summed up in 

Tables 6-8. As can be seen, refinement can be done by assuming hexagonal symmetry adopting 

the MgZn2 structure type. For both Al sites a mixing with iron is detected that does not show a 

large preference. The overall sum formula obtained is close to the nominal composition. 
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Table 6. Crystallographic data and structure refinement from single-crystal X-ray 

diffraction experiments for nominal Hf4FeAl7 respectively Hf(Fe0.125Al0.875)2. 

Nominal composition Hf4FeAl7 

Refined composition Hf(Fe0.15Al0.0.85)2 

Structure type MgZn2 (P63/mmc) 

Lattice parameters a (pm) 521.42(1) 

 c (pm) 853.79(3) 

 V (nm3) 0.20103 

Molar mass, g mol-1 241.1 

Density calc., g cm-3 7.9666 

Crystal size, µm 30×25×15 

Detector distance, mm 38 

Exposure time, s 20 

Range in hkl  –7 ≤ h,k ≤ 7, –12 ≤ l ≤ 12  

min, max, deg 4.51, 30.53 

Linear absorption coeff., mm–1 54.194 

No. of reflections 4688 

Rint / Rσ 0.0259 / 0.007 

No. of independent reflections 146 

Reflections used [I  3(I)] 135 

F(000), e 408 

R1 / wR2 for I  3(I) 0.0125 / 0.0188 

R1 / wR2 for all data 0.0139 / 0.0197 

Data / parameters 146 / 12 

Goodness-of-fit on F2 1.69 

Extinction coefficient – 

Diff. Fourier residues /e– Å–3 +2.56 / –0.77 

 

Table 7. Atom positions and equivalent isotropic displacement parameters (pm2) for nominal Hf4FeAl7 

respectively Hf(Fe0.125Al0.875)2. Ueq is defined as one third of the trace of the orthogonalized Uij tensor. Grey lines 

are shown for better visibility. 

Atom Wyckoff position x y z Occ Ueq 

Hf 4f 1/3 2/3 0.56550(3) 1 47(1) 

Al1 2a 0 0 0 0.83(1) 122(10) 

Fe1 2a 0 0 0 0.17(1) 122(10) 

Al2 6h 0.17071(17) 2x 1/4 0.86(1) 82(6) 

Fe2 6h 0.17071(17) 2x 1/4 0.14(1) 82(6) 
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Table 8. Interatomic distances (pm) for refined 

Hf(Fe0.15Al0.0.85)2. Standard deviations for the interatomic 

distances are ≤0.2 pm. 

Hf (4f) 6 Al2/Fe2 304.6 

 3 Al1/Fe1 306.2 

 3 Al2/Fe2 306.8 

 1 Hf 315.0 

 3 Hf 321.1 

Al1/Fe1 (2a) 6 Al2/Fe2 263.3 

 6 Hf 306.2 

Al2/Fe2 (6h) 2 Al2/Fe2 254.4 

 2 Al1/Fe1 263.3 

 2 Al2/Fe2 267.0 

 4 Hf 304.6 

 2 Hf 306.8 

 

For all compositions discussed, Figure 30 shows the magnetic susceptibility data recorded 

in ZFC mode at a magnetic field strength of 10 kOe. For comparison the magnetic data for the 

published compound Hf4VAl7 is also included. All compounds show Pauli-paramagnetic 

behavior as expected since no elements with a permanent magnetic moment are present. The 

small increase in susceptibility at low temperatures can be attributed to paramagnetic impurities 

within the samples. 

 

Figure 30. Magnetic susceptibility data for the nominal compositions Hf(Cr0.125Al0.875)2 and Hf(Fe0.125Al0.875)2 as 

well as for Hf4MoAl7. Data for Hf4VAl7 are included for comparison.[240] Measurements were conducted in zero-

field-cooled (ZFC) mode at a magnetic field strength of 10 kOe. 
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5.2.1.3 More early transition metals – Ti and Ta 

The powder diffractogram for the synthesis of Hf4TiAl7 is depicted in Figure 31. Taking 

HfAl2 (MgZn2 type, space group P63/mmc) and Hf6Al7 (W6Fe7 type, space group R3̅m) as 

starting points for the refinement, both phases could be identified. The same applies for the 

attempt using tantalum so the nominal composition Hf4TaAl7. In the powder pattern (Figure 32) 

it is likewise possible to identify the hexagonal MgZn2 phase and the trigonal W6Fe7 phase. 

Table 9 lists the refined lattice parameters. A refinement of the occupancy factors was 

performed; however, only mixed site occupancies of the elements were identified. The 

formation of the two Frank-Kasper phases seems to compete. A clarification of the 

compositions as it was done for the ternary system Hf-Nb-Al is necessary by attempting 

different compositions and annealing strategies. 

Table 9. Identified phases, as well as obtained lattice parameters for the nominal compositions Hf4TiAl7 and 

Hf4TaAl7. 

Compound/ Identified structure type(s) a / pm c / pm Ref. 

Nominal Comp.  

HfAl2 MgZn2 524.1 867.4 
[240] 

Hf4VAl7 own type 527.1 857.7 [240] 

Hf6Al7 W6Fe7 530.5 2916.4 [241] 

Hf4Nb2Al7 W6Fe7 525.3 2866.1 
[241] 

Hf4TiAl7 MgZn2 (71(1) mass%) 528.5 867.6 *, Figure 31 

 W6Fe7 (29(1) mass%) 528.1 2885.5  

Hf4TaAl7 MgZn2 (36(1) mass%) 525.1 868.9 *, Figure 32 

 W6Fe7 (64(1) mass%) 525.1 2888.7  

Hf4.42Ta2.21Al6.37 W6Fe7 528 2875 [242] 

* This work. The standard deviations for the lattice parameters are ±0.1 pm or smaller. 
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Figure 31. Powder X-ray diffraction pattern of the sample with the nominal composition Hf4TiAl7. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown 

as continuous blue lines. Bragg positions are shown as green (MgZn2 type, space group P63/mmc) and orange 

(W6Fe7 type, space group R3̅m) ticks. The refined mass% are given in Table 9. 

 

 

Figure 32. Powder X-ray diffraction pattern of the sample with the nominal composition Hf4TaAl7. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown 

as continuous blue lines. Bragg positions are shown as green (MgZn2 type, space group P63/mmc) and orange 

(W6Fe7 type, space group R3̅m) ticks. The refined mass% are given in Table 9. 
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5.2.1.4 Hard to differentiate but interesting observations – W 

After observing the formation of a phase pure solid solution of MgZn2, respectively an 

ordering variant of the same, or the formation of two different Frank-Kasper phases, the results 

for the nominal composition Hf4WAl7 differ from these. Figure 33 shows the powder X-ray 

diffractogram of nominal Hf4WAl7. 

 

Figure 33. Powder X-ray diffraction pattern of the sample with the nominal composition Hf4WAl7. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown 

as continuous blue lines. Bragg positions are shown as green (Hf4VAl7 type, space group P3̅m1, 74(1) mass%) and 

pink (Zr2Al3 type, space group Fdd2, 26(1) mass%) ticks. 

Within the powder X-ray diffractogram the formation of the ternary ordered variant could 

be resolved due to the presence of the superstructure reflection at low 2θ angles around 10.2° 

which corresponds to the (001) reflection. As an additional phase, nominal Hf2Al3 (Zr2Al3 type, 

Fddd)[243] could be identified. Lattice parameters were refined as a = 951.4(1), b = 1375.7(1) 

and c = 551.2(1) pm, which are in good agreement with the literature data, however small 

deviations give a hint on mixed site occupancies. Within this structure a mixing of Hf and W 

could be possible but cannot be resolved by diffraction data. 

Repeating the experiment with shorter annealing times (6 d at 1223 K compared to 12 d) 

gave nearly the same PXRD pattern (data not shown) but without the visible superstructure 

reflections. Now only the formation of a solid solution in the MgZn2 type structure is visible. 

For further clarification additional synthetic attempts with different annealing strategies and/or 

differing starting compositions are necessary to clearly identify the phases formed within this 

specific ternary system. 
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5.2.2 The first ternary ordered compound in the system Zr–V–Al adopting the 

YbMo2Al4 type structure 

In an investigation of the ternary system Zr–V–Al at the isothermal section of 1073 K, Zhu 

and coworkers describe the observation of a new ternary compound with variable 

compositions.[205] The authors state that the new compound could be identified in various alloys 

with different nominal compositions after annealing arc-melted samples at 1073 K for 60 d. 

The authors give a compositional range of Zr10.5-16.5V29.3-26.3Al52.8-55.2 based on SEM/EDX 

investigations. For the structure description, the authors give a tetragonal unit cell with a = 

658.5 and c = 517.3 pm, however, no further information or structure determination using 

single-crystal analysis is conducted. 

This investigation got our attention since it was not possible to identify any ordered 

compound and structurally characterize them in the ternary system, despite using different 

approaches for the synthesis, as described in section 5.1.4. The lattice parameters and symmetry 

mentioned in the study, however, matched a series of gallium compounds adopting the 

YbMo2Al4 structure type crystallizing in the tetragonal crystal system with space group 

I4/mmm.[121] Besides the series MTi2Ga4 (M = Sc, Y, Tb-Tm, Lu and Zr)[117] also the V 

compounds MV2Ga4 (M = Sc, Zr, Hf and Tb-Tm)[117, 244] are listed in the Pearson‘s Crystal Data 

database. The corresponding compound ZrV2Ga4 has unit cell constants of a = 646.2 and c = 

520.7 pm. In aluminum chemistry only the series REMo2Al4 (RE = Y, Gd-Lu) has been reported 

so far.[122] 

Three questions arose: (1) Can the findings of Zhu et al. be reproduced? (2) Does the 

YbMo2Al4 structure match the compound described in literature although the composition 

determined by SEM/EDX by Zhu et al. does not match a potential ZrV2Al4 and (3) can the 

literature results be reproduced by slow cooling a sample instead of quenching? 

Figure 34 depicts the PXRD pattern after arc-melting the nominal composition ZrV2Al4. 

The powder pattern does not show a single hint for the YbMo2Al4 structure. The diffractogram 

can be perfectly described using a MgZn2 phase (space group P63/mmc), ZrAl3 (space group 

I4/mmm)[107] and elemental V (space group Im3̅m), respectively a solid solution of Al in the V 

structure, indicated by a larger lattice parameter found after Rietveld refinement. The reason 

for this was not further investigated. 
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Figure 34. Powder X-ray diffraction pattern of the sample with the nominal composition ZrV2Al4 after arc-

melting. Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, 

the difference is shown as continuous blue lines. Bragg positions are shown as dark grey (elemental V, space group 

Im3̅m, 40(1) mass%), pink (ZrAl3, space group I4/mmm, 33(1) mass%) and green (MgZn2 type Zr(V1–xAlx)2, space 

group P63/mmc, 27(1) mass%), and ticks. 

Different attempts to anneal samples according to a program described in the work by Zhu 

et al. using shorter annealing times (< 4 d) and higher temperatures (up to 1373 K) with various 

compositions did not lead to significant changes, therefore the data are not discussed here. To 

conclude, it was not possible to obtain the desired compounds using short annealing times. 

Figure 35 depicts the powder X-ray diffraction pattern obtained after arc-melting the nominal 

composition Zr12V33Al55 (composition given in literature[205]) and subsequent annealing 

at1073 K for 27 d. The sample was quenched in liquid nitrogen. 
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Figure 35. Powder X-ray diffraction pattern of the sample with the nominal composition Zr12V33Al55 after arc-

melting and subsequent annealing at 1073 K for 27 days followed by quenching. Experimental data is shown as 

black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue 

lines. Bragg positions are shown as cyan (ZrV2Al4, space group I4/mmm, 88(1) mass%), pink (ZrAl3, space group 

I4/mmm, 1(1) mass%) and dark grey (elemental V, space group Im3̅m, 11(1) mass%) ticks. 

Most of the reflections could nicely be described by using the YbMo2Al4 structure. The 

remaining reflections could be described with the structure of elemental V, which is reasonable 

since it should be left over. ZrV2Al4 was identified with 88.5 mass%. The lattice parameters 

were identified as a = 658.7 and c = 517.3 pm, which is in good agreement with literature 

data.[205] The matching intensity profile in the powder diffractogram also shows that the 

assumption of a ZrV2Al4 adopting the YbMo2Al4 type with Zr occupying the Yb and V the Mo 

position is reasonable. This matching to the structure type has been missing in the literature yet. 

Sadly, it has not been possible as of now to obtain single crystals that could be measured, which 

could be a result of quenching the sample. With the new ternary compound very likely to be 

ZrV2Al4, further investigations with this compound were carried out. One question to answer 

was, which annealing time is necessary to obtain the compound at all, another goal was to obtain 

phase pure samples for further analysis such as single-crystal X-ray diffraction, solid state NMR 

and magnetic property measurements. 

To target the first question, multiple samples of now stoichiometric ZrV2Al4 were arc-

melted and annealed at 1073 K for different times. The samples were quenched in liquid 

nitrogen since it was not clear at this point whether the compound is only stable at high 

temperatures and decomposes under slow cooling. Figure 36 shows the diffractograms after 7 

and 29 days. Two more times in between are shown in the appendix (Figure S1). Annealing the 

sample for longer time does not change the result anymore and interestingly a higher annealing 

temperature of 1273 K did not lead to any product formation. By applying this annealing 
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program after arc-melting, it was not possible to obtain a single-phase sample. The formation 

of the compound, however, takes up to 22 days. 

 

Figure 36. Powder X-ray diffraction pattern of the sample with the nominal composition ZrV2Al4 after arc-melting 

and subsequent annealing at 1073 K for (top) 9 and (bottom) 29 days followed by quenching. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as cyan (ZrV2Al4, space group I4/mmm, (top) 11(1) mass%, 

(bottom) 88(1) mass%), green (MgZn2 type Zr(V1–xAlx)2, space group P63/mmc, (top) 24(1) mass%, (bottom) 

5(1) mass%), pink (ZrAl3,  space group I4/mmm, (top) 29(1) mass%, (bottom) 3(1) mass%) and dark grey 

(elemental V, space group Im3̅m, (top) 36(1) mass%, (bottom) 4(1) mass%) ticks. 

Additionally, experiments that involve slow cooling (5 K h–1) instead of quenching and 

higher annealing temperatures (1123 K and 1173 K) were carried out. Annealing the sample at 

1123 K for 39 days results in the same results as shown in Figure 37 corresponding to an amount 

of the desired phase of ~88 mass%. The corresponding powder X-ray diffractograms are shown 

in the appendix (Figure S2 & Figure S3). As can be seen there is no difference between the 

quenched and the slowly cooled sample. The same applies for the annealing at 1173 K for the 

same time. However, at the slightly increased temperature the compound could be obtained 

with a purity of ~96 mass%. The corresponding powder pattern for the sample quenched at a 

temperature of 1173 K is shown in Figure 37. Slowly cooling the sample did not result in a 
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change of the sample (Figure S4). Therefore, the compound cannot be labelled as a high-

temperature phase. 

 

Figure 37. Powder X-ray diffraction pattern with nominal composition ZrV2Al4 after arc-melting and subsequent 

annealing at 1173 K for 39 d followed by quenching in liquid nitrogen. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as cyan (ZrV2Al4, space group I4/mmm, 96(1) mass%), green (MgZn2 type Zr(V1–xAlx)2, space 

group P63/mmc, 2(1) mass%), pink (ZrAl3, space group I4/mmm, 1(1) mass%) and dark grey (elemental V, space 

group Im3̅m, 1(1) mass%) ticks. 

As described before, it was not yet possible to isolate single crystals of measurable quality. 

The same applies for these samples. However, based on the assumption that ZrV2Al4 adopts the 

YbMo2Al4 structure type a Rietveld refinement was performed. The data shown in Figure 37 

were used for the analysis. The results for the analysis are given in Table 10. Refined atomic 

positions are given in Table 11. The calculated bond lengths are summed up in Table 12. Figure 

38 shows the crystal structure based on this refinement. It shall briefly be discussed. ZrV2Al4 

adopts the tetragonal body centered YbMo2Al4 structure type (space group I4/mmm), with Zr 

occupying the corners and center of the unit cell. The lattice parameters were refined as a = 

658.7 and c = 517.3 pm. This is in the range of the corresponding gallium compound ZrV2Ga4. 

Here a = 646.2 and c = 520.7 pm were reported.[117] The Zr atom is coordinated by 12 Al atoms, 

in a shape of a double truncated octahedron. Additionally, eight V atoms surround the Zr atoms 

as squared prism resulting in a total coordination number of 20 according to Zr@V8Al12. The 

V atoms form chains along the crystallographic c-axis, resulting in a linear coordination 

environment taking only the V atoms into account. Eight Al atoms coordinate the V as distorted 

squared antiprism and finally, four additional Zr atoms form a tetrahedron. The Al coordination 

consists of three Zr atoms occupying two corners and the center of the unit cell. Four Al atoms 

form a distorted tetrahedron with two short and two long edges. The four V atoms coordinate 
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equally separated as a rectangular but not perpendicular to the Al–Zr connection. Looking at 

the distances found within this compound the respectively short Zr–Al and V–V distances stand 

out. The Zr–Al distance found in binary intermetallic such as ZrAl2 (310 pm)[38] ZrAl3 (284.7 

pm)[245] or Zr4Al3 (269.5 pm)[88] differ in length, however the observed Zr–Al distances within 

this compound is rather sort with the 282 pm. The Al–Al distances with 260 pm being the 

shortest found in this compound, however, are all in the range of the above discussed 

compounds ZrAl2 (258-268 pm), ZrAl3 (277-283 pm) and Zr4Al3 (272 pm). They are 

significantly shorter than the distances within the elemental structure (286 pm)[246] With the V–

V distances in the binary ZrV2, HfV2 and TaV2 all being in the range of 253-263 pm[42, 247] is 

interesting to note that within this ternary compounds the observed distances are 259 pm 

indicating somehow covalent interaction of the V atoms. This distance is subject to quantum-

chemical analysis. A comparable result was obtained for the Nb–Nb interactions discussed in 

section 5.1.5. 
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Figure 38. Structure drawing of ZrV2Al4 (YbMo2Al4 structure type, space group I4/mmm) refined from powder 

X-ray analysis presented in Figure 37 and Table 10-12. Zr, V and Al atoms are represented as green, orange and 

grey spheres. 
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Table 10. Crystallographic powder data for the tetragonal ZrV2Al4. 

Empirical formula ZrV2Al4 

Crystal system tetragonal 

Space group I4/mmm (no. 139) 

Structure type YbMo2Al4 

a / pm 658.73(1) 

c / pm 517.30(1) 

V / nm3 0.224476 

Formula units per unit cell 2 

Temperature 293 K 

Number of reflections 73 

Radiation Cu Kα1,2 

Wavelength / pm 154.0552 / 154.4425 

Rexp 5.34 

Rwp 6.53 

RP 5.07 

GOF 1.22 

Startin angle 6 

Final angle 130 

Step width 0.013 

Amount determined by Rietveld 96 mass% 

Side phases ZrAl2 (MgZn2 type, space group P63/mmc) 2 mass% 

 ZrAl3 (own type, space group I4/mmm) 1 mass% 

 V1–xAlx (W type, space group Im3̅m) 1 mass% 

Table 11. Atom positions and isotropic displacement parameters Beq (Å2) for nominal ZrV2Al4 

refined from powder X-ray diffraction data. 

Atom Wyckoff position x y z Beq 

Zr 2a 0 0 0 0.41(3) 

V 4d 0 1/2 1/4 0.24(3) 

Al 8h 0.30262(15) x 0 0.47(3) 

Table 12. Interatomic distances (pm) obtained from 

powder data for the tetragonal ZrV2Al4. Standard 

deviations for the interatomic distances are ≤0.2 

pm. 

Zr(2a) 4 Al 281.9 

 8 Al 317.4 

 8 V 353.9 

V(4d) 2 V 258.6 

 8 Al 270.9 

 4 Zr 353.9 

Al(8h) 2 Al 260.0 

 4 V 270.9 

 2 Al 276.6 

 1 Zr 281.9 

 2 Zr 317.4 
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The first experiment with the goal of synthesizing the isostructural Hf compound failed. 

Annealing an arc melted sample of HfV2Al4 at 1073 K for 34 d did not give the desired 

compound as can be seen in Figure 39. This is another example of differences between Hf and 

Zr in intermetallic chemistry. However, it is possible, that a theoretical “HfV2Al4” has a 

different thermal stability and can be obtained using an alternative annealing strategy. 

 

Figure 39. Powder X-ray diffraction pattern of the sample with the nominal composition HfV2Al4 after arc-melting 

and subsequent annealing at 1073 K for 34 d followed by quenching. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as green (MgZn2 type Hf(V1–xAlx)2, space group P63/mmc, 56(1) mass%) and grey (V5Al8, 

space group I43̅m, 44(1) mass%) ticks. 
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5.2.3 Synthesis and magnetic characterization of the solid solution Gd(Fe1–xAlx)2  

Based on the findings of solid solutions of Laves phases, another idea for an investigation 

was to use a late transition metal in combination with a magnetic rare earth element. The use of 

solid state NMR to identify possible structural ordering, however, is not possible in this case 

due to the high magnetic moments, but the solid solutions within these systems can be 

investigated using magnetic measurements. As the first system, the solid solution Gd(Fe1–xAlx)2 

was chosen and synthesized for selected values of x. All samples were produced by arc-melting 

the elements and annealing the melting bead within a closed silica ampoule for 8 d at 1123 K. 

Three samples for x = 0.5, 0.25 and 0.125 were resynthesized and annealed at 1273 K for 10 d. 

Table 13 sums up all nominal compositions together with the respective annealing procedure. 

Table 14 sums up the lattice parameters obtained after Rietveld refinement of the obtained 

powder X-ray diffractograms. The system Gd–Fe–Al was already investigated towards the 

formation of different structure types stated as pseudo binary compounds adopting either the 

MgZn2 or MgCu2 type structure.[248, 249] Motivation for the presented study is the possible 

formation of superstructures applying long annealing times, which was not achieved. Selected 

examples for different compositions are also given in Table 14. 

Figure 40 depicts three powder X-ray diffractograms exemplarily for the series, namely for 

x = 0.125, 0.5 and 0.875. The first and latter show only the presence of the solid solution 

adopting the MgCu2 type, while for x = 0.5 a mixture of the two discussed Laves phase structure 

types was observed, with MgZn2 being the dominant one. Interestingly for the composition 

range of 0.33 ≤ x ≤ 0.67 both Laves phase structure types could be clearly identified. For the 

composition GdFeAl a literature report states that a phase pure sample adopting MgZn2 type 

could be identified.[249] The findings concerning the structural data presented here are in good 

agreement with literature data.[248] A difference, however, is the finding, that for all 

compositions both structure types could be identified in contrast to literature studies. No hints 

for the formation of superstructures were observed. 

These results are clearly in contrast to the systems investigated within this thesis so far. 

However, the findings are in line with literature data reported on solid solutions. The synthesis 

of the binary endmembers of the solid solution was not easily doable, therefore the lattice 

parameters were taken from literature. 
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Table 13. Syntheses in the system Gd(Fe1–xAlx)2. Grey lines are shown for better visibility of the three samples 

annealed at a different temperature. 

Composition Composition as xtheo Annealing Figure 

Nominal Laves phase    

Gd4FeAl7 Gd(Fe0.125Al0.875)2 0.875 1123 K – 8 d Figure 40, Figure S5 

Gd2FeAl3 Gd(Fe0.25Al0.75)2 0.75 1123 K – 8 d Figure S6  

Gd3Fe2Al4 Gd(Fe0.33Al0.67)2 0.67 1123 K – 8 d Figure S7  

Gd5Fe4Al6 Gd(Fe0.4Al0.6)2 0.6 1123 K – 8 d Figure S8  

GdFeAl Gd(Fe0.5Al0.5)2 0.5 1123 K – 8 d Figure 40, Figure S9 

GdFeAl Gd(Fe0.5Al0.5)2 0.5 1273 K – 10 d Figure S10 

Gd3Fe4Al2 Gd(Fe0.67Al0.33)2 0.33 1123 K – 8 d Figure S11 

Gd2Fe3Al Gd(Fe0.75Al0.25)2 0.25 1123 K – 8 d Figure S12 

Gd2Fe3Al Gd(Fe0.75Al0.25)2 0.25 1273 K – 10 d Figure S13 

Gd4Fe7Al Gd(Fe0.875Al0.125)2 0.125 1123 K – 8 d Figure 40, Figure S14 

Gd4Fe7Al Gd(Fe0.875Al0.125)2 0.125 1273 K – 10 d Figure S15 

 

Table 14. Observed lattice parameters and refined mass fractions for multi-phase samples for the different species 

obtained in the system Gd(Fe1–xAlx)2. Grey lines are shown for better visibility of the three samples annealed at a 

different temperature. Deviations for the given mass fractions obtained after Rietveld refinement are ±1 mass%. 

Nominal xtheo MgCu2 type structure MgZn2 type structure Literature 

Composition  a / pm mass% a / pm c / pm mass% 

GdAl2 1 790.0  – –  [250] 

Gd4FeAl7 0.875 785.3  – –  * 

Gd2FeAl3 0.75 778.8  – –  * 

Gd(Fe0.3Al0.7)2 0.7 776.8  – –  [248],$ 

Gd3Fe2Al4 0.67 774.8  – –  * 

Gd5Fe4Al6 0.6 772.1 92 548.0 880.3 8 * 

GdFeAl 0.5 –  541.4 881.2  [249] 

GdFeAl 0.5 –  541.4 881.2  [248] ,$ 

GdFeAl 0.5 766.4 25 542.8 879.3 75 * 

GdFeAl 0.5 770.0 23 543.2 879.2 77 * 

Gd3Fe4Al2 0.33 756.8 16 535.2 874.8 84 * 

Gd2Fe3Al 0.25 752.1  – –  [248] ,$ 

Gd2Fe3Al 0.25 752.1  – –  * 

Gd2Fe3Al 0.25 751.9  – –  * 

Gd4Fe7Al 0.125 745.7  – –  * 

Gd4Fe7Al 0.125 745.6  – –  * 

GdFe2 0 739.6  – –  [251] 

* This work, $ Within reference [248] more compositions were analyzed, however, only selected data 

are presented here.  
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Figure 40. Powder X-ray diffraction patterns of three samples of the solid solution Gd(Fe1–xAlx)2 for (from top to 

bottom) x = 0.875, 0.5 and 0.125. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red lines, the difference is shown as continuous blue lines. Bragg positions are shown as orange 

(MgCu2 type, space group Fd3̅m) and green (MgZn2 type, space group P63/mmc) ticks. The refined mass% are 

given in Table 14. 

Figure 41 graphically depicts the observed lattice parameters. Data for the binary 

endmembers were taken from literature as stated in Table 14. Also, in contrast to the systems 

of mainly early transition metals discussed before, bigger changes in the lattice parameters are 

observed (~ 40 pm). Moreover, the trend shows almost linear behavior corresponding to 

Vegard’s rule, which has not been observed in the previously discussed systems. A refinement 

of the site occupancy factors of Al and Fe, which mix on the respective Zn or Cu positions of 

the prototypes was performed, if possible. However, no trends or hints for possible 

superstructure formations were observed. For detailed analysis single-crystal analysis could be 

useful. 
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Figure 41. Lattice parameter obtained after the analysis of the powder X-ray diffractograms of the solid solution 

Gd(Fe1–xAlx)2. For some compositions a mixture of hexagonal MgZn2 and cubic MgCu2 type was identified. 

For some members of the synthesized solid solutions magnetic measurements were 

performed. The results are summarized in Table 15. All three samples investigated show a 

ferromagnetic transition at temperatures above 100 K. The data for each sample is shown in the 

appendix. To compare the magnetic ordering temperatures, they are depicted in Figure 42. One 

can see a dramatic change compared to the endmember GdFe2. The temperatures are 

comparable to the aluminide GdAl2. All magnetic characterization is in good agreement with 

literature data, which were obtained for slightly different composition.[248] 
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Figure 42. Ferromagnetic ordering temperatures for the three investigated samples of the solid solution  

Gd(Fe1–xAlx)2. Data for the binary endmembers were taken from literature. 

Table 15. Magnetic measurement data of selected samples of the solid solution Gd(Fe1–xAlx)2. 

Compound TC / K μeff (μB) θP / K μsat (μB) Literature 

GdFe2 782 –  3.35 [252] 

Gd(Fe0.33Al0.66)2 167(1) 7.39(2) 118(1) 6.23(2) * 

Gd(Fe0.25Al0.75)2 137(1) 8.94(2) 150(1) 6.63(2) * 

Gd(Fe0.125Al0.875)2 107(1) 9.39(2) 210(1) 6.98(2) * 

GdAl2 170 8.2 169 7.2 [253] 

* This work. 
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5.2.4 Comparing order and disorder in rare earth aluminum silicides using 27Al, 

29Si and 45Sc NMR 

Compounds with the general formula RE2AlSi2 are known for several rare earth elements. 

The compounds containing the closed shell rare earth metals being either diamagnetic or Pauli-

paramagnetic offer the opportunity to investigate these compounds by solid state NMR, since 

27Al and 29Si are both NMR active nuclei. For the scandium containing compound an additional 

local probe is available with the 45Sc nucleus. Since these compounds are mainly characterized 

by X-ray crystallography, the question about the local order of the Al and Si atoms can be asked. 

It is possible that the two atoms, which can hardly be differentiated by X-ray diffraction 

methods, do order as strictly as the description of the ternary compounds suggest. 

A focus was put on the rare earth elements Sc, Y and Lu. The Sc compound Sc2AlSi2 adopts 

the tetragonal Mo2FeB2 structure type (P4/mbm),[254] which is a coloring variant of the U3Si2 

type structure, which is formed in compounds with the general formula M3Si2 (M = La, Zr, Hf, 

Ce, Pr, Th, U-Pu).[255] The compounds Y2AlSi2 and Lu2AlSi2 are reported to crystallize in the 

orthorhombic W2CoB2 structure type (Immm).[256] Both structure types exhibit only one 

crystallographic independent site per atom making these compounds a suitable candidate for 

solid state NMR investigations. 

Synthesis of the compounds was done by arc-melting the elements followed by annealing 

of the samples in fused silica ampoules for different dwelling times and temperatures. Table 16 

summaries all synthetic attempts together with the respective nominal composition, the 

annealing strategy and the results of the Rietveld refinement targeting the obtained impurities 

or product ratios. Table 17 summarizes the refined lattice parameters for the compounds of 

interest. The powder X-ray diffractograms for the three samples, which were synthesized by 

arc-melting and annealing the sample at 973 K for 14 d are shown in Figure 43. 
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Figure 43. Powder X-ray diffraction patterns of the three compounds RE2AlSi2 (RE = Sc, Y, Lu) Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown 

as continuous blue lines. Bragg positions are shown as purple (Mo2FeB2 structure type, space group P4/mbm), 

green (W2CoB2 structure type, space group Immm) and orange (RESi, space group Cmcm) ticks. The refined 

mass% are given in Table 16. 

As can be seen, the three compounds could be obtained, the structure could be confirmed 

based on the PXRD data. However, within the Y and Lu compound a small impurity of RESi 

with <4 mass% could be identified. At first, the NMR data of the Sc compound shall be 

discussed. All recorded spectra are shown in Figure 44. As can be seen the three spectra exhibit 

one sharp central transition for each nucleus. This perfectly corresponds to the structure 

description. The sharp transitions as well as the pronounced set of spinning sidebands for the 

quadrupolar nuclei are a good hint for a clearly ordered structure, especially the ordering 

between Si and Al. Details of the simulation of the spectra as well as the positions of the 

resonances such as calculated parameters can be found in Table 18. 
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Figure 44. 27Al full spectrum (top left) and zoomed region on the central transition (top right), 29Si (bottom left), 

and 45Sc (bottom right) solid state NMR spectra of Sc2AlSi2. 

The situation is different for the other two compounds. For the Lu compound it was not 

possible to record a useful spectrum. The line broadening is severe (data not shown). The 27Al 

NMR spectrum for the yttrium compound is shown in Figure 45. The spectrum shows a 

broadened central transition around 1150 ppm, the absence of a well-resolved spinning 

sideband pattern as well as a strong signal likely to originate from an impurity (~ 700 ppm). 

This gives rise to the assumtion that rather a solid solution of Al and Si is present in the strucures 

than a fully ordered compound, especially when compared to the scandium compound 

Furthermore it was not possile to measure a 29Si spectrum; no signal was observed at all. 
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Figure 45. 27Al solid state NMR spectrum of Y2AlSi2 recorded at a MAS frequency of 13 kHz. 

These observations, however, rose the question whether it is possible to increase the 

ordering by changing the composition a little. Therefore, more samples with slight changes in 

the Si/Al ratio were prepared. They are summarized in Table 16, however, not all powder 

diffractograms are shown and discussed here. The annealing startegy was changed with the goal 

to get a higher degree of ordering when the sample is annealed at higher temperature and slowly 

cooled. However, again, no phase pure samples could be obtained but the synthesis of Y2AlSi2 

was reproduced. 

This observation is again a hint, that although it is not visible in the NMR spectra an 

ordering takes place and the system can not form any kind of solid solution by arbitratily 

changing the Al/Si ratio. For the lutetium compound an interesting observation was made. By 

changing the Al/Si ratio all of a sudden the tetragonal structure type (Mo2FeB2, P4/mbm) was 

observed within the diffractograms. This polymorphism of Lu2SiAl2 is not known to literature. 

The highest amounts of this structure type could be obtained by annealing the arc-melted sample 

at significantly higher temperatures (1373 K) for four days. One can therefore expect the phase 

to be the high temperature phase. A phase-pure synthesis was not possible yet. Figure 46 depicts 

the result of the explained synthesis. The refined lattice parameters for this potential new 

compound within the system Lu–Al–Si are given in Table 17. 
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Figure 46. Powder X-ray patterns of nominal Lu2Al2Si annealed at 1373 K for 96 hours. Experimental data is 

shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as violet (Mo2FeB2 structure type, space group P4/mbm), green 

(W2CoB2 structure type, space group Immm) and magenta (LuAl2, space group Fd3̅m) ticks. The refined mass% 

are given in Table 16. 

For the case of yttrium, a nominal Y2Al1.5Si1.5 adopting the tetragonal Mo2FeB2 structure 

type is known. Any attempts to re-isolate the phase have not been successful yet. It was further 

not possible to isolate single crystals that could give more information about the correct 

structure. It is not clear whether the polymorphism depends on the temperature or composition 

or both. For dysprosium a change in composition is reported to flip the structure types. The 

compound Dy2Al2Si is reported to adopt the tetragonal,[257] while Dy2AlSi2 adopts the 

orthorhombic structure.[258] 

To conclude, for the Sc compound adopting the tetragonal Mo2FeB2 structure type 

(P4/mbm) ordering of the Al and Si atoms could be proven by the local probe solid state NMR. 

The investigations of the systems Lu/Y–Al–Si however raised interesting questions about the 

ordering, which give many ideas for future investigations. For the Lu system a polymorphism 

could be shown, which is not fully understood yet and must be resolved in the future. 
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Table 16. Weighed and refined compositions alongside the weight fractions based on powder X-ray diffraction 

experiments and Rietveld refinements. Refined compositions are calculated based on the mass fractions obtained 

during Rietveld refinement. 

Compositions  annealing mass fractions / Figure 

weighed refined temperatures mass%  

Sc2AlSi2 Sc2AlSi2 700 °C, 14 d 100, Sc2AlSi2 (P4/mbm) Figure 43 

Y2AlSi2 Y2Al0.97Si2 700 °C, 14 d 97(1), Y2AlSi2 (Immm) Figure 43 

   3(1), YSi (Cmcm)  

Y2Al0.75Si2.25 – 850 °C, 16 d Y2AlSi2 (Immm) $ 

   unidentified side phase 

Y2Al1.25Si1.75 Y2Al1.14Si1.86 850 °C, 16 d 79(1), Y2AlSi2 (Immm) $ 

   11(1), YSi (Cmcm) 

   10(1), YAl2 (Fd3̅m) 

Y2Al1.5Si1.5 Y2Al1.15Si1.72 850 °C, 16 d 60(1), Y2AlSi2 (Immm) $ 

   24(1), YSi (Cmcm) 

   16(1), YAl2 (Fd3̅m) 

Y2Al2Si Y2Al1.93Si1.07 850 °C, 16 d 7(1), Y2AlSi2 (Immm) $ 

   42(1), YSi (Cmcm) 

   51(1), YAl2 (Fd3̅m) 

Lu2AlSi2 Lu2Al0.96Si2 700 °C, 14 d 96(1), Lu2AlSi2 (Immm) Figure 43 

   4(1), LuSi (Cmcm) 

Lu2Al1.5Si1.5 Lu2Al1.40Si1.69 850 °C, 16 d 33(1), Lu2AlSi2 (P4/mbm) $ 

   45(1), Lu2AlSi2 (Immm) 

   6(1), LuSi (Cmcm) 

   16(1), LuAl2 (Fd3̅m) 

Lu2Al2Si Lu2Al1.68Si1.36 850 °C, 16 d 40(1), Lu2AlSi2 (P4/mbm) $ 

   26(1), LuSi (Cmcm) 

   33(1), LuAl2 (Fd3̅m) 

Lu2Al2Si Lu2Al2.18Si1.22 1100 °C, 4 d 51(1), Lu2AlSi2 (P4/mbm) Figure 46 

   7(1), Lu2AlSi2 (Immm) 

   42(1), LuAl2 (Fd3̅m) 

$ PXRD data not shown. 
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Table 17. Lattice parameters and unit cell volumes (powder, DFT and literature data) of the members of the 

RE2AlE2 series. The respective structure types are given. 

compound structure type a (pm) b (pm) c (pm) V (nm3) Ref. 

Sc2AlSi2 Mo2FeB2 659.38(1) a 399.61(1) 0.1737 *, PXRD 

Sc2AlSi2 Mo2FeB2 655.65 a 395.93 0.1702 *, DFT 

Sc2AlSi2 Mo2FeB2 659.7(2) a 399.4(2) 0.1738 [254] 

Y2AlSi2 W2CoB2 406.68(1) 573.96(1) 869.38(1) 0.2029 *, PXRD 

Y2AlSi2 W2CoB2 405.92 563.82 866.18 0.1982 *, DFT 

Y2AlSi2 W2CoB2 405.0 574.8 866.3 0.2017 [256]
 

Lu2AlSi2 W2CoB2 398.65(1) 569.63(1) 839.39(1) 0.1906 *, PXRD 

Lu2AlSi2 W2CoB2 399.77 555.87 834.58 0.1855 *, DFT 

Lu2AlSi2 W2CoB2 400.1(1) 566.2(2) 841.6(6) 0.1907 [256] 

Lu2AlSi2 Mo2FeB2 676.76(1) a 420.32(1) 0.1925 *, PXRD 

Lu2AlSi2 Mo2FeB2 668.08 a 413.02 0.1843 *, DFT 

* This work. 

Table 18. Summary of the NMR observables of the members of the RE2AlSi2, 

extracted from the DMFit simulation of the 27Al, 29Si and 45Sc MAS-NMR spectra 

with δ being the resonance (in ppm), CQ the quadrupolar parameter (in kHz) and 

ηQ the asymmetry parameter. Calculated values from DFT are given with the 

subscript calc. 

compound nucleus δ CQ ηQ CQ,calc ηQ,calc 

Sc2AlSi2 45Sc ~870 – – –10527 0.745 
 27Al 719 898 0.14 –742 0.745 

 29Si 581 – – 0 0.165 

Y2AlSi2 27Al ~1150 (impurity detected) –5350 0.426 

 29Si not detected  0 0.850 

Lu2AlSi2 27Al extremely broadened signal –4783 0.723 

 29Si not detected  0 0.816 
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5.2.5 YbTi2Al19.4Sn0.6; a quaternary aluminum compound in the CeCr2Al20 type 

structure 

Attempts to incorporate a heavier also NMR active nuclei in the CeCr2Al20 type structure 

were tried with the compound YbTi2Al20. A major drawback of the literature-known synthesis 

is that the studies focus on the growth of large single crystals, usually based on flux growth. A 

phase-pure synthesis with the correct stoichiometric amount of the elements was targeted in the 

studies here. Figure 47 shows the diffractogram of X-ray pure YbTi2Al20. The compound could 

be synthesized by placing the elements in the correct stoichiometric amount into an alumina 

crucible, sealing it in an evacuated quartz ampoule and annealing it for 30 days at 1273 K. 

Lattice parameters are summed up in Table 19. 

 

Figure 47. Powder X-ray diffraction patterns of YbTi2Al20. Experimental data is shown as black dots, simulated 

diffraction patterns from refinement as red lines, the difference is shown as continuous blue lines. Bragg positions 

are shown as green (YbTi2Al20, space group Fd3̅m) ticks. 

The identical procedure described was tested for nominal 1-2-18-2, substituting two Al 

atoms with Sn. The powder X-ray diffractogram for nominal YbTi2Al18Sn2 is shown in Figure 

48. It becomes immediately clear that the full incorporation of Sn into the structure did not 

work, nevertheless the CeCr2Al20 structure could be identified. The Rietveld refinement 

revealed a change of the lattice parameter increasing from a = 1468.6 to 1474.5 pm giving a 

hint of at least some solubility of Sn. To clarify this a single-crystal analysis has been carried 

out. The results are given in Table 20-22. The structure has been described in detail in the 

introduction. As expected, the larger tin atoms can only be found in the largest coordination 

environment, being the bi-capped hexagonal prism, Al/Sn@Yb2Al12. The bicapped pentagonal 

prisms are only occupied with aluminum. However, a complete filling of this position was not 
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possible with the applied synthetic strategy. Longer annealing times or different methods need 

to be applied to succeed here. 

Table 19. Obtained lattice parameters for the investigations in the system YbTi2Al20–xSnx. 

Nominal composition method a / pm Ref. 

YbTi2Al20 powder 1468.6(1) *, Figure 47 

YbTi2Al20 powder 1468.1(1) [135] 

YbTi2Al20 single crystal 14.6890(18) [259] 

YbTi2Al18Sn2 powder 1474.5(1) *, Figure 48 

YbTi2Al18Sn2 single crystal 1471.9 * 

* This work. 

 

 

Figure 48. Powder X-ray diffraction pattern of nominal YbTi2Al18Sn2. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as blue-green (YbTi2Al20, space group Fd3̅m, 56(1) mass%), green (TiAl3, space group 

I4/mmm, 34(1) mass%) and grey (elemental Sn, space group I41/amd, 10(1) mass%) ticks. 
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Table 20. Crystallographic data and structure refinement from single-crystal X-ray diffraction 

experiments for nominal YbTi2Al18Sn2. 

Nominal composition YbTi2Al18Sn2 

Refined composition YbTi2Al19.38(1)Sn0.62(1) 

Structure type CeCr2Al20 (Fd3̅m) 

Lattice parameters a (pm) 1471.9 

 V (nm3) 3.18873 

Molar mass, g mol-1 865.8 

Density calc., g cm-3 3.61 

Crystal size, µm 60×50×35 

Detector distance, mm 40 

Exposure time, s 40 

Range in hkl  –24 ≤ h ≤ 22, –22 ≤ k ≤ 17, –23 ≤ l ≤ 24  

min, max, deg 2.4, 36.36 

Linear absorption coeff., mm–1 8.8 

No. of reflections 6975 

Rint / Rσ 0.0829 / 0.0445 

No. of independent reflections 417 

Reflections used [I  3(I)] 305 

F(000), e 3177 

R1 / wR2 for I  3(I) 0.0255 / 0.0431 

R1 / wR2 for all data 0.0516 / 0.0505 

Data / parameters 417 / 18 

Goodness-of-fit on F2 1.02 

Extinction coefficient 880(150) 

Diff. Fourier residues /e– Å–3 +2.14 / –0.31 

Table 21. Atom positions and equivalent isotropic displacement parameters (pm2) for nominal YbTi2Al18Sn2. Ueq 

is defined as one third of the trace of the orthogonalized Uij tensor. Grey lines are shown for better visibility. 

Atom Wyckoff position x y z Occ Ueq 

Yb 8b 1/8 1/8 1/8 1 117(1) 

Ti 16c 1/2 1/2 1/2 1 57(1) 

Al1 16d 0 0 0 0.31(1) 152(2) 

Sn1 16d 0 0 0 0.69(1) 152(2) 

Al2 48f 0.48622(9) 1/8 1/8 1 94(3) 

Al3 96g 0.05931(5) x 0.32473(7) 1 122(2) 
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Table 22. Interatomic distances (pm) for nominal 

YbTi2Al18Sn2. Standard deviations for the 

interatomic distances are ≤0.2 pm. 

Yb (8a) Al1/Sn1 4 318.7 

 Al3 12 324.2 

Ti (16d) Al2 6 261.0 

 Al3 6 286.0 

Al1/Sn1 (16c) Al3 12 313.8 

 Yb 2 318.7 

Al2 (48f) Ti 2 261.0 

 Al3 2 274.2 

 Al2 4 288.9 

 Al3 4 289.1 

Al3 (96g) Al3 1 273.5 

 Al2 1 274.2 

 Al3 2 279.0 

 Ti 1 286.0 

 Al2 2 289.1 

 Al3 2 297.9 

 Al1/Sn1 2 313.8 

 Yb 1 324.2 
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5.3 Moving between the worlds – the appearance of an unexpected 

intermetallic sub-oxide 

Published as an article: 

Formation of the Sub-oxide Sc4Au2O1–x and the Drastically Negative 27Al 

NMR Shift in Sc2Al 

Elias C. J. Gießelmann, Mathis Radzieowski, Samir F. Matar and Oliver Janka, Inorg. Chem. 

2023, 62, 9602. 

https://doi.org/10.1021/acs.inorgchem.3c01097 

Reprinted with permission from Inorg. Chem. 2023, 62, 9602. Copyright 2025 American 

Chemical Society. 

Contributions of the authors to this manuscript 

Elias C. J. Gießelmann and Dr. Mathis Radzieowski did the synthetic work, as well as data 

evaluation. Solid state NMR spectra were measured and evaluated by Elias C. J. Gießelmann 

who also provided an initial draft of the manuscript. Prof. Dr. Samir Matar did the quantum 

chemical calculations. PD Dr. Oliver Janka supervised the work and finalized the manuscript. 

Summary 

During explorative syntheses in the scandium rich corner of the ternary system Sc–Au–Al, 

Mathis Radzieowski found the solid solution of Sc2Au (PbCl2 type, Pnma) and Sc2Al (Ni2In / 

Co1.75Ge type, P63/mmc). This showed a solubility of Au and Al in the respective opposing 

structure types as well as a two-phase region. The endmembers of the solid solution could nicely 

be characterized with 27Al and 45Sc NMR. A site assignment of Sc in both compounds was 

possible due to the large difference in the quadrupolar coupling constants, which were 

calculated by DFT calculations. The 27Al spectrum of Sc2Al shows a significant negative 

resonance shift of –673 ppm, which is to the best of our knowledge the lowest observed 27Al 

shift in metallic systems with them ranging usually from around 0 to 1200 ppm. 

Interestingly, in one attempt to synthesize Sc2Au a powder pattern was observed, which 

could not be described using one of the two structure types. This could later be indexed with 

the cubic W4Co2C type structure, which formed due to unwanted contamination during the 

reaction with oxygen leading to the sub-oxide Sc4Au2O1–x. Attempts to synthesize the product 

https://doi.org/10.1021/acs.inorgchem.3c01097
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under strict exclusion of oxygen did not lead to the same result eliminating the possibility of 

the cubic structure to be a high temperature phase of Sc2Au. 

The binary phase Sc2Au proved to be unstable under ambient conditions decomposing into 

Sc2O3 and elemental Au, which was shown by simply letting a powdered sample sitting in the 

laboratory and recording a powder X-ray pattern after several days. This is in so far highly 

interesting as elemental Sc is stable in air and only forms a small passivating oxide layer. The 

electronic situation in the intermetallic compound seems to have an influence on the oxidation 

behavior. A thermal analysis confirmed this behavior. As a result of heating the sample under 

oxygen a mass increase was observed. The product is crystalline Sc2O3 and elemental Au. With 

this knowledge, one can propose that the newly found sub-oxide seems to stabilize the the cubic 

W4Co2C type structure. A targeted synthesis of the mentioned sub-oxide could be achieved by 

different routes, either melting Sc, Au and Sc2O3 in the correct stoichiometry (10:6:1) or starting 

with arc-melted intermetallic “Sc10Au6” which was then ground to a powdered sample, mixed 

with the correct amount of Sc2O3 followed by arc-melting. Attempts to isolate the sub-oxide 

using in situ high-temperature PXRD under air resulted in the same result. Not included in the 

publication is a third approach that was tested to obtain the described sub-oxide. Sc2Au was 

placed in a corundum crucible on top of a second crucible containing BaO2, which upon heating 

releases one oxygen atom per formula unit (see section 5.5.1.6). Both crucibles were sealed in 

an evacuated silica ampoule and heated to 1223 K, kept there for 48 hours and cooled to room 

temperature (10 K h–1). Regardless of the synthesis, the same results were obtained. The sub-

oxide could be obtained by ~66 mass% accompanied by Sc2Au, ScAu, Sc2O3 and elemental Au. 

The corresponding powder X-ray diffractogram is shown in Figure 49. 
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Figure 49. Powder X-ray pattern of Sc2Au annealed with one equivalent of BaO2. Experimental data is shown as 

black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue 

lines. Bragg positions are shown as green (Sc4Au2O1–x, space group Fd3̅m, 66(1) mass%), purple (Sc2O3, space 

group Ia3̅, 14(1) mass%), cyan (ScAu, space group Pm3̅m, 11(1) mass%), orange (Sc2Au, space group Pnma, 

5(1) mass%) and dark yellow (elemental Au, space group Fm3̅m, 4(1) mass%) ticks. 
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5.4 Oxidation behavior of intermetallic compounds (published) 

Coming from solely intermetallic compounds in which oxygen (or nitrogen) is the worst 

enemy concerning impurities completely changing e.g. the magnetic properties over one 

oxygen atom that changes and stabilizes a structure in an unexpected sub-oxide, the main idea 

behind the following two chapters is the use of intermetallic compounds as precursors to 

synthesize valence-precise compounds, leaving the metallic state behind. 

As explained in section 2.2, a main focus of the oxidation chemistry of Al compounds was 

about the corrosion resistance due to forming a passivating layer of the highly oxophilic Al (or 

the formation of other stable oxides on the surface) in comparison to the other metallic elements, 

e.g. Ni. Our approach was to use evenly oxophilic metals that can be combined with Al with 

the idea of forming ternary oxides, while not just passivating the surface. Promising compounds 

to test this hypothesis were the binary aluminides of the alkaline earth and rare earth metals in 

the compositions MAl2 (M = Ca, Sr, Ba, Sc, Y, La, Eu, Yb) and AEAl4 (AE = Ca, Sr, Ba) of 

which many were already discussed in detail in section 5.1.1. As a first starting point, a simple 

reaction of these compounds in an STA system under oxygen atmosphere at 1273 K for different 

dwelling times was performed. As one would expect, all these compounds oxidize below 

1273 K indicated by a mass increase and a sometimes sharp, sometimes broadened signal in the 

DSC-curve. The now mainly white or grey powders were analyzed after the reactions using 

PXRD. All these results will be discussed in the following chapters sorted by the composition 

and the element combined with aluminum. 

Going down in the chalcogenide group, studies using sulfur and selenium were conducted. 

Here, phase pure samples could easily be obtained, as explained in section 2.2.1. The first focus 

was set on already known literature examples, including repeated synthesis as well as 

spectroscopic characterization. For some examples, single crystals could nicely be analyzed 

providing the structural characterization or correcting structures in the literature. 
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5.4.1 Systematic mechanistic studies on the thermal oxidation behavior of the 

cubic laves phase CaAl2 

Published as two articles (under CC BY-NC 3.0): 

Mechanistic studies on the formation of ternary oxides by thermal oxidation 

of the cubic laves phase CaAl2 

Elias C. J. Gießelmann, Stefan Engel, Johnnes G. Volpini, Hubert Huppertz, Guido 

Kickelbick and Oliver Janka, Inorg. Chem. Front. 2024, 11, 286. 

https://doi.org/10.1039/d3qi01604h 

Contribution of the authors to the manuscript (as published in the manuscript) 

Conceptualization by GK and OJ, synthetic work by ECJG, SE and JGV, initial draft of the 

manuscript by ECJG. ECJG performed the STA and 27Al NMR investigations, SE performed 

the SEM/EDX investigations, OJ performed the DFT calculations. The entire work was 

supervised, guided, and revised by GK and OJ. The manuscript was corrected by all authors 

and finalized by HH, GK, and OJ. 

Changing the reaction pathway of the CaAl2 oxidation using ball milling 

Elias C. J. Gießelmann, Guido Kickelbick and Oliver Janka, Dalton Trans. 2025, 54, 1173. 

https://doi.org/10.1039/d4dt02459a 

Contribution of the authors to the manuscript (as published in the manuscript) 

Conceptualization by GK and OJ; synthetic work by ECJG; initial draft of the manuscript 

by ECJG. ECJG performed the XRD, STA and 27Al NMR investigations; the entire work was 

supervised, guided, and revised by GK and OJ. The manuscript was corrected by all authors 

and finalized by GK and OJ. 

Summary 

In the first part, all results dealing with the oxidation of the cubic Laves phase CaAl2 will 

be presented. This process has been examined in greater detail for several reasons. CaAl2 is 

easy to make in high quantities (500 mg per batch with only minor impurity of CaAl4); Ca is 

rather inexpensive in comparison to the rare earth elements; in the ternary system Ca–Al–O 

many ternary oxides of different compositions are well known and finally, the findings of the 

https://doi.org/10.1039/d3qi01604h
https://doi.org/10.1039/d4dt02459a
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initial oxidation reaction of CaAl2 were quite unexpected in the first place. Before discussing 

these actual results, one should think about all possible outcomes of this reaction. 

One possibility, and by far the most boring, would be that both metals oxidize individually 

and/or phase segregate after the reaction, forming a 1:2 mixture of CaO and Al2O3. A nice proof-

of-principle would be the direct one-step synthesis of the known ternary oxide CaAl2O4 as it 

was e.g. reported for LiGaO2 and LiGaS2 so to say overcoming the passivating effect of 

aluminum. Another possibility could be the passivation of the compound by either forming 

Al2O3 and leaving elemental Ca or the other way around, giving information about the oxide 

stability under these conditions. The final thought could be the formation of a compound with 

a different composition than CaAl2O4, as it was observed for LiGa5O3 or a combination as it 

was shown for Li3GaN2 and GaN (see section 2.2.1). 

In the case of CaAl2, after initial oxidation, the main product that could be identified in the 

powder patterns matched the phase Ca12Al14O33 (Ca6Al7O16.5), which gained interest as a cage 

compound and electride. Together with this so-called mayenite (mineral name), the mixture 

showed another ternary oxide, Ca3Al2O6, that could be identified depending on the conditions 

alongside the two binary oxides CaO and Al2O3 and finally elemental Al. Interestingly, the 

expected product CaAl2O4 was not observed at all in the first place. To sum up, a combination 

of the above-mentioned expectations came together. Indeed, a passivation of the material 

leaving elemental Al took place. The passivation occurred by the formation of a so to say 

kinetically favored ternary oxide, Ca12Al14O33, showing the higher oxophilicity of Ca compared 

to Al with all oxides observed being enriched in Ca compared to the intermetallic precursor. 

Within the two following articles our findings and efforts to synthesize the desired oxide 

CaAl2O4 are reported. 

Different combinations of annealing times and regrinding of the powder were used and the 

effect on the oxidation product was checked. Synthesis conditions were further changed by 

using a home-built tube furnace setup allowing the use of a pure oxygen atmosphere instead of 

air-oxidation in classic muffle furnaces. The findings were additionally strengthened by solid 

state NMR investigations, SEM/EDX measurements and DFT calculations. An exciting 

experiment, oxidizing CaAl2 in an induction furnace, additionally revealed the intermediate 

formed phase CaAl4 strengthening the hypothesis of Ca being oxidized first leaving behind an 

Al enriched intermetallic and finally elemental Al. The attempts to conduct an oxidation 
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reaction with the hypothetical intermetallic precursor Ca12Al14 (Ca6Al7) failed since it was a 

mixture of at least 3 intermetallic compounds. 

In the second study, the effect of high-energy ball milling of the intermetallic CaAl2 prior 

to the oxidation reaction was shown. After several hours of grinding, the compound, which is 

normally air stable over months, turns pyrophoric, in combination with a change in the outcome 

of the oxidation reaction. The formation of the expected oxidation product CaAl2O4 is highly 

favored upon using the by ball milling activated material. A switch of the oxidation reactant 

from oxygen (or air) to water in the form of “wet argon” showed no effect on the outcome of 

the reaction at all. 
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5.4.2 Rapid Synthesis of a Green Emitting Phosphor by Sulfidation of 

Intermetallic EuAl2 and its Use in a Hybrid Material 

Published as an article: 

Elias C. J. Gießelmann, Stefan Engel, Svenja Pohl, Max Briesenick, Lukas P. Rüthing, Cedric 

Kloos, Aylin Koldemir, Lars Schumacher, Joshua Wiethölter, Jörn Schmedt auf der Günne, 

Guido Kickelbick and Oliver Janka, Chem. Mater. 2025, 37, 97. 

https://doi.org/10.1021/acs.chemmater.4c02093 

Reprinted with permission from Chem. Mater. 2025, 37, 97. Copyright 2025 American 

Chemical Society. 

Elias Gießelmann, Dr. Stefan Engel and Cedric Kloos conducted the synthetic work of the 

intermetallic compounds and sulfidation products. Svenja Pohl and Max Briesenick did the 

incorporation of the EuAl2S4 into a melting gel and measured the UV-Vis and Fluorescence 

spectra. Aylin Koldemir and Joshua Wiethölter performed the Mößbauer spectroscopic 

investigations, Lars Schumacher the magnetic characterization experiments. Lukas Rüthing and 

Prof. Dr. Jörn Schmedt auf der Günne measured the solid state NMR MQ/MAS spectra. Prof. 

Dr. Guido Kickelbick and PD Dr. Oliver Janka supervised the work and finalized the 

manuscript. 

Summary 

As explained in section 2.2.1, the use of an intermetallic precursor for the synthesis of 

ternary aluminum compounds was already known to literature for the synthesis of the 

isostructural aluminum sulfides CaAl2S4 and SrAl2S4. Since the AE to Al ratios correspond to 

the compositions of the before investigated Laves phases CaAl2, respectively SrAl2 (KHg2 type, 

Imma), this seemed to be a good starting point for the research on the synthesis of the heavier 

chalcogenides. In addition to these two aluminum sulfides, a third known isostructural 

compound, EuAl2S4, was reported. This compound was previously obtained by the reaction of 

EuS, elemental Al and gaseous H2S. 

In the following study all three sulfides were synthesized from the intermetallic precursor. 

All compounds could be obtained as X-ray pure samples. A detailed spectroscopic 

characterization was conducted. For the diamagnetic Sr and Ca compounds simple single pulse 

excitation 27Al solid state NMR spectra showed an unresolvable overlap of two signals. A 2D 

https://doi.org/10.1021/acs.chemmater.4c02093
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experiment, namely MQ-MAS, was applied to resolve the line shape and confirm the crystal 

structure with two slightly different Al sites.  

For the air-stable Eu compound, 151Eu Mössbauer spectra, the temperature dependent 

magnetic properties and luminescence spectra were measured, all confirming the divalent 

oxidation state of europium. It should be mentioned that an excess of sulfur within the reaction 

mixture did not lead to further oxidation of Eu. In cooperation with Svenja Pohl and Max 

Briesenick from the Kickelbick group, the highly luminescent powder of EuAl2S4 was 

embedded in multiple polysiloxane-polysilsequioxane matrices that function as an optical filter 

on one hand and a barrier towards moisture and oxygen on the other. 
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5.5 Oxidation behavior of intermetallic compounds (unpublished) 

The following chapter presents all results dealing with the investigation of the oxidation 

behavior of intermetallic compounds that were not suitable for publication yet in the style of a 

small monography. 

5.5.1 Differences in the oxidation behavior of the cubic rare earth Laves phases 

REAl2 (RE = Sc, Y, La, Eu, Yb) 

After carefully investigating the oxidation behavior of the cubic Laves phase CaAl2, as well 

as the sulfidation of EuAl2 (CaAl2 and SrAl2), in a further step, a systematic study about the 

oxidation behavior of other cubic Laves phases was carried out. Thereby a focus was set on the 

diamagnetic examples of Sc, Y and La as well as the most promising candidates for two 

different oxidation states namely being Eu and Yb. First, the findings after one initial oxidation 

reaction of the title compounds will be discussed, followed by an in-detail description of the 

most interesting results. 

5.5.1.1 Precursor synthesis and characterization 

The synthesis of the precursors was done by arc-melting of the elements in the correct 

stoichiometry for Sc, Y and La. The Yb and Eu compounds were synthesized by induction 

heating of the elements in a sealed Ta ampoule for 10-30 minutes. The lattice parameters 

obtained are given in Table 23. The corresponding powder diffractograms can be found in the 

appendix. 
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Table 23. Lattice parameters of the synthesized precursors for 

oxidation reactions with the general formula REAl2 (RE = Sc, Y, 

La, Eu and Yb) adopting the MgCu2 type structure (Fd3̅m) as well 

as ScAl3 (Cu3Au structure, Pm3̅m). 

Compound a / pm Ref. Figure 

ScAl2 757.98(1) * Figure S19 

ScAl2 757.98(1) [260]  

ScAl2 

ScAl3 410.56(1) * Figure S20 

ScAl3 

YAl2 786.34(1) * Figure S21 

YAl2 786.29(1) [260] 

YAl2 

LaAl2 814.94(1) * Figure S22 

LaAl2 814.85(1) [260] 

LaAl2 

EuAl2 812.86(1) * Figure S23 

EuAl2 812.8(1) [261]
 

EuAl2 

YbAl2 788.37(1) * Figure S24 

YbAl2 788.36(1) [260] 

YbAl2 

* This work. 
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5.5.1.2 Initial bulk oxidation reactions – thermal analysis and Rietveld refinement 

Initial oxidation reactions of the REAl2 compounds (RE = Sc, Y, La, Eu and Yb) were 

conducted in an STA setup by heating the samples to 1273 K with a heating rate of 20 K min-1, 

holding the temperature for one hour with followed cooling. In addition, a tube furnace setup 

with a constant flow of 100 % oxygen at the same temperature for 5 h (heating rate of 250 K 

h-1) was utilized. The corresponding STA diagrams (temperature, mass change and heat flow) 

are presented in Figure S25-S29. Despite slight differences in the crystallinity the obtained 

powder patterns of the STA and bulk oxidation reaction are identical, therefore only the results 

of the tube furnace reactions are discussed. Table 24 summarizes the results of the Rietveld 

refinement after oxidation reaction. 

Before presenting a deeper analysis sorted by the metals, some general trends and 

similarities shall be highlighted. All metals in all products that could be identified are in their 

highest oxidation state, being the trivalent state for the five rare earth elements and aluminum 

as well. In only one case, namely for EuAl2 a phase pure sample could be identified. However, 

this finding is strongly surprising because the identified phase EuAlO3 (GdFeO3 type, 

Pnma)[262, 263] highly differs in composition (rare earth/aluminum ratio) from the precursor 

EuAl2. A comparable observation was made for LaAl2; however, no single-phase sample was 

obtained. The powder X-ray diffractogram of the lanthanum compound could only be described 

by using two domains of the same compound, namely LaAlO3.
[263, 264]

 For the Sc, Y and Yb 

case a product mixture of different compounds was found. For RE = Y and Yb, two main ternary 

oxides that have the same structure type for both metals could be identified, namely, REAlO3
[265, 

266] (GdFeO3 type, Pnma)[267] as well as RE3Al5O12
[268, 269] (Y3Al5O12 type, Ia3̅d).[270]. Sc differs 

from the other two, since no evidence for the formation of a ternary oxide was found. Here, a 

phase segregation of the two oxides seems to happen. A detailed analysis of the observed 

elemental Al and ScAl3 is presented in the following chapter. 
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Table 24. Results from powder X-ray diffraction data of the oxidized samples analyzed via Rietveld refinements. 

Starting values were taken from literature data.[24] 

Compound product mass% a (pm) b (pm) c (pm) V (nm3) Figure 

ScAl2 Sc2O3 48(1) 983.73(3) a a 0.9520 Figure 50 

 Al2O3 38(1) 476.12(1) a 1299.7(1) 0.2552 

 ScAl3 2(1) 410.5(1) a a 0.0692 

 Al 12(1) 405.46(1) a a 0.0666 

YAl2 YAlO3 57(1) 532.21(1) 737.78(2) 518.42(1) 0.2036 Figure S30 

 Al2O3 9(1) 475.98(3) a 1299.4(1) 0.2549 

 Y2O3 7(1) 1059.3(1) a a 1.1896 

 Y3Al5O12 23(1) 1205.62(7) a a 1.7524 

 Al 4(1) 405.40(1) a a 0.06663 

LaAl2 LaAlO3 I 59(1) 537.8(1) a 1317(6) 0.330 Figure 53 

 LaAlO3 II 41(1) 535.9(3) a 1312.5(16) 0.3265 

EuAl2 EuAlO3 100 529.73(3) 745.64(3) 527.81(2) 0.2085 Figure 54 

YbAl2 Yb3Al5O12 68(1) 1194.64(2) a a 6.7682 Figure 55 

 YbAlO3 26(1) 532.87(3) 732.02(3) 512.98(2) 0.2001 

 Yb2O3 4(1) 1042.0(1) a a 1.1326 

 Al 2(1) 405.61(6) a a 0.0667 
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5.5.1.3 Deeper investigation of the oxidation of ScAl2 

As briefly mentioned in the previous section, the oxidation of ScAl2 did not result in the 

formation of a ternary oxide. The identified products were the binary oxides Sc2O3 

((Mn0.5Fe0.5)2O3 structure type, Ia3̅)[271] and Al2O3.
[272] However, within the Rietveld analysis, 

elemental Al and some small reflections matching the intermetallic phase ScAl3 (Cu3Au 

structure, Pm3̅m)[273] could be identified. 

 

Figure 50. Powder X-ray diffraction pattern of oxidzized ScAl2 in a tube furnace with pure oxygen (1273 K, 5 h). 

Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, the 

difference is shown as continuous blue lines. Bragg positions are shown as orange (Sc2O3, space group Ia3̅), cyan 

(Al2O3, space group R3̅c), pink (elemental Al, space group Fm3̅m) and dark yellow (ScAl3, space group Pm3̅m) 

ticks. The refined mass% are given in Table 24. 

This was further proven by solid state NMR investigations of the oxidized product. The 

spectra are shown in Figure 51. Here, no clear evidence for an intermetallic compound is 

observed. The spectrum shows signals around 0 ppm as one would expect for oxidic species 

and a strong signal at 1640 ppm, matching the resonance for elemental aluminum. However, 

the 45Sc spectrum shows a shifted signal besides a strongly broadened signal at 0 ppm, which 

is in the range of an intermetallic compound but not at the resonance frequency of 45ScAl2. 

Independently synthesized ScAl3 shows a resonance in the 45Sc NMR spectra at the exact same 

position proving the presence of ScAl3. 
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Figure 51. (left) 27Al solid state NMR spectrum of the oxidation product of ScAl2 and (right) the corresponding 
45Sc spectrum as well as the spectra of 45ScAl3 and 45ScAl2. 

By tuning the reaction conditions, it was tested whether the formation of ScAl3 as an 

intermediate product during the oxidation reaction could be proven. Furthermore, the oxidation 

behavior of phase pure ScAl3 was tested. Table 25 summarizes the results of the oxidation 

reactions performed at differing temperatures and dwelling times. Both were reduced in 

comparison to the initial reaction to maybe stop the oxidation at the intermediate phase.  

As can be seen from the results, the phase ScAl3 is indeed formed during the oxidation 

process of ScAl2. This is in line with the observation at the examples of CaAl2, that one element 

shows a preferential oxidation behavior leaving either elemental aluminum or an aluminum-

enriched intermetallic phase behind. In contrast to the oxidation of CaAl2, here, the formation 

of a ternary oxide is not observed thus resulting in the two binary oxides. Oxidation reaction of 

ScAl3 at 1273 K without dwelling showed that ScAl3 has a higher oxidation resistance than 

ScAl2, which would be in line with the fact that Sc seems to be oxidized before aluminum. 

Figure 52 depicts the powder X-ray diffractogram for the highest amount of ScAl3 found after 

oxidation of ScAl2. The remaining diffractograms can be found in the appendix. 

These investigations clearly lead to the question of whether it is possible to identify yet 

unknown intermetallic compounds that can be isolated by oxidation reactions and if a tuning of 

the reaction conditions by e.g. high-energy ball milling can lead to the direct formation of a 

ternary oxide like ScAlO3 (GdFeO3 type Pnma)[274], which is only known as high-pressure 

compound. This will be part of future investigations. 
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Figure 52. Powder X-ray diffraction pattern of ScAl2 oxidized at 1073 K without dwelling time. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference is shown as 

continuous blue line. Bragg positions are shown as dark yellow (ScAl3, space group Pm3̅m), and orange (Sc2O3, 

space group Ia3̅) ticks. The refined mass% are given in Table 25. 

Table 25. Rietveld refinement of the oxidation reaction of ScAl2 and ScAl3 at different temperatures and dwelling 

times. 

Temperature / K Dwelling time / h Phase contribution / mass% Figure 

  Sc2O3 Al2O3 ScAl3 Al 

ScAl2 

1273 5 47(1) 40(1) 1(1) 12(1) Figure 50 

1273 0 51(1) 24(1) 10(1) 15(1) Figure S31 

1073 0 41(1) – 59(1) – Figure 52 

ScAl3 

1273 0 15(1) 9(1) 68(1) 8(1) Figure S32 

 

5.5.1.4 The oxidation product of LaAl2 and EuAl2 

As stated in the previous section the oxidation of LaAl2 resulted in the formation of LaAlO3 

(own type, R3̅c).[275] However, the powder X-ray diffractogram could not be described by using 

only a single phase. A strong anisotropic broadening of the reflections could be observed. This 

could be described by using a second fraction of LaAlO3 with slightly different lattice 

parameters (as can be seen in Table 24) and different crystallite sizes refined from the 

broadening of the reflections. This result clearly shows the stability of the corresponding 

structure type and its capability of high disorder. The corresponding powder pattern is shown 

in Figure 53. Additional annealing of the product at 1273 K for 1 h in the STA setup did not 

change the product (data not shown). To observe phase segregation or phase transformations 

probably higher temperatures are required. Concerning the stability of the described oxidic 

structure type, attempts with the existing precursor LaAl (CeAl structure type, space group 

Cmcm) could result in a single fraction product. 
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Figure 53. Powder X-ray diffraction pattern of oxidzized LaAl2 in a tube furnace with 100 % oxygen (1273 K, 

5 h). Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, the 

difference is shown as continuous blue lines. Bragg positions are shown as orange and dark yellow (both LaAlO3, 

space group R3̅c) ticks. The refined mass% are given in Table 24. 

The situation is comparable to the findings of the oxidation reaction of EuAl2. Here, a 

single product was found, namely EuAlO3, as discussed before. The powder X-ray 

diffractogram (Figure 54) could be described nicely by only applying this single phase without 

hints of any disorder or mixing of Eu and Al. This, however, arises the question where the 

“second” aluminum went. To further investigate this observation a change in the container 

material for the oxidation reactions is necessary since a diffusion of Al (or any other ion) into 

the crucible material can never be excluded. For this, the use of stainless steel or other ceramic 

materials such as MgO or BN would be of interest. It shall be noted that the obtained white 

powder shows a red fluorescence under UV light confirming the trivalent oxidation state of the 

Eu atoms. In analogy to the lanthanum case, an equiatomic precursor exists and would be highly 

promising for a direct synthesis of the obtained product. 
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Figure 54. Powder X-ray diffraction pattern of oxidzized EuAl2 in a tube furnace with 100 % oxygen (1273 K, 

5 h). Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, the 

difference is shown as continuous blue lines. Bragg positions are shown as orange (EuAlO3, space group Pnma) 

ticks. 

 

5.5.1.5 The oxidation of YAl2 and YbAl2 

Oxidation reactions of YAl2 and YbAl2 (Figure 55) are comparable in a way that for both a 

mixture of the two ternary oxides YAlO3 / YbAlO3 and Y3Al5O12 / Yb3Al5O12 were found. The 

latter is the main product for the Yb case, while YAlO3 is the main product (57 mass% 

determined by Rietveld analysis) for Y. Besides these, the binary rare earth oxides, both 

adapting the bixbyite type structure (Ia3̅),[276, 277] could be identified. These systems were not 

further investigated by other bulk synthesis reactions. As a conclusion, as has been observed 

for the oxidation of CaAl2, the formation of one or two distinct ternary oxides is highly favored. 

However, there is no clear tendency about the rare earth element to aluminum ratio, with the 

RE3Al5O12 having a slightly higher rare earth element / aluminum ratio in comparison to the 

precursor and vice versa for the REAlO3 oxide. 
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Figure 55. Powder X-ray diffraction pattern of oxidzized YbAl2 in a tube furnace with 100 % oxygen (1273 K, 

5 h). Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, the 

difference is shown as continuous blue lines. Bragg positions are shown as dark yellow (Yb3Al5O12, space group 

Ia3̅d), orange (YbAlO3, space group Pnma), purple (Yb2O3, space group Ia3̅) and pink (elemental Al, space group 

Fm3̅m) ticks. The refined mass% are given in Table 24. 

 

5.5.1.6 Oxidation reactions with defined amounts of oxygen 

The results discussed for the Yb and Eu compounds showed that after the reaction the rare 

earth atom is always found to be in its highest possible oxidation state being the trivalent one. 

For the sulfidation of EuAl2 it was shown that the divalent state of Eu can be obtained using 

sulfur as reagent. The fact that divalent europium aluminates, such as EuAl2O4 (SrAl2O4 type, 

space group P21),
[278] exist, leads to the question whether it is possible to perform a controlled 

oxidation of EuAl2 leading to EuIIAl2O4. This was approached using BaO2, which is known to 

decompose to BaO and 1/2 O2
[279] as already described in section 5.3. Reactions were performed 

in a sealed silica ampoule with BaO2 placed in an alumina crucible and a second crucible 

containing the intermetallic phase placed on top. If not stated otherwise the ampoule was heated 

to 1123 K, kept there for 48 h followed by heating to 1273 K for an additional 12 hours. 



247 

 

 

Figure 56. Powder X-ray diffraction pattern of EuAl2 oxidized with four equivalents of BaO2. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as brown (EuAl2O4, space group P21, 79(1) mass%), and orange 

(EuAlO3, space group Pnma, 21(1) mass%) ticks. 

After an initial reaction the powder X-ray diffractogram shown in Figure 56 was obtained. 

Even though the crystallinity of the product and therefore the quality of the data is quite bad, 

the conclusion that the atmosphere of the oxidation reactions plays a crucial role can be made. 

Besides EuIIAl2O4, 21 mass% of the known EuIIIAlO3 could be identified. The observed 

oxidation of Eu to its trivalent state could be due to adsorbed water at the glass wall or oxygen 

from the crucible. Therefore, the amount of BaO2 was reduced to three instead of four 

equivalents. The result of this reaction are shown in Figure 57. The product shows the same bad 

crystallinity, but the PXRD reveals EuAl2O4 with ~92 mass% as the main phase, besides 

EuAlO3 and Eu4Al2O9 (own type P21/c)[280] which could also be identified. 
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Figure 57. Powder X-ray diffraction pattern of EuAl2 oxidized with three equivalents of BaO2. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as brown (EuAl2O4, space group P21, 92(1) mass%), dark grey 

(Eu4Al2O9, space group P21/c, 6(1) mass%) and orange (EuAlO3, space group Pnma, 2(1) mass%) ticks. 

Changing the annealing sequence to 48 h at 1373 K (Figure 58) resulted in an improvement; 

the side phases shown in Figure 57 could not be identified. However, unidentified side products 

are visible. The product still shows the problem of bad crystallinity. However, these results 

clearly show that the oxidation state of Eu can be tuned by the atmosphere during oxidation 

reaction, but an improvement of the conditions is needed. 

 

Figure 58. Powder X-ray diffraction pattern of EuAl2 oxidized with three equivalents of BaO2. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as brown (EuAl2O4, space group P21) ticks. 

The same approach was tested for YbAl2. Here, when using stoichiometric or slightly off 

stoichiometric amounts of BaO2 the reaction directly oxidizes all Yb atoms into their trivalent 

state and the reaction could not be stopped at the divalent state. This is in agreement with the 
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fact, that no divalent ytterbium aluminates are listed within the Pearson‘s Crystal Data 

database.[24] The main products discussed before were also identified but in slightly different 

ratios. Results are summed up in Table 26. The results are shown in Figure 59 (four equivalents 

of BaO2) as well as in the Figure 60 (3 equivalents of BaO2). 

Table 26. Rietveld analysis for the different oxidation reactions performed with YbAl2. 

Method mass% obtained by Rietveld 

 Yb3Al5O12 YbAlO3 Yb2O3 YbAl3 Al 

Bulk oxidation 68(1) 26(1) 4(1) – 2(1) 

4 eq. BaO2 59(1) 33(1) 3(1) – 5(1) 

3 eq. BaO2 93(1) 1(1) 2(1) – 4(1) 

1 eq. BaO2 5(1) 41(1) – 44(1) 10(1) 

 

 

Figure 59. Powder X-ray diffraction pattern of YbAl2 oxidized with four equivalents of BaO2. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as dark yellow (Yb3Al5O12, space group Ia3̅d), orange (YbAlO3, 

space group Pnma), purple (Yb2O3, space group Ia3̅) and pink (elemental Al, space group Fm3̅m) ticks. The refined 

mass% are given in Table 26. 
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Figure 60. Powder X-ray diffraction pattern of YbAl2 oxidized with three equivalents of BaO2. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as dark yellow (Yb3Al5O12, space group Ia3̅d), pink (elemental 

Al, space group Fm3̅m), purple (Yb2O3, space group Ia3̅) and orange (YbAlO3, space group Pnma) ticks. The 

refined mass% are given in Table 26. 

An interesting observation was made if a larger deficiency of oxygen is used. When only 

one equivalent of BaO2 at lower temperatures (48 h at 1123 K) is used, still the ternary oxides 

are visible in the powder X-ray pattern, but also the intermediate intermetallic phase YbAl3 

(Cu3Au structure, Pm3̅m) can be identified in high amounts in agreement to the ScAl2 oxidation, 

as can be seen in Figure 61. 

 

Figure 61. Powder X-ray diffraction pattern of YbAl2 oxidized with one equivalent of BaO2. Experimental data is 

shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as dark grey (YbAl3, space group Pm3̅m), orange (YbAlO3, space 

group Pnma), pink (elemental Al, space group Fm3̅m) and dark yellow (Yb3Al5O12, space group Ia3̅d) ticks. The 

refined mass% are given in Table 26. 



251 

 

Summing up these results, the oxidation behavior of the REAl2 series highly depends on 

the rare earth element with different ternary and binary oxides being the main products of the 

reactions. By tuning the reaction conditions for the Sc sample, an intermediate intermetallic 

phase could be observed that forms during the full oxidation of ScAl2. The product formation 

in case of EuAl2 highly depends on the oxygen concentration, whereas this is not the case for 

ytterbium, where in contrast to europium only the trivalent oxidation state was found. 

Nevertheless, by using only small amounts of oxygen, an intermediate intermetallic phase being 

aluminum richer in comparison to the intermetallic precursor YbAl2 could be identified. The 

systematic analysis of the oxidation behavior of these compounds is promising for further 

investigation, especially when looking at EuAl2O4 for which an optimization of the reaction 

conditions is very promising. Moreover, the observation of other intermetallic compounds 

during the oxidation reaction raises the question whether it is possible to isolate intermetallic 

phases not known yet. 
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5.5.2 A systematic study on the oxidation behavior of the alkaline earth 

aluminides AEAl4 (AE = Ca, Sr, Ba), SrAl2 and Ba7Al13 

The interesting findings on the oxidation behavior of the binary intermetallic aluminum 

compound CaAl2 (MgCu2 type Fd3̅m) led on the one hand to the investigations of the 

isostructural series of REAl2 described in section 5.1.1. When looking at other group II elements 

it is possible to look at intermetallic compounds with the same composition as CaAl2 but 

changing the structure type. As already discussed, SrAl2 crystallizes at room temperature and 

ambient pressure in the orthorhombic KHg2 structure type (Imma). The MgCu2 type phase can 

only be obtained under high pressure. A nominal “BaAl2” does not exist at room temperature 

and ambient pressure, but it is reported as a high-pressure phase. Here the phase Ba7Al13 (own 

type, P3̅m1), respectively Ba21Al40 (own type, P31m), can be used as a precursor. The phase is 

given as “BaAl2” for simpleness in the following text. For the structural refinement of the 

precursor the structure model of Ba7Al13 provided by either Bruzzone[281] or Häussermann[97] 

was used. The product formation after oxidation for these two compounds will be discussed in 

this section as well as another isostructural series of group II aluminides that has been 

mentioned already: the tetragonal MAl4 (M = Sr, Ba) compounds as well as monoclinic CaAl4. 

The AEAl2 compounds were synthesized by placing the elements in a closed Ta ampoule 

followed by heating for 10-30 minutes using induction heating. The “BaAl2” precursor was 

stored under argon since a slow oxidation at ambient conditions was observed. The AEAl4 

compounds were obtained by arc-melting the elements. To avoid evaporation of the alkaline 

earth metal it was wrapped in the appropriate amount of aluminum foil. Lattice parameters are 

given in Table 27. The corresponding powder X-ray diffractograms can be found in the 

appendix. 

If not stated otherwise, oxidation reactions were either performed in a STA setup using a 

mixture of oxygen and argon or in a tube furnace operating with pure oxygen in analogy to the 

investigations of the REAl2 series. Temperatures and dwelling times are always given with the 

respective reactions. Typical heating rates in the STA system are 20 K min–1 and 250 K h–1 for 

the reactions in the tube furnace. For some investigations, the powders were ground after initial 

oxidation and further annealed. 

 



253 

 

Table 27. Lattice parameters of the synthesized precursors for oxidation reactions with the general formula AEAl4 

(AE = Ca, Sr and Ba) as well as AEAl2 (AE = Sr and “Ba”).  

Compound structure type a / pm b / pm c / pm β / ° ref Figure 

CaAl4 CaGa4 616.92(1) 618.42(1) 634.38(1) 118.06 * Figure S33 

CaAl4 CaGa4 616.91 618.50 634.34 118.03 [282] 

CaAl4 CaGa4 615.3 617.3 632.9 118.03 [102] 

SrAl4 BaAl4 446.38(1) a 1121.02(1) 90 * Figure S34 

SrAl4 BaAl4 446.4 a 1121.8 90 [282] 

SrAl4 BaAl4 446.3 a 1120.3 90 [283]
 

BaAl4 BaAl4 456.73(1) a 1128.43(1) 90 * Figure S35 

BaAl4 BaAl4 456.72 a 1128.63 90 [282] 

BaAl4 BaAl4 456.6 a 1125 90 [284]
 

SrAl2 KHg2 479.59(1) 789.52(1) 795.92(1) 90 * Figure S36 

SrAl2 KHg2 479.62 789.30 795.51 90 [282] 

SrAl2 KHg2 484 792 799 90 
[96]

 

Ba7Al13 own type 610.15(1) a 1727.24(2) 90 * Figure S37 

Ba7Al13 own type 609.97 a 1726.9 90 [97] 

*This work. 
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5.5.2.1 Oxidation reactions of nominal AEAl2 

Figure 62 shows an example of the powder X-ray diffractograms obtained for the reaction 

of SrAl2, which was heated for 5 h in an STA system at 1273 K. Table 28 summarizes the 

products that could be identified for different reaction conditions. The corresponding STA data 

are shown in the appendix (Figure S39 & Figure S40). Table 29 shows the results of the Rietveld 

refinement for a sample oxidized for 12 hours at 1273 K, which was ground afterwards and 

annealed further for additional 12 h giving total reaction times of 24 and 36 hours. In an analogy 

to the CaAl2 system multiple ternary oxides could be identified. However, the finding of the 

corresponding mayenite structure was not likely since only Sr containing solid solutions are 

reported.[285, 286] The main phases identified are Sr3Al2O6 (Ca3Al2O6 structure type Pa3̅),[287-289] 

the expected SrAl2O4 (own type P21)
[290] as well as the aluminum rich SrAl12O19 (BaFe12O19 

type P63/mmc).[291] Besides the intermetallic compound SrAl4 and elemental Al, also SrCO3 

(CaCO3 type Pnma),[292] were identified. The latter is likely to result from the formation of 

small quantities of SrO, which forms the carbonate in contact with air after the reaction. In the 

case of the Ca example the binary oxide is stable enough. The observation of SrAl4 can be 

explained in an analogous way to the formation of YbAl3 in the previous section. However, it 

cannot be excluded that the small amounts present in the precursor do not react and are therefore 

identified after short reaction times. 

 

Figure 62. Powder X-ray diffraction pattern of SrAl2 oxidized at 1273 K in an STA setup for 5 h. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference is shown as 

continuous blue line. Bragg positions are shown as green (SrAl2O4, space group P21), purple (Sr3Al2O6, space 

group Pa3̅), brown (SrAl12O19, space group P63/mmc), dark grey (SrCO3, space group Pnma) and pink (elemental 

Al, space group Fm3̅m) ticks. The refined mass% are given in Table 28. 
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Table 28. Results of the Rietveld refinement of the oxidation of SrAl2 in an STA device for two different dwelling 

times at 1273 K. 

Dwelling time / h refined fractions / mass% Figure 

 Sr3Al2O6 SrAl2O4 SrAl12O19 SrAl4 SrCO3 Al 

0 35(1) 31(1) – 8(1) 14(1) 12(1) Figure S38 

5 31(1) 54(1) 9(1) – 3(1) 2(1) Figure 62 

Table 29. Results of the Rietveld refinement of the oxidation of SrAl2 in a tube furnace for subsequent annealing 

the sample for 12 hours at 1273 K. 

Total time / h refined fractions / mass% Figure 

 Sr3Al2O6 SrAl2O4 SrAl12O19 SrCO3 Al 

12 23(1) 56(1) 12(1) 6(1) 3(1)  

24 14(1) 79(1) 7(1) – – Figure S41 

36 9(1) 87(1) 4(1) – –  

The oxidation of SrAl2 leads to a mixture of different ternary oxides. The main product 

found, which is formed in high amounts after multiple annealing steps, is indeed the desired 

product SrAl2O4. However, a full conversion was not possible, comparable to the CaAl2 system. 

In analogy to the investigations involving CaAl2 the Sr-rich (when compared to the precursor) 

product Sr3Al2O6 could be identified initially. The Ca analogue Ca3Al2O6 was also observed in 

the respective studies, however, the formation there was probably suppressed by the more stable 

mayenite phase. After multiple reaction steps this product was found in less amounts. 

The resulting powder pattern of the oxidation reaction of BaAl2 in an STA setup at 1273 K 

with a dwelling time of 5 h is shown in Figure 63. The corresponding STA data are shown in 

the appendix (Figure S42). 
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Figure 63. Powder X-ray diffraction pattern of BaAl2 oxidized at 1273 K in an STA setup for 5 h. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference is shown as 

continuous blue line. Bragg positions are shown as green (BaAl2O4, space group P63, 97(1) mass%) and dark grey 

(BaCO3, space group Pnma, 3(1) mass%) ticks. 

While here the intended product BaAl2O4 (own type, P63)
[293, 294] could clearly be identified 

as the main product; a nanocrystalline side phase, as can be seen from the significantly 

broadened Bragg reflections visible in Figure 63, occurred. It was therefore tried to anneal the 

oxidized sample to get to a phase pure sample. This was indeed possible by applying multiple 

reaction steps with dwelling times between 6-24 hours. Figure 64 shows the powder X-ray 

diffractogram for three consecutive 24-hours reactions making it 72 h reaction / annealing time 

in total. A second example with twelve-hour steps is shown in the appendix (Figure S43). In 

both cases the purity of the obtained BaAl2O4 can highly be increased. 
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Figure 64. Powder X-ray diffraction patterns of BaAl2 oxidized at 1273 K in a tube furnace operating with pure 

oxygen flow for (top) initial 24 hours, followed by grinding and additional annealing for 24 hours, resulting in 

total times of (middle) 48 and (bottom) 72 hours. Experimental data is shown as black dots, simulated diffraction 

patterns from refinements as red line, the difference is shown as continuous blue line. Bragg positions are shown 

as green (BaAl2O4, space group P63) ticks. 

Since the compounds BaAl2O4 is reported to crystallize in a non-centrosymmetric space 

group, it would be interesting to test its SHG (Second Harmonic Generation)[295] properties. 

However, samples of BaAl2O4 obtained by oxidation reactions as well as the ones synthesized 

by mixing the nitrates (powder X-ray analysis shown in Figure 65) did not give any signal 

during SHG measurements. A detailed investigation of the obtained material in a high-

resolution TEM with the goal of confirming the non-centrosymmetric structure could not be 

performed during this work, but is highly promising, since the complete absence of SHG 

properties is yet unclear. 
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Figure 65. Powder X-ray diffraction patterns of BaAl2O4 obtained by the reaction of Ba(NO3)2 and Al(NO3)3. 

Experimental data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference 

is shown as continuous blue line. Bragg positions are shown as green (BaAl2O4, space group P63) ticks. 
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5.5.2.2 Oxidation reactions of AEAl4 

Leaving the composition of 1:2, another series of compounds that is suitable for 

investigations is the above-mentioned series of AEAl4 (AE = Ca, Sr, Ba). They crystallize almost 

isostructural with the Sr and Ba compound adopting BaAl4 type (I4/mmm) and CaAl4 adopting 

a monoclinic distortion variant at room temperature. These are also of interest for a proof-of-

principle investigation, as the corresponding AEAl4O7 oxides exist for all three alkaline earth 

metals.[296-298] 

For all three compounds the same experiments were conducted in the first place. All 

compounds were oxidized using the described STA setup with a mixture of argon and oxygen, 

applying heating rates of 20 K min–1 up to 1273 K for different annealing times (0 and 5 hours). 

Furthermore, oxidation reactions were performed in a tube furnace in a pure oxygen flow. Here 

different annealing times were used. The samples were initially heated for 5 hours and 24 hours. 

The annealing time given here as 48 hours corresponds to a second annealing of 24 hours after 

initial reaction for 24 hours.  

Figure 66 depicts the powder X-ray diffractogram after the oxidation of CaAl4 in an STA 

setup with a dwelling time of 5 hours. For this and all other oxidation reactions performed, 

Table 30 lists the phases that could be identified and the results of the Rietveld refinement. 

Corresponding STA data are given in the appendix (Figure S45 & Figure S46). Interestingly, 

the results obtained are quite comparable to the oxidation of CaAl2. The mayenite phase 

Ca12Al14O33 (Ca6Al7O16.5, own type I4̅3d),[299-301] is also found after the initial oxidation of 

CaAl4, however, in lower amounts (mass% determined by Rietveld analysis). Besides this 

product, other ternary oxides, which were also identified for the CaAl2 case, could be observed. 

The monoclinic CaAl2O4 (own type, P21/c)[302] as well as the expected product, when starting 

with this specific precursor, CaAl4O7 (own type).[296] A fourth ternary oxide, which was only 

found in small amounts is Ca5Al6O14 (own type Cmc21).
[303] A trend that can be observed is the 

vanishing of the mayenite phase with longer annealing times, respectively additional heating 

cycles. However, also with this precursor, it was not possible to obtain a phase-pure oxidation 

product. 
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Figure 66. Powder X-ray diffraction pattern of CaAl4 oxidized in an STA setup at 1273 K for 5 hours. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference is shown as 

continuous blue line. Bragg positions are shown as orange (Ca12Al14O33, space group I4̅3d), cyan (Al2O3, space 

group R3̅m), green (CaAl2O4, space group P21/c), brown (CaAl4O7, space group C21/c) and pink (elemental Al, 

Fm3̅m) ticks. The refined mass% are given in Table 30. 

Table 30. Results of the Rietveld refinements from powder X-ray diffraction data of the STA treated CaAl4 samples 

as well as the samples oxidized in a tube furnace for multiple times using pure elemental oxygen. Corresponding 

STA diagrams are shown in the appendix. 

STA phase contribution by PXRD / mass% Figure 

Dwelling time / h Ca12Al14O33 CaAl2O4 CaAl4O7 Al2O3 Al  

0 41(1) 17(1) 5(1) 10(1) 27(1) Figure S44 

5 27(1) 21(1) 14(1) 24(1) 14(1) Figure 66 

Tube furnace phase contribution by PXRD / mass% Figure 

Dwelling time/ h Ca12Al14O33 CaAl2O4 CaAl4O7 Ca5Al6O14 Al2O3 Al  

5 15(1) 30(1) 22(1) – 22(1) 11(1) Figure S47  

24 2(1) 30(1) 32(1) 8(1) 21(1) 6(1) Figure S48 

48 1(1) 32(1) 33(1) 6(1) 25(1) 4(1) Figure S48  

 

The same applies for SrAl4. Figure 67 depicts the diffractogram after the oxidation of SrAl4 

in an STA setup with a dwelling time of 5 hours. The corresponding STA data are given in the 

appendix (Figure S50 & Figure S51). For this and all other oxidation reactions performed, Table 

31 lists the phases that could be identified and the results of the Rietveld refinement. The 

identified oxides have already been discussed in the discussion of the oxidation of SrAl2. In 

comparison to CaAl4 the main product found after initial oxidation is Sr rich, being Sr3Al2O6 

alongside SrAl2O4, following all trends already discussed. Interestingly, no hint for a potential 

SrAl4O7, which would be the expected product could be identified. Longer annealing as well as 

multiple reaction steps could not give phase pure products or dramatically change the outcome 

of the reaction. 
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Figure 67. Powder X-ray diffraction pattern of SrAl4 oxidized at 1273 K in an STA setup for 5 h. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference is shown as 

continuous blue line. Bragg positions are shown as green (SrAl2O4, space group P21), brown (SrAl12O19, space 

group P63/mmc), pink (elemental Al, space group Fm3̅m) and purple (Sr3Al2O6, space group Pa3̅) ticks. The refined 

mass% are given in Table 31. 

Table 31. Results of the Rietveld refinements from powder X-ray diffraction data of the STA treated SrAl4 samples 

as well as the samples oxidized in a tube furnace for multiple times using pure elemental oxygen.  

STA phase contribution by PXRD / mass% 

Dwelling time / h Sr3Al2O6 SrAl2O4 SrAl12O19 SrAl4 Al Figure 

0 6(1) 51(1) – 26(1) 17(1) Figure S49 

5 11(1) 57(1) 23(1) – 11(1) Figure 67 

Tube furnace phase contribution by PXRD / mass% 

Dwelling time / h Sr3Al2O6 SrAl2O4 SrAl12O19 SrAl4 Al 

5 9(1) 59(1) 13(1) 4(1) 14(1) Figure S52 

24 6(1) 56(1) 28(1) – 10(1) Figure S53 

48 2(1) 62(1) 34(1) – 2(1) Figure S53 

 

For the oxidation of BaAl4 an analogous observation to the oxidation of “BaAl2” was made. 

As can be seen in Figure 68 the diffractogram clearly shows BaAl2O4 as main phase after initial 

oxidation of BaAl4 in an STA setup at 1273 K with a dwelling time of 5 hours. Besides the main 

product, broad reflections that cannot be refined in a meaningful way were observed. The 

corresponding STA data is shown in the appendix (Figure S54). 
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Figure 68. Powder X-ray diffraction pattern of BaAl4 oxidized at 1273 K in an STA setup for 5 h. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference is shown as 

continuous blue line. Bragg positions are shown as green (BaAl2O4, space group P63, 82(1) mass%), cyan (Al2O3, 

space group R3̅m, 14(1) mass%) and pink (elemental Al, space group Fm3̅m, 4(1) mass%) ticks. 

Longer reaction and annealing times yield BaAl2O4 as highly crystalline material, 

alongside with small reflections of a minor component, that could not be identified yet. 

Corresponding powder X-ray diffractograms of an initial reaction in a tube furnace setup 

together with the results after additional annealing for 24 h are shown in Figure 69. 

To give a short conclusion, for all investigations conducted by bulk oxidation of powdered 

samples of SrAl2, “BaAl2”, CaAl4, SrAl4 and BaAl4: Only for nominal BaAl2 the anticipated 

product could be obtained even after short reaction and dwelling times. For all other examples 

discussed, it was possible to identify multiple binary and ternary oxides after the reaction. A 

dependence on the gas atmosphere, being either pure O2 within the tube furnace or a mixture 

close to air (80% argon, 20% oxygen) in the STA setup was not observed. 
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Figure 69. Powder X-ray diffraction patterns of BaAl4 oxidized at 1273 K in a tube furnace operating with pure 

oxygen flow for (top) initial 24 hours, followed by grinding and additional annealing for 24 hours, resulting in a 

total time of (bottom) 48 h. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red line, the difference is shown as continuous blue line. Bragg positions are shown as green 

(BaAl2O4, space group P63) and pink (elemental Al, space group Fm3̅m) ticks. Besides BaAl2O4 identified as the 

main phase at least one unidentified impurity is present. 
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5.5.2.3 Reactions performed under reduced oxygen flow 

To test the title compounds for possible decomposition (or phase transition) prior to the 

oxidation reaction, an STA measurement was carried out under inert conditions. It was found 

that even if the oxygen towards the device is turned off it is not completely closed. So, working 

under an inert atmosphere is not possible. However, the results of the ongoing reactions for 

these three compounds are quite interesting. It contains information about the influence of an 

oxygen reduced atmosphere. 

For the reactions performed here, the three compounds were heated to 1273 K without 

additional dwelling time. The sample was immediately cooled to room temperature. Figure 70 

to Figure 72 display the three diffractograms for the product of CaAl4, SrAl4 and BaAl4. 

Corresponding STA data are presented in the appendix (Figure S55 - Figure S57). It can already 

be seen that the mass gain of the samples is below 15 %, which is less than for the oxidation 

reactions with higher amounts of oxygen. For all three compounds it can clearly be seen that 

the precursor is still visible and has not fully reacted. However, oxidic phases have formed in 

all cases. 

In the case of the Ca compound, only the mayenite phase (Ca12Al14O33) is visible as an 

oxidic phase (32 mass%) alongside unreacted precursor CaAl4 (36 mass%) and elemental 

aluminum (32 mass%). This labels the mayenite phase as the phase formed at the beginning of 

the oxidation process underlining the claim that it is the kinetically favored product. 

 

Figure 70. Powder X-ray diffraction pattern of CaAl4 oxidized in an STA setup at 1273 K without dwelling time 

under “inert atmosphere”. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red line, the difference is shown as continuous blue line. Bragg positions are shown as black (CaAl4, 

space group C2/m, 36(1) mass%), pink (elemental Al, space group Fm3̅m, 32(1) mass%) and orange (Ca12Al14O33, 

space group I4̅3d, 32(1) mass%) ticks. 



265 

 

In the Sr case only minor reflections that give hints on an oxidic product can be identified. 

SrAl4 is still the main phase (58 mass%). They can be matched to SrAl2O4 (16 mass%). 

Interestingly, broad reflections of SrCO3 (10 mass%) can be identified, that could appear due 

to SrO being formed during the reaction but then reacts under ambient conditions. The binary 

oxide CaO was detected for the oxidation of CaAl2 to form initially. Elemental Al is also present 

(16 mass%). For the Ba compound an analogous trend was observed. The precursor is still 

present in high amounts (70 mass%), however the oxidation products BaAl2O4 (19 mass%) and 

BaCO3 (2 mass%) alongside with elemental Al (9 mass%) was identified. 

The reactions performed at low oxygen content give a hint on the products formed at the 

beginning of the oxidation process, since the materials cannot fully oxidize. The products 

obtained are comparable to the bulk oxidations discussed above. These findings give a strong 

hint that the adjustment of the atmosphere can significantly influence the outcome of the 

reaction. It cannot be excluded that also the absence of dwelling time is responsible for these 

findings. However, for future investigations a combination of adjusting these parameters needs 

to be included, to further investigate the reaction mechanism and isolate the products that are 

formed at the beginning of oxidation. 

 

Figure 71. Powder X-ray diffraction pattern of SrAl4 oxidized in an STA setup at 1273 K without dwelling time 

under “inert atmosphere”. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red line, the difference is shown as continuous blue line. Bragg positions are shown as black (SrAl4, 

space group I4/mmm, 58(1) mass%), green (SrAl2O4, space group P21, 16(1) mass%), pink (elemental Al, space 

group Fm3̅m, 16(1) mass%) and dark grey (SrCO3, space group Pnma, 10(1) mass%) ticks. 
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Figure 72. Powder X-ray diffraction pattern of BaAl4 oxidized in an STA setup at 1273 K without dwelling time 

under “inert atmosphere”. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red line, the difference is shown as continuous blue line. Bragg positions are shown as black (BaAl4, 

space group I4/mmm, 70(1) mass%), green (BaAl2O4, space group P63, 19(1) mass%), pink (elemental Al, space 

group Fm3̅m, 9(1) mass%) and dark grey (BaCO3, space group Pnma, 2(1) mass%) ticks.  
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5.5.2.4 High-energy ball milling of the precursors 

For the three compounds AEAl4 (AE = Ca, Sr, Ba), a ball milling study was carried out. 

Approx. 1 g of the powdered precursor was filled into a home-built stainless-steel jar (stainless-

steel 1.4125) with a volume of 5 mL. This was used in a Mixer Mill, MM400 (Retsch, Haan, 

Germany), using one stainless steel ball (∅ = 10 mm; mass of ∼4 g) and a frequency of 30 Hz 

for different times (5–270 min). For SrAl4 and BaAl4 before each milling step 300 μL of DME 

(1,2-dimethoxyethane) were added to the milling jar to avoid cementation. The milling of CaAl4 

was performed under dry conditions leading to severe problems concerning cementation. The 

milling jar was loaded in an argon filled glove box, also the addition of the DME was performed 

under inert conditions. 

Powder X-ray diffractograms were obtained for samples of CaAl4 (Figure 73) and SrAl4 

(Figure 75) ball milled for 180, respectively 270 minutes. The data for BaAl4 are shown in the 

Appendix (Figure S58). In the case of CaAl4 the side phases Al and CaAl2 were present from 

the beginning as discussed before. In all cases, it can clearly be seen that the crystallite size 

decreases by the mechanical impact visible by the broadening of all reflections.  

As explained for the CaAl4 severe cementation of the sample occurred, also changing the 

mass% ratios of CaAl4, CaAl2 and Al. However, Figure 74 shows the diffractogram of an STA 

reaction after 180 minutes of milling. In contrast to all reactions discussed before, the mayenite 

phase could be suppressed and mainly the ternary oxide CaAl2O4 (43 mass%) and targeted 

CaAl4O7 (35 mass%) are present, besides Al2O3 and elemental Al which still could be identified. 

Figure S59 in the appendix depicts the corresponding STA data showing a strong exothermal 

signal after oxidation, which is clearly in contrast to the oxidation reactions done with the 

pristine material. This emphasizes the fact that the oxidation of intermetallic compounds can be 

tuned by ball milling the precursor. 

The compounds SrAl4 and BaAl4 could not be further oxidized due to the pyrophoric 

character of the samples. The experiments for these compounds must be repeated. However, 

the ball milled samples show severe broadening of the reflections, promising an activated 

precursor. 
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Figure 73. Powder X-ray diffraction pattern of (top) pristine (nominal) CaAl4 and (bottom) ball milled for 180 

minutes. Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, 

the difference is shown as continuous blue lines. Bragg positions are shown as orange (CaAl4, space group C2/m, 

(top) 72(1) mass%, (bottom) 47(1) mass%), green (CaAl2, space group Fd3̅m, (top) 8(1) mass%, (bottom) 

7(1) mass%) and grey (elemental Al, space group Fm3̅m, (top) 20(1) mass%, (bottom) 45(1) mass%) ticks. 
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Figure 74. Powder X-ray diffraction pattern of CaAl4 oxidized in an STA setup at 1273 K for 5 hours after 180 

minutes of ball milling the precursor. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red line, the difference is shown as continuous blue line. Bragg positions are shown as green 

(CaAl2O4, space group P21/c, 43(1) mass%), brown (CaAl4O7, space group C21/m, 35(1) mass%), cyan (Al2O3, 

space group R3̅m, 16(1) mass%), pink (elemental Al, space group Fm3̅m, 4(1) mass%) and orange (Ca12Al14O33, 

space group I4̅3d, 2(1) mass%) ticks. 

 

Figure 75. Powder X-ray diffraction pattern of (top) pristine SrAl4 and (bottom) a ball milled sample after 270 

minutes. Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, 

the difference is shown as continuous blue lines. Bragg positions are shown as orange (SrAl4, space group I4/mmm) 

ticks.  
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5.5.3 Chalcogenides of the general composition MAlxXy (M = Ca, Sr, Ba, Yb, Eu; 

X = S, Se; x = 2 and 4; y = 4 and 7) synthesized starting with intermetallic 

precursors 

5.5.3.1 Synthesis of BaAl4S7 and attempts to expand the series to the lighter homologues 

As already explained in section 2.2.1, the group of Schäfer synthesized the compound 

BaAl4S7 by using a precursor of BaAl4. The material recently received new attention due to its 

large band gap of 3.95 eV making it suitable as potential mid-IR nonlinear optical material.[304] 

Within the latest work it was synthesized using the respective metal sulfides. 

Within this work, a synthetic route as potential general procedure to this compound was 

tested, by grinding BaAl4 and sulfur in the correct stoichiometric ratio, pressing it to a pellet 

and heating the sample in a corundum crucible that was sealed in an evacuated silica ampoule. 

The temperature program that was used included two annealing steps and 673 and 973 K with 

annealing times of 12 and 120 h respectively. The heating rate was 50 K h–1. The sample was 

cooled at a rate of approximately 10 K h–1. The same synthetic protocol was applied to CaAl4 

and SrAl4. The resulting powder X-ray analysis for the Ba compound is shown in Figure 76. 

 

Figure 76. Powder X-ray diffraction pattern of the compound BaAl4S7 synthesized by the reaction of BaAl4 with 

seven equivalents sulfur. Experimental data is shown as black dots, simulated diffraction patterns from refinements 

as red lines, the difference is shown as continuous blue lines. Bragg positions are shown as orange (BaAl4S7, space 

group Pmn21, 94(1) mass%) and pink (BaAl2S4, space group Pa3̅, 6(1) mass%) ticks. 

The compound was obtained almost phase-pure with an impurity of cubic BaAl2S4 

(CaB2O4 type space group Pa3̅) of 6 mass%. The structural model of BaAl4S7 obtained from 

single-crystal investigations[166] is in good agreement with the powder-pattern. The refined 

lattice parameters for BaAl4S7 are given in Table 32. 
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Table 32. Lattice parameters for the compound BaAl4S7 synthesized in this work.  

Compound method a / pm b / pm c / pm Figure 

BaAl4S7 powder* 1478.84(1) 621.80(1) 588.96(1) Figure 76 

BaAl4S7 single-crystal 1481.4(4) 621.8(2) 589.1(2) [166] 

With the knowledge that the synthetic procedure chosen here works fine for the Ba 

compounds, the lighter homologues, which are not known to literature, were tried via the same 

route. The X-ray powder patterns are shown in Figure 77. In the powder pattern of the reaction 

of CaAl4 with S8 only the reflections of the already discussed orthorhombic CaAl2S4 could be 

identified. The additional reflections could not be identified up until now. For the sulfidation of 

SrAl4, the powder pattern can be analyzed quite nicely using the structural model of 

orthorhombic SrAl2S4, which is found with ~65 mass% and cubic aluminum sulfide, Al2S3, 

which adopts a spinel related structure. Besides the cubic modification of Al2S3, also a 

tetragonal polymorph is reported. Both form under high pressure conditions[305, 306] or upon the 

incorporation of small amounts of other elements.[307, 308] The reason for the formation of the 

cubic polymorph must be investigated further since it could be a hint for the formation of a 

potential SrAl2S4 adopting the spinel type structure. 

However, in both cases no evidence of a newly formed AEAl4S7 (AE = Ca, Sr) could be 

found, assuming that these compounds cannot be synthesized in an identical way as BaAl4S7. 

One idea might be to test the reaction under high-pressure conditions or use high-energy ball 

milling to change the reaction pathway as shown before. Despite the different compositions of 

the precursor, CaAl2S4 and the respective Sr compound seem to be more stable than a potential 

AEAl4S7 (AE = Ca, Sr). 
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Figure 77. Powder X-ray diffraction pattern obtained after the reaction of (top) CaAl4 and (bottom) SrAl4 with 

seven equivalents of sulfur. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red lines, the difference is shown as continuous blue lines. (top) Bragg positions are shown as 

orange (CaAl2S4, space group Fddd) ticks. (bottom) Bragg positions are shown as orange (SrAl2S4, space group 

Fddd, 64(1) mass%) and green (Al2.67S4, space group Fd3̅𝑚, 36(1) mass%) ticks. 
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5.5.3.2 Synthesis and Single-Crystal analysis of YbAl2S4 

In section 2.2.1, the three isostructural compounds MAl2S4 (M = Ca, Sr and Eu) were 

discussed. The missing member of this series is the ytterbium compound, whose structure is not 

fully reported in literature. It was only described as a potential material for luminescent 

applications. Applying the same temperature program (as for EuAl2S4) for the reaction of YbAl2 

with four equivalents of sulfur, resulted in the X-ray powder pattern given in Figure 78. The 

compound YbAl2S4 adopting the EuGa2S4 structure type could be nicely identified alongside 

with at least one impurity that could not be identified yet. 

 

Figure 78. Powder X-ray diffraction pattern obtained after the reaction of YbAl2 with four equivalents of sulfur 

annealed at 1173 K. Experimental data is shown as black dots, simulated diffraction patterns from refinements as 

red lines, the difference is shown as continuous blue lines. Bragg positions are shown as orange (YbAl2S4, space 

group Fddd) ticks. 

Lowering the second annealing temperature from 1173 K to 973 improved the quality of 

the PXRD pattern (Figure 79). Lattice parameters are given in Table 33. Nevertheless, the 

compound could not be obtained phase pure yet. Cubic YbS was found as a side product 

(~12 mass%). Increasing the annealing temperature to 1273 K showed the desired YbAl2S4 only 

as a minor component (Figure 80). The remaining reflections could not yet be matched to any 

phase known yet. The decomposition of YbAl2S4, which is likely observed here, deserves 

further attention for future investigations. The batch, shown in Figure 80 however, could be 

used for the analysis of single crystals. A picture of the obtained orange single crystals is shown 

in Figure 81. All crystals that were analyzed corresponded to YbAl2S4 whose structure could be 

refined. A detailed structure description is not given here, since its crystal structure is 

isostructural to the already discussed Ca, Sr and Eu compounds. Details of the refinement are 

found in Table 34 - Table 36. To conclude, it seems that YbAl2S4 is formed during the reaction 
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of YbAl2 and sulfur. However, it needs to be proven in future investigations whether the 

compound decomposes at higher temperatures or if there is a problem during the actual 

synthesis. The byproducts found in the Rietveld refinement of the X-ray diffractograms in 

Figure 78 and Figure 80 raise other interesting questions, since it is not clear what they are. 

Here the experiments need to be repeated to confirm the thus far observed behavior and to e.g. 

exclude contaminations by oxygen. 

 

Figure 79. Powder X-ray diffraction pattern obtained after the reaction of YbAl2 with four equivalents of sulfur 

annealed at 973 K. Experimental data is shown as black dots, simulated diffraction patterns from refinements as 

red lines, the difference is shown as continuous blue lines. Bragg positions are shown as orange (YbAl2S4, space 

group Fddd, 88(1) mass%) and green (YbS, space group Fm3̅m, 12(1) mass%) ticks. 

 

Figure 80. Powder X-ray diffraction pattern obtained after the reaction of YbAl2 with four equivalents of sulfur 

annealed at 1273 K. Experimental data is shown as black dots, simulated diffraction patterns from refinements as 

red lines, the difference is shown as continuous blue lines. Bragg positions are shown as orange (YbAl2S4, space 

group Fddd) ticks. The remaining reflections could not be indexed. 
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Table 33. Lattice parameters for the compound YbAl2S4 synthesized in this work.  

Compound method a / pm b / pm c / pm Figure 

YbAl2S4 powder* 1205.08(3) 2003.15(5) 2017.44(5) Figure 79 

YbAl2S4 SC* 1205.23(4) 1999.21(7) 2009.38(7)  

YbAl2S4 powder 602.0 1002.9 1004.5 [309], $ 

* This work; $ In this report no detailed structure description of YbAl2S4 is given, only unit cell 

parameters of an orthorhombic structure (likely to be the structure with space group Cccm, vide 

infra) were determined. 

 

 

Figure 81. Picture of single crystals obtained after the reaction of YbAl2 with four equivalents of sulfur annealed 

at 1272 K. 
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Table 34. Crystallographic data and structure refinement from single-crystal X-ray diffraction 

experiments for YbAl2S4. 

Nominal composition YbAl2S4 

Refined composition YbAl2S4 

Structure type EuGa2Se4 (Fddd) 

Lattice parameters a (pm) 1205.23(4) 

 b (pm) 1999.21(7) 

 c (pm) 2009.38(7) 

 V (nm3) 4.8416 

Molar mass, g mol-1 355.2 

Density calc., g cm-3 3.8988 

Crystal size, µm 40×40×10 

Detector distance, mm 31 

Exposure time, s 10 

Range in hkl  –19 < h < 18; –26 < k < 31; –29 < l < 30 

min, max, deg 2.22, 34.83 

Linear absorption coeff., mm–1 16.977 

No. of reflections 22052 

Rint / Rσ 0.0215 / 0.0118 

No. of independent reflections 2414 

Reflections used [I  3(I)] 1526 

F(000), e 5120 

R1 / wR2 for I  3(I) 0.0134 / 0.0415 

R1 / wR2 for all data 0.0260 / 0.0466 

Data / parameters 2414 / 66 

Goodness-of-fit on F2 1.11 

Extinction coefficient – 

Diff. Fourier residues /e– Å–3 +0.95 / –0.74  

Table 35. Atom positions and equivalent isotropic displacement parameters (pm2) for nominal 

YbAl2S4. Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 

Atom Wyckoff position x y z Ueq 

Yb1 16g 1/8 1/8 0.37315(5) 53(1) 

Yb2 8b 1/8 1/8 5/8 54(1) 

Yb3 8a 1/8 1/8 1/8 55(1) 

Al1 32h 0.16558(4) 0.30382(2) 0.00010(3) 56(2) 

Al2 32h 0.37702(3) 0.01147(3) 0.00058(3) 61(2) 

S1 32h 0.00114(12) 0.49973(5) 0.084386(19) 50(1) 

S2 32h 0.25091(12) -0.00006(5) 0.165111(19) 48(1) 

S3 32h 0.25323(3) 0.094100(19) 0.00105(5) 59(1) 

S4 32h 0.26429(3) 0.329643(19) 0.24913(5) 53(1) 
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Table 36. Interatomic distances (pm) for YbAl2S4. Standard deviations for the interatomic 

distances are ≤0.2 pm. 

Yb1 (16g) 2 S3 300.0 Al2 (32h) 1 S3 222.6 

 2 S4 300.2  1 S1 226.4 

 2 S2 301.1  1 S1 226.5 

 2 S1 304.3  1 S4 227.3 

 2 Al2 372.5  1 Al2 300.0 

 2 Al1 380.9 S1 (32h) 1 Al2 226.4 

Yb2 (8b) 4 S4 300.0  1 Al2 226.5 

 4 S1 302.7 S2 (32h) 1 Al1 225.7 

 4 Al2 371.7   1 Al1 226.1 

Yb3 (8a) 4 S3 299.6 S3 (32h) 1 Al2 222.6 

 4 S2 303.3  1 Al1 226.3 

 4 Al1 383.6 S4 (32h) 1 Al1 222.8 

Al1 (32h) 1 S4 222.8  1 Al2 227.3 

 1 S2 225.7 

 1 S2 226.1 

 1 S3 226.3 

 1 Al1 296.2 
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5.5.3.3 Synthesis of MAl2Se4 (M = Ca, Eu, Yb) and CaAl2Se4 

Expanding the investigations regarding the use of intermetallic precursors for the synthesis 

of chalcogenides, the following section deals with the selenization of intermetallic compounds. 

For initial experiments the compounds used before were tried as precursor materials. Table 37 

summarizes the refined lattice parameters of the investigated compounds, namely the MAl2Se4 

series with M = Ca, Eu and Yb, which will be discussed in the following.  

Table 37. Lattice parameters for the compounds MAl2Se4 synthesized in this work alongside 

literature references. 

Compound method a / pm b / pm c / pm Figure 

CaAl2Se4 powder* 1265.77(1) 2096.80(1) 2109.14(6) Figure 84 

CaAl2Se4 single crystal* 1265.48(4) 2096.13(7) 2108.58(7)  

CaAl2Se4 powder 633(1) 1048(1) 1053(1) [167], § 

EuAl2Se4 powder* 1258.80(2) 2146.07(3) 2169.42(4) Figure 82 

EuAl2Se4 – 1258(1) 2146(2) 2165.4(2) [310] 

YbAl2Se4 powder* 1266.01(4) 2096.17(6) 2109.53(4) Figure 83 

* This work; § In this report of CaAl2Se4 it was reported to crystallize in its own type 

(Cccm), with two Al split positions. 

 

EuAl2Se4 has been synthesized before and is reported to be isostructural to the sulfur 

compound. This compound could be obtained phase pure based on X-ray powder analysis as 

can be seen in Figure 82. As for the synthetic conditions, the powders (EuAl2 and elemental Se) 

were mixed, pressed to pellets and heated in graphitized silica ampoules. As a temperature 

program two dwelling periods at 973 and 1273 K for 10 hours were applied. Heating and 

cooling rates of 50 K h–1 were used. The structure model reported for EuAl2S4 was used to fit 

the X-ray powder pattern. 
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Figure 82. Powder X-ray diffraction pattern of the compound EuAl2Se4 synthesized by the reaction of EuAl2 with 

four equivalents selenium. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red lines, the difference is shown as continuous blue lines. Bragg positions are shown as orange 

(EuAl2Se4, space group Fddd) ticks. 

In case of the Yb compound, the same temperature program was applied, leading to the X-

ray powder pattern shown in Figure 83. The same structural model of EuAl2Se4 was used as a 

starting point and the powder pattern could be simulated quite well. However, another sample 

must be synthesized by applying slower cooling rates to yield single crystals for structural 

analysis. 

 

Figure 83. Powder X-ray diffraction pattern of the compound YbAl2Se4 synthesized by the reaction of YbAl2 with 

four equivalents selenium. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red lines, the difference is shown as continuous blue lines. Bragg positions are shown as orange 

(YbAl2Se4, space group Fddd) ticks. 

Lastly, the Ca compound shall be discussed. It was synthesized as discussed before. The 

powder diffraction pattern is shown in Figure 84. The compound is described in literature to 
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crystallize in the orthorhombic crystal system with space group Cccm in an analogous way to 

the Sr compound. However, it is reported that the structure has two Al positions, which are 

given as partially occupied split positions, which seems incorrect.[167] 

 

Figure 84. Powder X-ray diffraction pattern of the compound CaAl2Se4 synthesized by the reaction of CaAl2 with 

four equivalents selenium. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red lines, the difference is shown as continuous blue lines. Bragg positions are shown as orange 

(CaAl2Se4, space group Fddd) ticks. 

Figure 85 shows an enlarged section of the powder diffraction pattern with two different 

structure types for the refinement. The top picture clearly reveals that some superstructure 

reflections are visible in the diffractogram, which can only be refined if the already discussed 

structure of EuAl2S4 with space group Fddd is used. The smaller unit cell with space group 

Cccm does not describe all observed reflections properly. 
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Figure 85. Zoomed in region of the X-ray powder pattern of CaAl2Se4 simulated using two different space groups 

(structure types), namely (top) Fddd and (bottom) Cccm. Experimental data is shown as black dots, simulated 

diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg positions 

are shown as orange (CaAl2Se4, space group Fddd) and pink (CaAl2Se4, space group Cccm) ticks. 

For confirmation of the findings of the powder diffraction analysis, single crystals of 

CaAl2Se4 were grown by applying slow cooling rates. Pictures of the reddish crystals are shown 

in Figure 86. Details of the refinement are found in Table 38 - Table 40. It is also possible to 

find a structural relationship expressed by a Bärnighausen formalism[45-48] shown in Figure 87, 

indicating that the enlarged unit cell with space group Fddd originates from the unit cell 

described with space group Cccm, leading to a splitting of the atomic positions. With these 

structures being so similar, it could be speculated that the weak superstructure reflections could 

not be observed when the crystal structure was investigated back in 1978 on a Stoe Stadi II. A 

detailed description of the structure will not be given, since it is reported in literature and has 

been discussed several times. Figure 87 shows the unit cells for both structure types. On the 

left, the smaller unit cell (space group Cccm) is shown, while on the right the enlarged unit cell 

is depicted showing the movement of the Al and Se atoms. 
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Figure 86. Picture of single crystals obtained after the reaction of CaAl2 with four equivalents of selenium. 

 

 

Figure 87. Bärnighausen formalism[45-48] indicating the structural relationship of the structure of Ca(Sr)Al2S4 

found in literature and the identified structure for CaAl2Se4 adopting the EuGa2S4 structure type with space group 

Fddd. 
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Figure 88. (left) Unit cell of CaAl2Se4, described in literature, adopting the SrAl2Se4 type structure (space group 

Cccm) and (right) the observed unit cell of the 2×2×2 superstructure adopting the EuGa2S4 type structure (space 

group Fddd). Ca, Al and Se are depicted as green, grey and orange spheres. 
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Table 38. Crystallographic data and structure refinement from single-crystal 

X-ray diffraction experiments for CaAl2Se4. 

Nominal composition CaAl2Se4 

Refined composition CaAl2Se4 

Structure type EuGa2Se4 (Fddd) 

Lattice parameters a (pm) 1265.48(4) 

 b (pm) 2096.13(7) 

 c (pm) 2108.58(7) 

 V (nm3) 5.5932 

Molar mass, g mol-1 409.9 

Density calc., g cm-3 3.894 

Crystal size, µm 50×30×25  

Detector distance, mm 40 

Exposure time, s 10 

Range in hkl  h ± 19, k ± 32, l ± 32 

min, max, deg 2.11, 33.16 

Linear absorption coeff., mm–1 21.848 

No. of reflections 54144 

Rint / Rσ 0.0468 / 0.0166 

No. of independent reflections 2686 

Reflections used [I  3(I)] 1593 

F(000), e 5824 

R1 / wR2 for I  3(I) 0.0223 / 0.0254 

R1 / wR2 for all data 0.0515 / 0.0293 

Data / parameters 2686 / 67 

Goodness-of-fit on F2 1.27 

Extinction coefficient 280(40) 

Diff. Fourier residues /e– Å–3 +1.01 / –1.30 

Table 39. Atom positions and equivalent isotropic displacement parameters (pm2) for CaAl2Se4. 

Ueq is defined as one third of the trace of the orthogonalized Uij tensor.  

Atom Wyckoff position x y z Ueq 

Ca1 16g 1/8 1/8 0.37315(4) 162(4) 

Ca2 8b 1/8 1/8 5/8 199(5) 

Ca3 8a 1/8 1/8 1/8 196(5) 

Al1 32h 0.16657(5) 0.30384(3) 0.00014(5) 131(2) 

Al2 32h 0.37750(5) 0.01099(3) 0.00062(5) 131(2) 

Se1 32h 0.00129(4) 0.499750(19) 0.086024(11) 131(1) 

Se2 32h 0.25120(4) -0.000229(18) 0.163344(11) 127(1) 

Se3 32h 0.250523(17) 0.093389(12) 0.00126(2) 139(1) 

Se4 32h 0.264492(19) 0.331406(11) 0.24890(2) 127(1) 
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Table 40. Interatomic distances (pm) for CaAl2Se4. Standard deviations for the interatomic distances 

are ≤0.2 pm. 

Ca1(16g) 2 Se4 313.3 Al2 1 Se3 235.9 

 2 Se3 313.9  1 Se1 239.6 

 2 Se2 314.4  1 Se1 239.9 

 2 Se1 318.3  1 Se4 240.8  

 2 Al2 389.9  1 Al2 313.5 

 2 Al1 399.0 Se1 1 Al2 239.6 

Ca2(8b) 2 Se4 314.0  1 Al2 239.9 

 2 Se4 314.1 Se2 1 Al1 239.1 

 4 Se1 316.6  1 Al1 239.6 

 4 Al2 389.1 Se3 1 Al2 235.9 

Ca3(8a) 4 Se3 312.5  1 Al1 239.6 

 4 Se2 317.8 Se4 1 Al1 236.3 

 4 Al1 401.8  1 Al2 240.8 

Al1(32h) 1 Se4 236.3 

 1 Se2 239.1 

 1 Se3 239.6 

 1 Se2 239.6 

 1 Al1 309.1 
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5.5.4 The obscure oxidation behavior of HfAl2 – A high temperature in situ study 

The work on Hf4VAl7 and especially the solid solution Hf(V1–xAlx)2 did not only inspire 

the work on intermetallic compounds described in section 5.2.1. It also posed the questions 

what happens if the endmembers HfAl2 and HfV2 are oxidized and if the ternary compounds 

such as nominal HfVAl (Hf(V0.5Al0.5)2) show a totally different oxidation behavior.  

In comparison to the topics before, it must be mentioned that for Hf and Al no ternary oxide 

is known. It is therefore expected that the oxidation of HfAl2 leads to the phase segregation into 

HfO2 and Al2O3.
[24] For the first experiments, the oxidation reactions were performed in an STA 

system at 1273 K with a dwelling time of 5 h. Corresponding STA data are summarized in the 

appendix (Figure S60 - Figure S63). 

For nominal HfVAl, a mixture of all three oxides, namely Al2O3 (corundum, R3̅c), V2O5 

(own type Pmmn)[311] and HfO2 (ZrO2 type P21/c)[312] is visible, and the powder X-ray 

diffraction pattern can be refined nicely, as can be seen in Figure 89. 

 

Figure 89. Powder X-ray diffraction pattern obtained after the reaction of Hf(V0.5Al0.5) 2 in an STA setup at 1273 K 

for 5 h. Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, the 

difference is shown as continuous blue lines. Bragg positions are shown as pink (HfO2, space group P21/c, 

56(1) mass%), dark yellow (V2O5, space group Pmmn, 23(1) mass%) and cyan (Al2O3, space group R3̅c, 

21(1) mass%) ticks. 

For HfV2, the powder X-ray pattern (Figure 90) of the oxidation product shows HfO2 and 

V2O5. The reflections, however, could not be matched to the only existing ternary oxide HfV2O7 

(SiP2O7 type, Pa3̅).[313] Some minor undescribed reflections could not be matched to an existing 

phase so far. 
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Figure 90. Powder X-ray diffraction pattern obtained after the reaction of HfV2 in an STA setup at 1273 K for 5 h. 

Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, the 

difference is shown as continuous blue lines. Bragg positions are shown as pink (HfO2, space group P21/c, 

61(1) mass%) and dark yellow (V2O5, space group Pmmn, 39(1) mass%) ticks. 

 

Figure 91. Powder X-ray diffraction pattern obtained after the reaction of HfAl2 in an STA setup at 1273 K for 

5 h. Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, the 

difference is shown as continuous blue lines. Bragg positions are shown as orange (HfO2, space group P42/nmc, 

55(1) mass%) and pink (HfO2, space group P21/c, 45(1) mass%) ticks. 

The oxidation of HfAl2 resulted in the powder X-ray diffractogram shown in Figure 91. In 

contrast to the data shown before, the sample shows extremely broad reflections. The reflections 

could be fitted to a mixture of HfO2 in the already mentioned monoclinic ambient temperature 

(and pressure) phase. The other reflections could be matched to a phase described as a high 

temperature phase.[314] For HT-HfO2, a cubic and tetragonal phase, which are related, are 

reported. Due to the quality of the data, it cannot be clarified which one is present here. It can 

only be concluded that the obtained powder pattern highly differs from the ambient temperature 
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phase. This mixture of the two polymorphs is puzzling, since this observation was not made for 

the oxidation of the other two phases.  

This system deserved further investigation. One problem with the investigations in the STA 

system available here, is that the product formation seems quite inconsistent, which means that 

in the repetition of the experiment above with the same temperature program, the following 

powder pattern (Figure 92) was obtained, showing only the monoclinic phase of HfO2. It is 

therefore likely that the phase formation within this system is not easy to understand. One 

reason could be slight changes in the reaction pathway.  

 

Figure 92. Powder X-ray diffraction pattern obtained after the reaction of HfAl2 in an STA setup at 1273 K for 

5 h. Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, the 

difference is shown as continuous blue lines. Bragg positions are shown as pink (HfO2, space group P21/c, 

58(1) mass%), cyan (Al2O3, space group R3̅c, 29(1) mass%), orange (HfO2, space group P42/nmc, 8(1) mass%) 

and grey (HfAl3, space group I4/mmm, 5(1) mass%) ticks. 

A repetition of the experiments within the tube furnace operating at pure oxygen gave more 

insight. Figure 93 shows the diffractograms obtained after initial reaction of HfAl2 at 1273 K 

for 1 and 24 hours. Oxidation of only one hour shows broadened reflections matching the cubic 

(or tetragonal) HT-HfO2. After 24 hours of dwelling, the monoclinic polymorph of HfO2 is 

found as the main phases, however, the reflections are still broadened. To further investigate 

this obscure behavior an in-situ study using an XRK900 was applied. A sample of HfAl2 was 

heated at 100 K steps, dwelled there for 10 minutes. Afterwards, a measurement was started. 

The data recorded at 303, 1073 and 1173 K (maximum temperature of the system) are shown 

in Figure 94. One can see that oxidation happens between the last two steps. However, a mass 

fraction increase of HfAl3 is seen, probably due to the beginning of the oxidation of HfAl2, with 
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the Hf oxidizing before the Al. The occurrence of the intermetallic “intermediate” HfAl3 is 

comparable to the findings of ScAl3 and YbAl3 described before. 

In summary, it can be said that the results regarding the oxidation behavior of HfAl2 cannot 

be explained conclusively. Synthetic conditions as well as probably the exact composition of 

the precursors seem to play a crucial role. The formation of two different polymorphs could 

depend on different amounts of Al3+ which are incorporated into the structure and might 

stabilize the high-temperature polymorph. To clarify these results, future investigations and a 

more detailed analysis are necessary. 

 

Figure 93. Powder X-ray diffraction pattern obtained after the reaction of HfAl2 in a tube furnace setup operated 

at pure oxygen at 1273 K with dwelling times of (top) one and (bottom) 24 hours. Experimental data is shown as 

black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue 

lines. Bragg positions are shown as orange (HfO2, space group P42/nmc, (top) 86(1) mass%, (bottom) 

10(1) mass%) and pink (HfO2, space group P21/c, (top) 14(1) mass%, (bottom) 90(1) mass%) ticks. 
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Figure 94. Powder X-ray diffraction pattern obtained after the reaction of HfAl2 in an XRK setup: Diffratograms 

shown are recorded at (top) 303, (middle) 1073 and (bottom) 1173 K in the first heating cycle. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as green (HfAl2, space group P63/mmc, (top) 97(1) mass%, 

(middle) 82(1) mass%, (bottom) 8(1) mass%), dark grey (HfAl3, space group I4/mmm, (top) 3(1) mass%, (middle) 

18(1) mass%, (bottom) 6(1) mass%), orange (HfO2, space group P42/nmc, (top) 0 mass%, (middle) 0 mass%, 

(bottom) 67(1) mass%) and pink (HfO2, space group P21/c, (top) 0 mass%, (middle) 0 mass%, (bottom) 

18(1) mass%) ticks. 
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5.6 Cooperation work 

During this thesis, in which solid state nuclear resonance spectroscopy was used as a major 

part, cooperation work on other systems have been carried out. In the following section the 

publications that were published are presented. For further information, the reader is referred 

to the publications.  

5.6.1 Structure, physical and 27Al NMR-spectroscopic properties of the 

equiatomic compounds of the type REAlRh (RE = Sm, Tb, Dy, Er, and Lu) 

Published as an article 

Mathis Radzieowski, Elias C. J. Gießelmann, Stefan Engel and Oliver Janka, Z. Naturforsch. B 

2024, 79, 459. 

https://doi.org/10.1515/znb-2024-0053 

Within the series of the equiatomic REAlRh compounds, the representatives with RE = Y, 

La–Nd, Gd, Ho, Tm and Yb have been synthesized and reported before. The members in 

between with RE = Sm, Tb, Dy, Er and Lu, however, were not reported yet. The missing 

members of this series have been synthesized and structurally as well as magnetically and NMR 

spectroscopically characterized. All members crystallize isostructurally in the orthorhombic 

TiNiSi type structure, similar to most of the known REAlRh series. The evolution of their unit 

cell volumes exhibits the expected decrease due to the lanthanide contraction. While LuAlRh 

shows Pauli-paramagnetic behavior, SmAlRh, TbAlRh, DyAlRh, ErAlRh and TmAlRh exhibit 

antiferromagnetic ground states with Néel temperatures between TN = 45 and 4 K. 27Al MAS-

NMR investigations have been conducted on YAlRh and LuAlRh, additional quantum-chemical 

calculations support the NMR study and enable to address the charge distribution in these 

intermetallic aluminum metallides. 

  

https://doi.org/10.1515/znb-2024-0053
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5.6.2 Synthesis, magnetic and NMR spectroscopic properties of the MAl5Pt3 

series (M = Ca, Y, La–Nd, Sm–Er) 

Published as an article 

Stefan Engel, Elias C. J. Gießelmann, Lars Schumacher, Yuemei Zhang, Frank Müller and 

Oliver Janka, Dalton Trans. 2024, 53, 12176. 

https://doi.org/10.1039/D4DT01296H 

Following recent investigation in the ternary system Sr–Al–Pt led to the discovery of 

SrAl5Pt3, which crystallizes in the orthorhombic YNi5Si3 type (Pnma) structure. Interestingly, 

only two more aluminum representatives, CeAl5Pt3 and EuAl5Pt3, have been reported to adopt 

this structure type. Therefore, the existence range of compounds adopting the YNi5Si3 type 

structure was investigated. Besides the already known Sr, Ce and Eu members, the series could 

be extended to Ca, Y and La-Nd as well as Sm-Er. All compounds were synthesized from the 

elements and characterized by powder X-ray diffraction. While for CaAl5Pt3 and LaAl5Pt3 also 

the respective M2Al16Pt9 members were observed, the other compounds could be obtained either 

as X-ray pure materials or with small amounts of Al3Pt2 as side phase. The structure of ErAl5Pt3 

could be refined from single-crystal data, verifying that also the small rare-earth elements adopt 

the YNi5Si3 type structure. Selected members of the series were furthermore characterized by 

magnetization and susceptibility measurements. Since YAl5Pt3 could be obtained as phase pure 

material and exhibits no paramagnetic behavior it was investigated by 27Al MAS NMR 

investigations. Also, XPS measurements were conducted on this compound to gain an insight 

into the charge distribution. Finally, quantum-chemical calculations supported the NMR 

measurements and gave an insight into the chemical bonding and the charge distribution. 

  

https://doi.org/10.1039/D4DT01296H
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5.6.3 Black Titania and Niobia within Ten Minutes – Mechanochemical 

Reduction of Metal Oxides with Alkali Metal Hydrides 

Published as an article 

Anna Michaely, Oliver Janka, Elias C. J. Gießelmann, Robert Haberkorn, Haakon T. A. 

Wiedemann, Christopher W. M. Kay, and Guido Kickelbick, Chem. Eur. J. 2023, 29, 

e202300223. 

https://doi.org/10.1002/chem.202300223 

Summary 

Partially or fully reduced transition metal oxides show extraordinary electronic and 

catalytic properties but are usually prepared by high temperature reduction reactions. This study 

reports the systematic investigation of the fast mechanochemical reduction of rutile-type TiO2 

and H-Nb2O5 to their partially reduced black counterparts applying NaH and LiH as reducing 

agents. Milling time and oxide to reducing agent ratio show a large influence on the final 

amount of reduced metal ions in the materials. For both oxides LiH shows a higher reducing 

potential than NaH. An intercalation of Li+ into the structure of the oxides was proven by PXRD 

and subsequent Rietveld refinements as well as 6Li solid-state NMR spectroscopy. The products 

showed a decreased band gap and the presence of unpaired electrons as observed by EPR 

spectroscopy, proving the successful reduction of Ti4+ and Nb5+. Furthermore, the developed 

material exhibits a significantly enhanced photocatalytic performance towards the degradation 

of methylene blue compared to the pristine oxides. The presented method is a general, time 

efficient and simple method to obtain reduced transition metal oxides. 

  

https://doi.org/10.1002/chem.202300223
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5.6.4 Mechanochemical Defect Engineering of Nb2O5: Influence of LiBH4 and 

NaBH4 Reduction on Structure and Photocatalysis 

Manuscript submitted to Solids 

Anna Michaely, Elias C. J. Gießelmann and Guido Kickelbick, Solids 2025, 6, 26. 

https://doi.org/10.3390/solids6020026 

Summary 

Partial reduction of transition metal oxides via defect engineering is a promising strategy 

to enhance their electronic and photocatalytic properties. In this study, the mechanochemical 

reduction of Nb2O5 using LiBH4 and NaBH4 as reducing agents was systematically explored. 

Electron paramagnetic resonance (EPR) spectroscopy confirms a successful partial reduction 

of the oxide, as seen by the presence of unpaired electrons. Interestingly, larger hydride 

concentrations do not necessarily enable a higher degree of reduction as large amounts of the 

boron hydrides act as a buffer material and thus hinder the effective transfer of mechanical 

energy. Powder X-ray diffraction (PXRD) and 7Li solid-state NMR spectroscopy indicate the 

intercalation of Li+ into the Nb2O5 lattice. Raman spectroscopy further reveals the increased 

structural disorder, while optical measurements show a decreased band gap compared to pristine 

Nb2O5. The partially reduced samples show significantly enhanced photocatalytic performance 

for methylene blue degradation relative to the unmodified oxides. 

  

https://doi.org/10.3390/solids6020026
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5.6.5 A lithium–aluminium heterobimetallic dimetallocene 

Published as an article 

Inga-Alexandra Bischoff, Sergi Danés, Philipp Thoni, Bernd Morgenstern, Diego M. Andrada, 

Carsten Müller, Jessica Lambert, Elias C. J. Gießelmann, Michael Zimmer and André Schäfer, 

Nat. Chem. 2024, 16, 1093. 

https://doi.org/10.1038/s41557-024-01531-y 

Summary 

Homobimetallic dimetallocenes exhibiting two identical metal atoms sandwiched between 

two η5 bonded cyclopentadienyl rings is a narrow class of compounds, with representative 

examples being dizincocene and diberyllocene. The synthesis and structural characterization of 

a heterobimetallic dimetallocene, accessible through heterocoupling of lithium and aluminylene 

fragments with pentaisopropylcyclopentadienyl ligands could be described in this publication. 

The Al–Li bond features a high ionic character and profits from attractive dispersion 

interactions between the isopropyl groups of the cyclopentadienyl ligands. A key synthetic step 

is the isolation of a cyclopentadienylaluminylene monomer, which also enables the structural 

characterization of this species. In addition to their structural authentication by single-crystal 

X-ray diffraction analysis, both compounds were characterized by multinuclear NMR 

spectroscopy in solution and in the solid state. Furthermore, reactivity studies of the lithium–

aluminium heterobimetallic dimetallocene with an N-heterocyclic carbene and different 

heteroallenes were performed and show that the Al–Li bond is easily cleaved. 

  

https://doi.org/10.1038/s41557-024-01531-y
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5.7 Review articles 

Besides research articles three review articles were published on different topics of the 

structural chemistry of intermetallic compounds during this thesis. In two articles compounds 

containing either Yb or Eu were summarized about their different crystal structures and physical 

properties. A focus was set on the different valence states of Yb, which is known to show many 

examples of di- and trivalent states. In contrast to that, compounds with trivalent Eu are 

significantly scarce in intermetallic compounds. They were discussed as well. Another work 

that inspired many of the already discussed publications was the third review summarizing the 

structures of the Laves phases as well as superstructures, distortion and coloring variants of 

binary and multinary compounds that can be derived from them. The respective publications 

together with the respective abstract are given in the following in chronological order or their 

release. The interested reader is referred to the original publication. 

5.7.1 Trivalent europium – a scarce case in intermetallics 

Published as an article 

Stefan Engel, Elias C. J. Gießelmann, Rainer Pöttgen and Oliver Janka, Rev. Inorg. Chem. 2023, 

43, 571. 

https://doi.org/10.1515/revic-2023-0003 

Summary 

In most intermetallic europium compounds, the Eu atoms exhibit a divalent oxidation state 

with a high effective magnetic moment since Eu2+ is isoelectronic with Gd3+. Trivalent 

intermetallic Eu compounds, in contrast, are extremely scarce and under 20 examples are 

known to literature. The mini-review summarizes the known binary and ternary examples along 

with their crystal-chemical peculiarities as well as their magnetic and 151Eu Mössbauer 

spectroscopic behavior. Additionally, compounds that exhibit valence phase transitions are 

summarized. 

  

https://doi.org/10.1515/revic-2023-0003


297 

 

5.7.2 Laves phases: superstructures induced by coloring and distortions 

Published as an article 

Elias C. J. Gießelmann, Rainer Pöttgen and Oliver Janka, Z. Allg. Anorg. Chem. 2023, 649, 

e202300109. 

https://doi.org/10.1002/zaac.202300109 

Summary 

The structural chemistry of Laves phases, especially with respect to their superstructures 

induced by coloring and distortions, is discussed. Starting from the three classical Laves phases 

MgCu2, MgZn2 and MgNi2, the more complex Komura phases are derived. Different 

possibilities of their description are summarized. In the second part, the superstructures are 

discussed based on their respective prototypes. The crystal chemical relationships are illustrated 

based on group-subgroup descriptions using the Bärnighausen formalism. 

  

https://doi.org/10.1002/zaac.202300109
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5.7.3 On the Ytterbium Valence and the Physical Properties in Selected 

Intermetallic Phases 

Published as an article 

Stefan Engel, Elias C. J. Gießelmann, Maximilian K. Reimann, Rainer Pöttgen and Oliver 

Janka, ACS Organic & Inorganic Au 2024, 4, 188. 

https://doi.org/10.1021/acsorginorgau.3c00054 

Summary 

This review article summarizes important aspects of the crystal chemistry of ytterbium-

based intermetallic compounds along with a selection of their outstanding physical properties. 

These originate in many cases from the ytterbium valence. Different valence states are possible 

here, divalent (4f14), intermediate-valent, or trivalent (4f13) ytterbium, resulting in simple 

diamagnetic, Pauli or Curie−Weiss paramagnetic, or valence fluctuating behavior. Especially, 

some of the Yb3+ intermetallics have gained deep interest due to their Kondo or heavy Fermion 

ground states. The property investigations using magnetic and transport measurements, specific 

heat data, NMR, ESR, and Mössbauer spectroscopy, elastic and inelastic neutron scattering, 

and XAS data as well as detailed thermoelectric measurements are summarized. 

  

https://doi.org/10.1021/acsorginorgau.3c00054
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6 Summary and Outlook 

The work presented extends the knowledge on spectroscopic approaches of binary series 

of aluminides, the search for superstructures of the Laves phases and the larger group of Frank-

Kasper phases as well as the oxidation behavior of intermetallic aluminum compounds as a 

synthetic tool to obtain valence-precise compounds such as oxides, sulfides or selenides.  

It was possible to investigate two isostructural series of binary aluminides towards their 

electronic structure combining multiple methods such as solid state NMR and Raman 

spectroscopy as well as DFT calculations using the VASP followed by LOBSTER analysis. 

General trends could be observed generating insights into the situation within these compounds, 

however, transferring the results to compounds adopting different structure types remains 

challenging up to impossible since too many effects come together determining the differences 

of these compounds.  

The structural chemistry of Laves phases could be extended by the series RE2TiAl3 

adopting the Mg2Ni3Si structure type, labelling them the first aluminum compounds of this 

structure type. The superstructure Hf4VAl7 could be identified, while simultaneously showing 

the potential of systematic investigations concerning Laves phases combined with 

spectroscopic methods. Based on these findings, multiple systems such as Zr–V–Al as well as 

Hf–T–Al were investigated. This led to compounds, which do not adopt the Laves phase 

structures or related ones leading to the larger family of Frank-Kasper phases found within these 

systems. Here, the synthesis and structural analysis of a new binary compound Hf6Al7 is worth 

mentioning. Moreover, the compound ZrV2Al4 could be identified as the first structurally 

characterized ternary compound in the system Zr–V–Al. However, the synthesis of other 

homologues remains challenging and obtaining suitable single crystals was not possible yet. 

Overall, it can be said that a combination of diffraction and spectroscopic methods such as solid 

state NMR is crucial for identifying ordered or disordered structures. 

Diving into the world of oxidation chemistry, the finding of the sub-oxide Sc4Au2O1–x must 

inspire more targeted synthesis on compounds adopting these structure types, especially when 

looking at possible sub-sulfides, which are not reported yet. The sub-oxide was observed during 

systematic investigations of the solid solution Sc2Au1–xAlx. The endmembers could be analyzed 

using 27Al and 45Sc solid state NMR. 
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The question of whether intermetallic aluminides could be used as precursor materials for 

oxidation reactions with the chalcogenides the second large chapter investigated. In case of the 

reaction with oxygen, the approach is not straightforward and only in the case of nominal 

“BaAl2” the expected (based on the composition of the intermetallic) phase pure product was 

obtained. For other examples, mixtures of many ternary and/or the binary oxides were found. 

The most outstanding example is the formation of the mayenite phase Ca12Al14O33 when 

oxidizing CaAl2. However, the results, being disappointing from a synthetic point of view, give 

many insights into the kinetic stability of the formed products on the surface of the intermetallic 

compounds. In detailed investigations, it was shown that ball milling of the precursor can highly 

affect reactivity and product formation. Other aspects that play a crucial role are the atmosphere 

(oxygen content), temperature and dwelling times. The situation is different for the heavier 

chalcogenides sulfur and selenium. Here, reactions leading to phase pure products can be 

performed readily (as was partially reported before). Aluminum sulfides of divalent metals such 

as Ca, Sr and Eu were synthesized by the sulfidation of intermetallic starting materials and 

further investigated using spectroscopic techniques. More compounds like YbAl2S4, CaAl2Se4, 

EuAl2Se4 and YbAl2Se4 could also be synthesized and structurally characterized. For another 

set of isostructural compounds, namely the AEAl4S7 (AE = Ca, Sr, Ba) series, it was shown that 

only the Ba compound could be obtained as a phase pure sample. 

The playground for future investigations in all fields of research captured in this work is 

overwhelming. Many aspects of the systems described here deserve further investigations: the 

structural chemistry of the Frank-Kasper phases, for example. One can think e.g. of the 

combination of multiple main group elements and leaving the composition range of main group 

rich compounds, which was rarely done within this thesis. Concerning the field of oxidation 

reactions performed with intermetallic compounds, the impact of high-energy ball milling of 

the precursor when using sulfur or selenium powder is one of the most promising experiments 

that can be done in a follow-up study. For the oxidation behavior, it would be highly interesting 

to test aluminum poor intermetallic compounds. Here, all compounds investigated had an Al-

content > 65%. However, in the oxidation process of e.g. ScAl2 and YbAl2 intermetallic 

intermediates could be isolated. Therefore, it would be highly interesting if the use of transition 

metal or rare earth metal rich precursors can lead to other intermetallic compounds. 
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8 Appendix 

8.1 The first ternary ordered compound in the system Zr-V-Al adopting 

the YbMo2Al4 structure type 

 

Figure S1. Powder X-ray diffraction pattern of the sample with the nominal composition ZrV2Al4 after arc-melting 

and subsequent annealing at 1073 K for (top) 13 and (bottom) 22 days followed by quenching. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as cyan (ZrV2Al4, space group I4/mmm, (top) 44(1) mass%, 

(bottom) 82(1) mass%), green (MgZn2 type Zr(V1–xAlx)2, space group P63/mmc, (top) 16(1) mass%, (bottom) 

6(1) mass%), pink (ZrAl3, space group I4/mmm, (top) 18(1) mass%, (bottom) 5(1) mass%) and dark grey 

(elemental V, space group Im3̅m, (top) 22(1) mass%, (bottom) 7(1) mass%) ticks. 
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Figure S2. Powder X-ray diffraction pattern with nominal composition ZrV2Al4 after arc-melting and subsequent 

annealing at 1123 K for 39 d followed by slowly cooling the sample. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as cyan (ZrV2Al4, space group I4/mmm, 89(1) mass%), green (MgZn2 type Zr(V1–xAlx)2, space 

group P63/mmc, 6(1) mass%), dark grey (elemental V, space group Im3̅m, 4(1) mass%) and pink (ZrAl3, space 

group I4/mmm, 1(1) mass%) ticks. 

 

Figure S3. Powder X-ray diffraction pattern with nominal composition ZrV2Al4 after arc-melting and subsequent 

annealing at 1123 K for 39 d followed by quenching in liquid nitrogen. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as cyan (ZrV2Al4, space group I4/mmm, 89(1) mass%), green (MgZn2 type Zr(V1–xAlx)2, space 

group P63/mmc, 7(1) mass%) and dark grey (elemental V, space group Im3̅m, 4(1) mass%) ticks. 
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Figure S4. Powder X-ray diffraction pattern with nominal composition ZrV2Al4 after arc-melting and subsequent 

annealing at 1173 K for 39 d followed by slowly cooling the sample. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as cyan (ZrV2Al4, space group I4/mmm, 94(1) mass%), green (MgZn2 type Zr(V1–xAlx)2, space 

group P63/mmc, 2(1) mass%), dark grey (elemental V, space group Im3̅m, 3(1) mass%) and pink (ZrAl3, space 

group I4/mmm, 1(1) mass%) ticks. 
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8.2 Synthesis and magnetic characterization of the solid solution 

Gd(Fe1-xAlx)2  

 

Figure S5. Powder X-ray diffraction pattern of nominal Gd(Fe0.125Al0.875)2 annealed at 1123 K. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red line, the difference is shown as 

continuous blue line. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) ticks. 

 

Figure S6. Powder X-ray diffraction pattern of nominal Gd(Fe0.25Al0.75)2 annealed at 1123 K. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines, and the Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) 

ticks. 
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Figure S7. Powder X-ray diffraction pattern of nominal Gd(Fe0.33Al0.67)2 annealed at 1123 K. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) ticks. 

 

Figure S8. Powder X-ray diffraction pattern of nominal Gd(Fe0.4Al0.6)2 annealed at 1123 K. Experimental data is 

shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) and 

green (MgZn2 type Gd(Fe1–xAlx)2, space group P63/mmc) ticks. The refined mass% are given in Table 14. 
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Figure S9. Powder X-ray diffraction pattern of nominal Gd(Fe0.5Al0.5)2 annealed at 1123 K. Experimental data is 

shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue line. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) and 

green (MgZn2 type Gd(Fe1–xAlx)2, space group P63/mmc) ticks. The refined mass% are given in Table 14. 

 

Figure S10. Powder X-ray diffraction pattern of nominal Gd(Fe0.5Al0.5)2 annealed at 1273 K. Experimental data is 

shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue line. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) and 

green (MgZn2 type Gd(Fe1–xAlx)2, space group P63/mmc) ticks. The refined mass% are given in Table 14. 
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Figure S11. Powder X-ray diffraction pattern of nominal Gd(Fe0.67Al0.33)2 annealed at 1123 K. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue line. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) and 

green (MgZn2 type Gd(Fe1–xAlx)2, space group P63/mmc) ticks. The refined mass% are given in Table 14. 

 

Figure S12. Powder X-ray diffraction pattern of nominal Gd(Fe0.75Al0.25)2 annealed at 1123 K. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue lines. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) ticks. 
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Figure S13. Powder X-ray diffraction pattern of nominal Gd(Fe0.75Al0.25)2 annealed at 1273 K. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue line. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) ticks. 

 

Figure S14. Powder X-ray diffraction pattern of nominal Gd(Fe0.875Al0.125)2 annealed at 1123 K. Experimental data 

is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown as 

continuous blue line. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) ticks. 
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Figure S15. Powder X-ray diffraction pattern of nominal Gd(Fe0.875Al0.125)2 annealed at 1273 K. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red lines, the difference is shown 

as continuous blue line. Bragg positions are shown as orange (MgCu2 type Gd(Fe1–xAlx)2, space group Fd3̅m) ticks. 
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Figure S16. Magnetic data of nominal Gd(Fe0.125Al0.875)2. (top) Temperature dependence of the magnetic and 

inverse magnetic susceptibility (χ and χ−1 data) measured with an applied external field of 10 kOe; (middle) zero-

field-cooled/field-cooled (ZFC/FC) measurements measured with an applied external field of 100 Oe; (bottom) 

magnetization isotherms recorded at 2.5, 50, 150, 300 and 395 K. 
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Figure S17. Magnetic data of nominal Gd(Fe0.25Al0.75)2. (top) Temperature dependence of the magnetic and inverse 

magnetic susceptibility (χ and χ−1 data) measured with an applied external field of 10 kOe; (middle) zero-field-

cooled/field-cooled (ZFC/FC) measurements measured with an applied external field of 100 Oe; (bottom) 

magnetization isotherms recorded at 2.5, 50, 150, 300 and 395 K. 
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Figure S18. Magnetic data of nominal Gd(Fe0.33Al0.67)2. (top) Temperature dependence of the magnetic and inverse 

magnetic susceptibility (χ and χ−1 data) measured with an applied external field of 10 kOe; (middle) zero-field-

cooled/field-cooled (ZFC/FC) measurements measured with an applied external field of 100 Oe; (bottom) 

magnetization isotherms recorded at 2.5, 50, 150, 300 and 395 K. 
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8.3 Differences in the oxidation behavior of the cubic rare earth Laves 

phases REAl2 (RE = Sc, Y, La, Eu, Yb) 

 

Figure S19. Powder X-ray diffraction pattern of ScAl2. Experimental data is shown as black dots, simulated 

diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg positions 

are shown as orange (ScAl2, space group Fd3̅m) ticks. 

 

 

Figure S20. Powder X-ray diffraction pattern of ScAl3. Experimental data is shown as black dots, simulated 

diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg positions 

are shown as orange (ScAl3, space group Fm3̅m) ticks. 
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Figure S21. Powder X-ray diffraction pattern of YAl2. Experimental data is shown as black dots, simulated 

diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg positions 

are shown as orange (YAl2, space group Fd3̅m) ticks. 

 

 

Figure S22. Powder X-ray diffraction pattern of LaAl2. Experimental data is shown as black dots, simulated 

diffraction patterns from refinements as red lines, the difference is shown as continuous blue line. Bragg positions 

are shown as orange (LaAl2, space group Fd3̅m) ticks. 
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Figure S23. Powder X-ray diffraction pattern of EuAl2. Experimental data is shown as black dots, simulated 

diffraction patterns from refinements as red lines, the difference is shown as continuous blue line. Bragg positions 

are shown as orange (EuAl2, space group Fd3̅m) ticks. 

 

 

Figure S24. Powder X-ray diffraction pattern of YbAl2. Experimental data is shown as black dots, simulated 

diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines Bragg positions 

are shown as orange (YbAl2, space group Fd3̅m) ticks. 
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Figure S25. STA experiment for the oxidation reaction of ScAl2 (mass change in black, heat flux in red and 

temperature program in blue). 

 

Figure S26. STA experiment for the oxidation reaction of YAl2 (mass change in black, heat flux in red and 

temperature program in blue). 
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Figure S27. STA experiment for the oxidation reaction of LaAl2 (mass change in black, heat flux in red and 

temperature program in blue). 

 

Figure S28. STA experiment for the oxidation reaction of EuAl2 (mass change in black, heat flux in red and 

temperature program in blue). 
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Figure S29. STA experiment for the oxidation reaction of YbAl2 (mass change in black, heat flux in red and 

temperature program in blue). 

 

 

Figure S30. Powder X-ray diffraction pattern of oxidzized YAl2 in a tube furnace with 100 % oxygen (1273 K, 

5 h). Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, the 

difference is shown as continuous blue lines. Bragg positions are shown as orange (YAlO3, space group Pnma), 

dark yellow (Y3Al5O12, space group Ia3̅d), cyan (Al2O3, space group R3̅c), purple (Y2O3, space group Ia3̅) and 

pink (elemental Al, space group Fm3̅m) ticks. The refined mass% are given in Table 24. 
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Figure S31. Powder X-ray diffraction pattern of ScAl2 oxidized at 1273 K without dwelling time. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference is shown as 

continuous blue line. Bragg positions are shown as orange (Sc2O3, space group Ia3̅), cyan (Al2O3, space group 

R3̅c), pink (elemental Al, space group Fm3̅m) and dark yellow (ScAl3, space group Pm3̅m) ticks. The refined 

mass% are given in Table 25. 

 

Figure S32. Powder X-ray diffraction pattern of ScAl3 oxidized at 1273 K without dwelling time. Experimental 

data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference is shown as 

continuous blue line. Bragg positions are shown as dark yellow (ScAl3, space group Pm3̅m), orange (Sc2O3, space 

group Ia3̅), cyan (Al2O3, space group R3̅c) and pink (elemental Al, space group Fm3̅m) ticks. The refined mass% 

are given in Table 25. 
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8.4 A systematic study on the oxidation behavior of the alkaline earth 

aluminides AEAl4 (AE = Ca, Sr, Ba), SrAl2 and Ba7Al13 

 

Figure S33. Powder X-ray diffraction pattern of nominal CaAl4. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as orange (CaAl4, space group C2/m, 91(1) mass%), green (CaAl2, space group Fd3̅m, 

6(1) mass%) and grey (elemental Al, space group Fm3̅m, 3(1) mass%) ticks. 

 

Figure S34. Powder X-ray diffraction pattern of nominal SrAl4. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as orange (SrAl4, space group I4/mmm) ticks. 
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Figure S35. Powder X-ray diffraction pattern of nominal BaAl4. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as orange (BaAl4, space group I4/mmm) ticks. 

 

Figure S36. Powder X-ray diffraction pattern of nominal SrAl2. Experimental data is shown as black dots, 

simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. Bragg 

positions are shown as orange (SrAl2, space group Imma) ticks. 

 



332 

 

 

Figure S37. Powder X-ray diffraction pattern of nominal Ba7Al13 (Ba21Al40). Experimental data is shown as black 

dots, simulated diffraction patterns from refinements as red lines, the difference is shown as continuous blue lines. 

Bragg positions are shown as orange (Ba7Al13, space group P3̅m1, 90(1) mass%) and green (Ba3Al5, space group 

P63/mmc, 10(1) mass%) ticks. 
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Figure S38. Powder X-ray diffraction pattern of SrAl2 oxidized at 1273 K in an STA without dwelling time. 

Experimental data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference 

is shown as continuous blue line. Bragg positions are shown as purple (Sr3Al2O6, space group Pa3̅), green 

(SrAl2O4, space group P21), dark grey (SrCO3, space group Pnma), pink (elemental Al, space group Fm3̅m) and 

black (SrAl4, space group I4/mmm) ticks. The refined mass% are given in Table 28. 

 

Figure S39. STA experiment for the oxidation reaction of SrAl2 without dwelling time (mass change in black, 

heat flux in red and temperature program in blue). 
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Figure S40. STA experiment for the oxidation reaction of SrAl2 with 5 hours dwelling time (mass change in black, 

heat flux in red and temperature program in blue). 
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Figure S41. Powder X-ray diffraction patterns of SrAl2 oxidized at 1273 K in a tube furnace operating with pure 

oxygen flow for (top) initial 12 hours, followed by grinding and additional annealing for 12 hours, resulting in 

total (middle) 24 and (bottom) 36 hours. Experimental data is shown as black dots, simulated diffraction patterns 

from refinements as red line, the difference is shown as continuous blue line. Bragg positions are shown as green 

(SrAl2O4, space group P21) purple (Sr3Al2O6, space group Pa3̅), brown (SrAl12O19, space group P63/mmc), dark 

grey (SrCO3, space group Pnma) and pink (elemental Al, space group Fm3̅m) ticks. The refined mass% are given 

in Table 29. 
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Figure S42. STA experiment for the oxidation reaction of “BaAl2” with 5 hours dwelling time (mass change in 

black, heat flux in red and temperature program in blue). 
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Figure S43. Powder X-ray diffraction patterns of “BaAl2” oxidized at 1273 K in a tube furnace operating with 

pure oxygen flow for initial (top) 12 hours, followed by grinding and additional annealing for 12 hours, resulting 

in total times of (bottom) 24 hours. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red line, the difference is shown as continuous blue line. Bragg positions are shown as green 

(BaAl2O4, space group P63, (top) 36(1) mass%, (bottom) 100 mass%) and dark grey (BaCO3, space group Pnma, 

(top) 64(1) mass%) ticks. 
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Figure S44. Powder X-ray diffraction pattern of CaAl4 oxidized in an STA setup at 1273 K without dwelling times. 

Experimental data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference 

is shown as continuous blue line. Bragg positions are shown as orange (Ca12Al14O33, space group I4̅3d), pink 

(elemental Al, space group Fm3̅m), green (CaAl2O4, space group P21/c), cyan (Al2O3, space group R3̅c) and brown 

(CaAl4O7, space group C21/c) ticks. The refined mass% are given in Table 30. 

 

Figure S45. STA experiment for the oxidation reaction of CaAl4 without dwelling time (mass change in black, 

heat flux in red and temperature program in blue). 
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Figure S46. STA experiment for the oxidation reaction of CaAl4 with 5 hours dwelling time (mass change in 

black, heat flux in red and temperature program in blue). 
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Figure S47. Powder X-ray diffraction patterns of CaAl4 oxidized at 1273 K in a tube furnace operating with pure 

oxygen flow for initial 5 hours. Experimental data is shown as black dots, simulated diffraction patterns from 

refinements as red line, the difference is shown as continuous blue line. Bragg positions are shown as orange 

(Ca12Al14O33, space group I4̅3d), cyan (Al2O3, space group R3̅c), green (CaAl2O4, space group P21/c), brown 

(CaAl4O7, space group C21/c) and pink (elemental Al, space group Fm3̅m) ticks. The refined mass% are given in 

Table 30. 
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Figure S48. Powder X-ray diffraction patterns of CaAl4 oxidized at 1273 K in a tube furnace operating with pure 

oxygen flow for (top) initial 24 hours, followed by grinding and additional annealing for 24 hours, resulting in 

total time of (bottom) 48. Experimental data is shown as black dots, simulated diffraction patterns from refinements 

as red line, the difference is shown as continuous blue line. Bragg positions are shown as brown (CaAl4O7, space 

group C21/c), green (CaAl2O4, space group P21/c), cyan (Al2O3, space group R3̅c), purple (Ca5Al6O14, space group 

Cmc21), pink (elemental Al, space group Fm3̅m) and orange (Ca12Al14O33, space group I4̅3d) ticks. The refined 

mass% are given in Table 30. 
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Figure S49. Powder X-ray diffraction pattern of SrAl4 oxidized at 1273 K in an STA setup without dwelling time. 

Experimental data is shown as black dots, simulated diffraction patterns from refinements as red line, the difference 

is shown as continuous blue line. Bragg positions are shown as green (SrAl2O4, space group P21), black (SrAl4, 

space group I4/mmm), pink (elemental Al, space group Fm3̅m) and purple (Sr3Al2O6, space group Pa3̅) ticks. The 

refined mass% are given in Table 31. 

 

Figure S50. STA experiment for the oxidation reaction of SrAl4 without dwelling time (mass change in black, heat 

flux in red and temperature program in blue). 
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Figure S51. STA experiment for the oxidation reaction of SrAl4 with 5 hours dwelling time (mass change in black, 

heat flux in red and temperature program in blue). 
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Figure S52. Powder X-ray diffraction patterns of SrAl4 oxidized at 1273 K in a tube furnace operating with pure 

oxygen flow for 5 hours. Experimental data is shown as black dots, simulated diffraction patterns from refinements 

as red line, the difference is shown as continuous blue line. Bragg positions are shown as green (SrAl2O4, space 

group P21), pink (elemental Al, space group Fm3̅m), brown (SrAl12O19, space group P63/mmc), purple (Sr3Al2O6, 

space group Pa3̅) and black (SrAl4, space group I4/mmm) ticks. The refined mass% are given in Table 31. 
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Figure S53. Powder X-ray diffraction patterns of SrAl4 oxidized at 1273 K in a tube furnace operating with pure 

oxygen flow for (top) initial 24 hours, followed by grinding and additional annealing for 24 hours, resulting in 

total time of (bottom) 48 hours. Bragg positions are shown as green (SrAl2O4, space group P21), brown (SrAl12O19, 

space group P63/mmc), pink (elemental Al, space group Fm3̅m) and purple (Sr3Al2O6, space group Pa3̅) ticks. The 

refined mass% are given in Table 31. 
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Figure S54. STA experiment for the oxidation reaction of BaAl4 with 5 hours dwelling time (mass change in black, 

heat flux in red and temperature program in blue). 

 

Figure S55. STA experiment under “inert atmosphere” CaAl4 without dwelling time (mass change in black, heat 

flux in red and temperature program in blue).  



347 

 

 

Figure S56. STA experiment under “inert atmosphere” SrAl4 without dwelling time (mass change in black, heat 

flux in red and temperature program in blue). 

 

Figure S57. STA experiment under “inert atmosphere” BaAl4 without dwelling time (mass change in black, heat 

flux in red and temperature program in blue). 
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Figure S58. Powder X-ray diffraction pattern of (top) pristine BaAl4 and (bottom) a ball milled sample after 180 

minutes. Experimental data is shown as black dots, simulated diffraction patterns from refinements as red lines, 

the difference is shown as continuous blue lines. Bragg positions are shown as orange (BaAl4, space group 

I4/mmm) ticks. 
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Figure S59. STA experiment for the ball-milled CaAl4 (after 180 minutes) with five hours of dwelling time (mass 

change in black, heat flux in red and temperature program in blue). 
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8.5 The obscure oxidation behavior of HfAl2 – A high temperature in 

situ study 

 

Figure S60. STA experiment for the oxidation reaction of HfAl2 with 5 hours dwelling time (mass change in black, 

heat flux in red and temperature program in blue). 
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Figure S61. STA experiment for the oxidation reaction of HfV2 with 5 hours dwelling time (mass change in black, 

heat flux in red and temperature program in blue). 

 

Figure S62. STA experiment for the oxidation reaction of Hf(V0.5Al0.5)2 with 5 hours dwelling time (mass change 

in black, heat flux in red and temperature program in blue). 
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Figure S63. STA experiment for the oxidation reaction of HfAl2 with 5 hours dwelling time (mass change in black, 

heat flux in red and temperature program in blue). 


