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Abstract

This doctoral thesis contains results in the field of new ternary intermetallic aluminum

compounds with the general composition MxAlyT, with M = Ca-Ba, Y, La-Nd, Sm-Lu and T
being a transition metal of group nine and ten (Co-Pt). The goal was to synthesize new
compounds and investigate their chemical bonding situation, charge transfer and influence of
spectroscopic measurements. The first part shows results of the binary compounds AEAl> and
AEAl; with AE = Ca, Sr, Ba and the influence of the AE element on the chemical shift in 2’Al
MAS NMR, supported by quantum chemical calculations. The second part contains new ternary
aluminum compounds with a divalent cationic element M, which include Ca, Sr and Eu. Besides
structure and *’Al MAS NMR investigations, quantum calculations were performed giving
insight into the chemical bonding situation as well as the charge transfer occurring in the
compounds. In addition to the analytic methods mentioned above, electrical resistance
measurements of the new compound SrAlgRh> and magnetic susceptibility data of the solid
solution EuxAl5Pts T with 7= Pd, Ir and Au were recorded, showing the electronic behavior
and the influence of the substitution on the magnetic behavior respectively.

The third part contains compounds with formally the trivalent cationic species. The series from
the ternary compounds MAIsPts and M>Ali6Pto could be extended by Y, La-Nd, Sm, Gd-Er or
La-Nd, Sm and Gd, respectively. Magnetic measurements were conducted for the MAIlsPt3
series with M =Y, Ce-Nd, Gd-Ho showing Pauli-paramagnetism for YAlsPt; whereas the
compounds with Nd, Gd, Tb, Dy and Ho exhibit an antiferromagnetic ordering at low
temperatures. Additionally, quantum chemical calculations, XPS and *’Al MAS NMR
measurements of YAlsPt; have been carried out.

In the fourth chapter, preliminary results of new ternary phases, namely CaAlsNip,

EusAlo.70)Pd2.30(1) and an extension of the RE4Al13Pty series with RE = La-Nd are summarized.






Zusammenfassung

Diese Dissertationsschrift beinhaltet Ergebnisse aus dem Gebiet neuer intermetallischer

Aluminiumverbindungen mit der allgemeinen Zusammensetzung MxAlyT,, wobei M = Ca-Ba,
Y, La-Nd, Sm-Lu und 7 ein Element der Gruppen neun oder zehn (Co-Pt) enthalten. Neben der
Synthese neuer Verbindungen wird auflerdem iiber Untersuchungen der chemischen Bindung
und des Ladungsiibertrags sowie der Einfluss auf spektroskopische Analysen berichtet.

Im ersten Teil dieser Arbeit werden neue Ergebnisse im bindren System AEAl> und AEAl4 tiber
den Einfluss der Erdalkalimetalle Ca, Sr und Ba auf die chemische Verschiebung des ’Al MAS
NMR Signals gezeigt, die Untersuchungen wurden dabei mit Hilfe von quantenchemischen
Rechnungen unterstiitzt.

Der zweite Teil der Arbeit berichtet liber neue ternire Aluminiumverbindungen, indem das
Metall M als divalentes Kation in der Struktur vorzufinden ist, diese inkludieren Ca, Sr and Eu.
Dabei wurden neben der Strukturanalyse und *’Al MAS NMR Untersuchungen,
quantenchemische Rechnungen durchgefiihrt, um die Bindungssituation und den
Ladungsiibertrag zu untersuchen. Zusétzlich wurden elektrische Widerstandsmessungen bei
SrAlsRhz und Untersuchungen der magnetischen Eigenschaften an EuzAlisPte 7y mit 7= Pd,
Ir und Au aufgenommen, welche den Einfluss der Substitution auf das magnetische Verhalten
aufweisen.

Der dritte Teil umfasst die Verbindungen in dem das Metall M den trivalenten Zustand annimmt.
Dies sind die Reihen basierend auf divalenten Verbindungen MAIlsPt; und M>Al16Pto, welche
mit Y, La-Nd, Sm, Gd-Er beziehungsweise La-Nd, Sm und Gd erweitert werden konnten. Von
den Verbindungen der MAIlsPt; Serie mit M =Y, Ce-Nd, Gd-Ho wurden die magnetischen
Eigenschaften vermessen, wobei YAlsPt3 Pauli-paramagnetisch ist, die Phasen mit Nd, Gd, Tb,
Dy und Ho hingegen einen antiferromagnetischen Ubergang bei niedrigen Temperaturen
aufweisen. Zusitzlich wurden quantenchemische Rechnungen, XPS und *’Al MAS NMR
Messungen an YAlsPt; durchgefiihrt.

Im vierten Kapitel der Thesis werden erste Ergebnisse neu gefundener Phasen vorgestellt, diese
enthalten Erkenntnisse zu CaAlsNix, EusAlo.701)Pd23001) und eine Erweiterung der RE4Al 3Pty
Serie mit den RE = La-Nd.






1.

2.

3.

a.

b.

C.

d.

€.

a.

g0 06 10 To1 5 10 ) o 1

General INrOAUCTION. .......iviiiiiiii s 1
Alkaline earth metal containing COMPOUNAS ........ccovviiiiiiiiiiiieiiiie e 5
Europium containing COMPOUNAS.........ccuiiviiiiiiiiiiiieiiere e 20
GOAlS OF thiS TRESIS ..veiiueiiiiiiii ettt ee e 26
EXPErIMENTAl....coeiiiiiiiiiiii it 27
Solid State SYNTRESIS ...vviiiviiiiiiie it 27
I Used ReACIANTS ......ooiviiiiiiiiiici 27
I, ATC FUIMACE ...t 28
II1. INAUCHION FUIMACE ... .iiiiiiiiiiie e e 29
IV. Fused Silica AMPULL.......ccciiiiiiiiiie s 30
V. ATUMINA-CrUCIDIC ....cuviiiiiiiiiiie sttt 31
VL Conventional Resistance Heating Muftle Furnace.............ccccooiiiiiiiiciiciee, 31
Diffraction TECNIQUES ....cccvviiiiiiiiiie i anes 33
I.  Powder X-Ray Diffraction — PXRD........cccooiiiiiiiiiii e 33
II.  Single Crystal X-Ray Diffraction — SCXRD .......ccccoveiiiiiiiiiiiiiieiieieseeeese e 34
Physical Properties — MagnetiSIm .........ccvooiiiriiiieiiieiee e 37
[.  Ferro-/AntiferromagnetiSmm .........cccocvieiieirieiieiei e 37
II.  REKKY INEIACTIONS .. .veiieiiiieiiiieiiesiie ettt sttt nnee s 39
II1. KONAO-EATECT ... 39
IV. Determination of Magnetic Properties via PPMS Measurements..............c......... 40
SPECLIOSCOPY vttt e e r et n e e nn e e e e e e s 43
I.  Nuclear Magnetic Resonance — NMR ..........cccooiiiiiiii e 43
II.  Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy — SEM/EDX
45
I1I. Raman SPECLrOSCOPY ..ocvvviiiiiiiiiie it 46
IV. Inductive Coupled Plasma Mass Spectroscopy — ICP-MS .........ccccooiiiiiiiiinnnne 47
V. X-Ray Photoelectron Spectroscopy — XPS .....ooviiiiiiiiie e 48
VL MoBbauer Spectroscopic INVEStIZAtIONS. ........vvvveriieiiieiieeee e 49
Quantum Chemical Calculations..........cceoiiiiiiiiiiiiieiie e 51
RESUILS ..ttt ettt et nne e b e nnne 55

Results from Own Work (published).........cccooiiiiiiiiiiiiiicce e 55



[ Important Structure TYPES ...coocvvieieiiiiiie et 55

II. Investigations of Binary Intermetallic Compounds MxAly containing Divalent
Species With M = Ca-Ba ......occciiiiiiiiic i 82

US4 15 (0 16 1 (15 (o) o AP 82

2. Theoretical and 2’Al NMR Spectroscopic Investigations of Binary Intermetallic

Alkaline Earth ATUMINIdes .........ccoveiiiiiiiiiiiiiiiici e 83
1. Investigations of New Ternary Intermetallic Compounds MxAl,7y containing
Divalent Species With M = Ca & ST...ccviiiiiiiiiiiiiiei e 99

I, Introduction / MOtIVATION .....ceiiiiiiiiiiiiiciii e 99

2. New compounds in the system Ca—Al-Pt and Sr—Al-T with 7= Rh, Pt; MAlsPts,

M2Ali6Pto, CaAlaPtz, CazAlzPt, STRh2AIS ..o 103
IV. Investigations of New Ternary Intermetallic Compounds MxAl.7y containing
Divalent Species With M = EU ......ccciiiiiiiiii s 157

L. INEOAUCTION .ottt nnne s 157

2. EuwsAli3Pty — a coloring variant of the Hoslri3Geo type structure.............c.c.e..... 159

3. Modifying the valence phase transition in Eu2AlisPt¢ via the solid solutions

EuAlis(PtixT3)6 (T=Pd, It; AU; X = 1/6) cvvieiiiiiiiieeeee s 173
V. New Intermetallic Aluminum Compounds with a Trivalent Cationic Species ...... 185

L. INrOAUCHION ... 185

2. Trivalent Compounds in the MAIsPt3 Series.........cccooiiiiiiiiiiiiiiiiiic 186

3. Trivalent members of the RE>Al 6Pty series adopting the Ce>Al 6Pty type structure

203

Unpublished Results from Own WOrk ... 217

L. INOAUCHION .o 217

2 On the Existence of CaAISNID ...ccvvcviiiiiiiiiiici e 219

3. The First Europium Rich Aluminum Palladinide EusAIPd ...........cccocveiiiinnnnn 225

4. New Representatives with the MsAl13Pto Structure ........ccocoveviiiiiiiiiiiiiiene, 235

27A1 NMR Investigations in the System Yb—Al-T.........ccccecervrrrerireirrerncrerennn. 245

CooPeration WOTK ........covoiiiiiiiiie et 249
[.  Intermetallic COMPOUNAS ........coiviiiiiiiieiee s 249

1. MAldr; (M = Ca, Sr, Eu): Superstructures of the KAuslnz Type.......ccoevvennnnee. 249

2. Raman and NMR Spectroscopic and Theoretical Investigations of the Cubic Laves-
Phases REAL (RE =S¢, Y, La, YD, LU) cococoviiiiiiiiic e 252

3. On the RE,TiAlz (RE = Y, Gd-Tm, Lu) Series — the First Aluminum
Representatives of the Rhombohedral MgxNi3Si Type Structure..........ooovevviiiiiennne 253



4. Searching for Laves Phase Superstructures: Structural and 2’Al NMR

Spectroscopic Investigations in the Hf=V—Al System ..........ccccvvvviriiiniiiieiiiie e, 255

5. Systematic Investigations of the Solid Solution Zr(Vi-:Aly)> Adopting the Laves
Phase StIUCLUTES ......cuviiiiiiieiiieee e 257

6.  Structure, Physical and 2’Al NMR Spectroscopic Properties of the Missing
Members of the Equiatomic REAIRh (RE = Sm, Tb, Dy, Er, and Lu) Series............. 259

7. Working Title: NMR Spectroscopic Properties of the RE>AlE> Series (RE = Sc, Y,

LU = ST, INL) et 260

II.  Oxidation of Intermetallic COMPOUNAS ..........covveriiiiiiiiiiiic i 263

1. Mechanistic Studies on the Formation of Ternary Oxides by Thermal Oxidation of

the Cubic Laves Phase CaALn......ccoiuiiiiiiiiiiie et 263

2. Rapid Synthesis of a Green Emitting Phosphor by Sulfidation of Intermetallic
EuAl; and Its Use in a Hybrid Material ............cccooviviiiiiiiiiii 267

d. Review Articles and Book Chapters..........cccooveiiieiiiiiiciii e 271
1. Review: On the Ytterbium Valence and the Physical Properties in Selected
Intermetallic Phases.........coouoiiiiiieiiiee e 271

2. Review: Trivalent Europium — A Scarce Case in Intermetallics ............c.cceenenn 271

3. Book Chapter: “Bulk Metallic Glasses” in Applied Inorganic Chemistry ......... 272

4.  Book Chapter: “Shape Memory Alloys” in Applied Inorganic Chemistry ........ 272

4. CONCIUSION ...ttt ettt ettt e bt et e s he e et e b et et e e nae e e beeanneenee e 273
BIblIOZIaPpRY ..o 277
CoOPEration Partners ...........ceiiiiiiiiiiii i 287

) g 1o) FToF: 15 Ce) 0 U0 I3 1] TR 289






1. Introduction

a. General introduction

The use of metals, alloys and intermetallic compounds plays a crucial role in the daily life of
every person. Due to the versatility and the plethora of metals in the periodic table, a wide range
of applications, for example in the field of transportation, is resulting. The element iron is the
most used metal in cast iron steel, stainless steel or for more sophisticated applications such as
magnets. Steel plays an important role in the construction industry, used as rebar rods in
concrete or purely in T- or I-bars, but also as material for construction tools and in the
transportation industry for shipping containers, railroad tracks and as crucial components in
vehicles.! The second most used metal is aluminum, used due to its food safety, comparable
low hardness (Mohs hardness of 2.75) and low density of 2.70 g cm . The resulting light weight
material is used as packaging material in soda cans and food containers, as vehicle parts and in
the aerospace section.>

Another widely used metal is copper used as tubing for freshwater and gases, also it is the main
applicant for electrical conducting wires due to the exceptionally high electrical conductivity
compared to the material and manufacturing price.’

Besides iron the group 8 to 10 elements have a plethora of applications, Pd, Pt and the rest of
the platin group elements are widely used in catalysis, where the specific element is precipitated
in the surface of the bulk material, e.g. platinum on carbon or metal oxides like alumina, ceria
or magnesia.® The most commonly used catalyst is found in cars converting the exhaust gases
(NOx, CxHy and CO) to less environmentally harmful substances (N2, H>O and COy). Elemental
platinum was used in Ddbereiner’s lamp to catalytic react hydrogen with oxygen. The hydrogen
was produced by the reaction of zinc metal with diluted sulfuric acid.”

Also, platinum metals are used in the dental industry, in jewelry, in photovoltaics and in fuel
cells. Going to the elements in group 11, whereas copper is widely used in electrical wiring due
to the good electrical conductivity, also intermetallic compounds with copper, e.g. brass and
bronzes possess a wide range of applications. Silver and gold applications are primarily in the
field of fashion and jewelry, also gold is used as electrical contacts (~0.034 g in a cell phone)
and as an investment option, whereas Ag on a-Al2O; was used as catalyst for the direct
oxidation of ethene with oxygen to ethylene oxide.®

Another element which possesses a plethora of applications is nickel, but these applications are

using intermetallic compounds containing nickel. For example, a material class known as shape
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memory alloys, which exhibit the shape memory effect. Material with the shape memory effect
can be deformed by an external force, stay in the deformed state until a stimulus in form of e.g.
temperature or a magnetic field is applied. With the stimulus active the material will return to
its original shape. When a stimulus is applied a crystal structure change occurs leading to a
significant force during the self-reshaping. One of the most widely known shape memory alloy
is the compound NiTi, better known as NiTiNOL, which was discovered at the Naval Ordnance
Laboratory in White Oak, Maryland, USA.® NiTi exhibits two crystal structures, first the
austenite and secondly the martensite structure type. Even though the HT-phase of NiTi is called
austenitic, the compounds crystallize with space group Pm3m and is not related to the austenitic
steel phase which has space group Fm3m. The martensitic structure on the other hand
crystallizes with space group P121/m1 and corresponds to the RT-phase of the NiTi.> !® The
transition between the HT and RT-phase takes place via a tetragonal or rhombohedral phase
with the rhombohedral phase being either P3, P3, R3 or P31m, as stated be the corresponding
works.!I"15 With this effect, a material can use this property to store or generate force and/or
motion, which leads to a plethora of researched applications in many different fields. Shape
memory alloys are used exemplary as springs for valves, fixators'® 17 or couplings in the
transportation sector,'® these materials can also be used as rotor blades in helicopters!® or

washers to reduce vibration,?? as well as other applications.?!-3°

As in the case of stainless steel, other elements like chromium or nickel and others are added to
improve various mechanical or chemical properties like hardness and corrosion resistance,*
analogue to that daily used aluminum foil also is alloyed with iron, copper, magnesium, zinc to
improve the tensile strength to resist tears during use.*! Due to the versatility of aluminum, a
plethora of interesting intermetallics containing said metal are known, even superconductivity
with a critical transition temperature of 17.5 K was reported in Nb3sAl*? but it is outclassed by
the widely used Nbs3Sn, which is used as superconducting coils in NMR devices.** By
combining nickel with aluminum, AINi and AINi3 can be produced, these compounds are used
as a high temperature material in e.g. turbines in airplanes.** During the high temperatures while
using the turbines in an airplane, the Al atoms in the AINi get oxidized resulting in the formation
of an alumina protective layer, preventing corrosion of bulk material and the slightly Ni
enriched layer lying underneath.*> Another used compound is TizAl as high temperature
material,*® in analogy to AINisz which belongs to the super alloys due to their superior chemical
resistivity. Besides the aforementioned materials, many more compounds have been reported

with highly interesting properties and applications, Nd>Fe14B is widely used as hard magnets,*’
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CeCuzSiz exhibits superconductivity*® and MgsBi, functions as intermetallic thermoelectric

material.4°

Before aluminum can be used as a reactant for the application either in materials or for
researching new compounds, it has to be produced with high purity. For the production of
aluminum, two ways are possible, first from mining the Al containing ore bauxite and
subsequent refining, the so-called primary Al or by recycling already refined Al, the secondary
aluminum.

The production of primary Al starts from mining bauxite in e.g. Australia, which is then
transformed to pure alumina via the Bayer process. In the Bayer process crushed bauxite is
placed in a pressure vessel alongside a sodium hydroxide solution at 433 to 543 K to dissolve
the aluminum from the minerals found in bauxite like gibbsite (y-Al(OH)s3), boehmite
(AIO(OH) and y-AIO(OH)) and diaspore (a-AIO(OH)) to receive sodium aluminate. The
residual unsolved minerals contain TiO, SiO; and Fe>Os3 and are called red mud. The sodium
aluminate solution along the red mud is then diluted with water and transferred into a thickener
and filtered. The thickened red mud gets transferred into a vacuum drum filter and is washed
until no more alkaline solution is emitted and then gets removed, whereas the solution is cooled
to around 333 K and an AI(OH); crystallization seed is added to precipitate the dissolved
aluminum hydroxide. The hydroxide is separated from the solution via the vacuum drum filter
and the solid material is transferred into a furnace. Wherein a calcination process is started at
temperatures of 1473 to 1573 K converting the AI(OH); to nearly pure Al,O3 with 0.01-0.02%
residual Fe;O3, Si02 and 0.5% NayO. The separated solution is reduced and recycled as the
starting alkaline solution.

In the next step, the alumina is electrolytic reduced to aluminum using an electrolysis based on
the Hall-Héroult process. The process was independently developed by the French scientist Paul
L.-T. Héroult and the American chemist Charles M. Hall at the same time, thus leading to the
name Hall-Héroult process. Although there have been many improvements in the process of the
electrolytic reduction of alumina to aluminum, the process remains the same. The electrolysis
uses graphite electrodes as anodes and cathodes, cryolite, a sodium hexafluoridoaluminate
(NazAlFs), which in its liquid state can dissolve alumina. The electrolytic solution possesses
five percent of dissolved alumina at a temperature of 1223 to 1253 K, cutting the melting point
of alumina of 2327 K3 below half. At the cathode the aluminum ions are reduced to elemental
liquid aluminum which get drained, but at the anode side, the oxygen anions react with the

carbon to carbon dioxide, consuming the carbon anode slabs, also as soon as the melt is
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depleting of oxide anions, a voltage rise is occurring enabling the reaction of the fluoride anions
with the carbon to CF4 and C2Fs. The resulting aluminum has a purity of 99.8 to 99.9%.350:51
Due to the environmental impact of the bauxite mining and refining to primary aluminum, the
recycling of aluminum products is preferred due to the significant reduction in energy
consumption to secondary Al by 95%. The secondary aluminum is extracted from scrap metal
from leftovers or used materials. For used materials like soda cans and other painted junk the
organic materials must be reduced first using ovens. Likewise alloyed metals have to be
removed before the Al can be used again, in which the scrap metal gets shredded, passed
through a magnetic remover and a flotation system to remove dust, iron, steels, Zn and Cu from
the recycled aluminum.

Governmental report mineral commodity summaries 2024 gives insight into the production
quantity in every country, showing that Australia mined the most bauxite with 102 million tons
with Guinea on second place with 100 million tons followed by China with 90 million tons,
which is nearly three quarters of the world mining of 400 million tons in 2022. When looking
at the estimated bauxite resources Guinea leads with 7400 million tons and nearly half of the
resources are found in Australia with 3500 million tons, followed by Canada with 2700 million
tons and Jamaica with 2000 million tons, the overall bauxite resources stand around 30 billion
tons. In the case of the actual alumina and aluminum productions, China stands at the top with
81.9 and 40.2 million tons in 2022.5* The advantage of mining and refining aluminum from

bauxite is that Ga is produced as side product, which is also contained in the bauxite mineral.>2

The periodic table of the elements possesses to date 118 elements of which 92 are metals and 9
metalloids, with this overwhelming majority of elements an even larger number of possible
combinations of the elements in form of intermetallic compounds can occur. This leads to a
plethora of possible structure types, alongside individual properties, leading to extended
possibilities to study structure-property relationships.

Our group primarily focuses on aluminum containing intermetallics, so the research topic in
this work covers ternary intermetallic compounds which contain aluminum, a less electron
negative element like the alkaline earth elements Ca-Ba or the rare earth elements Y, La-Sm,
Gd-Lu, as well as an element with a higher electronegativity than aluminum. Here the transition
metals cobalt, nickel, rhodium, palladium, iridium and platinum were used, to investigate the
electron transfer in electron poor ternary intermetallic compounds. Since the electron transfer
in binary compounds is significantly easier to understand and thus predictable by simply

looking at the electronegativity of the corresponding elements of the compounds, two cases can
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be described for the literature known binary compounds in which one element is always Al.
Firstly the case Al-T compounds, in which Al has a lower electronegativity as 7 and donates
electrons to the transition metal. The second case is AE—Al, here the electronegativity of Al is

higher and receives electrons from the less electronegative alkaline earth element.

b. Alkaline earth metal containing compounds

As for the ternary compounds containing 4AE—Al-T the bonding situation cannot be predicted
as easily as for the binary compounds, especially when Al-Al or 7-T interactions are present.
These systems contain not only ionic, covalent or metallic bonding behavior but rather a
mixture of all three, with a varying degree.

In the Person’s Crystal Database (version 2023/2024), 3884 entries are stated of known ternary
aluminum intermetallic compounds. If the number of elements is limit to aluminum, the alkaline
earth elements Ca, Sr and Ba as well as the rare earth elements Y, La-Nd, Sm-Lu and transition
metals of group nine and ten (Co-Pt) the number shrinks to 1429 entries, of which the majority
are rare earth compounds (1393 entries) compared to the alkaline earth representatives with 36
entries.> In Figure 1.1 all known compounds in the system AE-Al-T (T being elements of
group nine) with a total of seven phases, of which four contain Co, one Rh and two Ir are shown.
Interestingly the cobalt containing phases are the only compounds which exhibit structures with
all three alkaline earth metals and is also the only phase with barium with a transition metal of
group 9. Besides the 4EAlyCo, phases existing with all three alkaline earth elements, whereas
the AE>Al9Rh; can also be synthesized with Ca and Sr. Furthermore, by looking into the Gibbs
triangle, the literature known phases are all in the Al rich corner, without any 7 or AE rich

compounds found.
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Figure 1.1: The Gibbs triangle of the ternary system AE-Al-T (T = Co, Rh, Ir). The data for the depicted
compounds has been taken from the Pearson’s crystal database or the papers cited in the introduction.

In comparison, Figure 1.2 shows all compounds with the transition metals of group 10, here
besides the Al rich phases, also phases with a significantly lower Al content could be
characterized. In addition to the higher variety of the compositions, the number of compounds
found is significantly higher with 25 phases. Like in the previous Gibbs triangle only one
composition exists with the three alkaline earth elements Ca, Sr and Ba, but this time it is not
the AEAloT> phase but the AEAlPt compounds. The composition AEAl9T> also exists with Ni
but only with Sr and Ba. Another composition with multiple element combinations is the
AE>AlT: phase, which exists with Ca and Sr with Pd and additionally with Ca and Pt. Besides
related compounds in the transition metal groups alone, there are analogue phases between the
group 9 and 10 transition metals, like CaAlg7> with 7 being Ni, Co and CaAlT with 7= Pd, Pt.
All the other known phases are singular, meaning that only this one phase exists with the
corresponding alkaline earth and transition metal.

In the following a short overview of the literature known phases will be given alongside

performed analytical methods.
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Figure 1.2: The Gibbs triangle of the ternary system AE-Al-T (T=Ni, Pd, Pt). The data for the depicted compounds
has been taken from the Pearson’s crystal database or the papers cited in the introduction.

In 1975 Turban and Schéfer reported about new structures with the BaAloFe; type structure
where they synthesized SrAlyCoz, BaAlgCoz, SrAloNi» and BaAloNip,>* followed by the
discovery of CaAloNi, in 1988 by Zarechnyuk et al.>> All compounds crystallize isostructural
in the hexagonal crystal system with space group P6/mmm, containing one crystallographic
independent position for the alkaline earth element (1a, 0,0,0), one for the transition metal (2c,
1/3,2/3,0) and two Al positions (3f, 1/2,0,0 and 6m, x,2x,1/2). The AE atoms reside in an
AE@Al12AlsAE> hexagonal prism capped on all six sides with additional Al atoms and also on
top and bottom with the next AE atoms, resulting in a coordination number of 12 + 6 + 2 = 20.
The transition metal atoms are surrounded in a trifold capped Als trigonal prism with an overall
coordination number of nine. The Al atoms on the 3g Wyckoff position exhibit a coordination
number of 8 + 2 + 2 = 12, consisting of a distorted Alg cuboid capped with opposing two T
atoms and two AE atoms. The Al atoms on 6m are surrounded by eight aluminum atoms forming
a highly distorted Als cube capped on four sides with two neighboring AE and two T atoms,
resulting in a coordination number of 12. In 2020 Ryzynska et al. grew single crystal of
SrAloCo, and BaAlsCo> and measured the physical properties and calculated the density of
states of these compounds. The physical properties show no phase transition down to 1.8 K, but

metallic behavior, which is in line with the calculated DOS. The d states of the transition metal



are completely filled, whereas the DOS at the Fermi level are contributed by the Al atoms. The
AE contribution is above the Fermi level indicating the electron transfer from the AE to the
AloCo;, network.>® Beside CaAloCo;, another phase is known in the ternary system Ca—Al-Co,
CaAlgCoy, crystallizing like the nickel variant CaAlgNi> in the CeAlsFe type structure in the
orthorhombic crystal system with space group Pbam.% 5738 The crystal structure will be
discussed later in detail in Chapter 3.11.4 for the SrAlgRh> compound.

In the work of Janka et al., quantum chemical calculations regarding the bonding interactions
were conducted. The calculated Bader charges show a positive charge on the Ca atoms of +1.20,
but also of the Al atoms between +0.25 to +1.29, the Ni atoms exhibit negative charges of —
3.06 to —3.46. Despite the high charges, the DOSs shows states across the Fermi level indicating
metallic behavior. The ICOHP values reveal covalent interactions of Al-Al and Al-Ni
seemingly form a polyanionic [AlsNi>]°" network with Ca’" occupying half of the formed
pentagonal cavities.

In the system Ca—Al-Ni three more phases are known: CaAloNi (own type), CaAlpsNio2
(MgCu; type) and the only compound with a high AE content CagAl>73Nig27 (own type).
CaAloNi was discovered by Manyako et al. in 1987, which crystallizes in the hexagonal crystal
system with space group P63/mmc and four crystallographic independent atom positions one
each for Ca (26, 0,0,1/4) and Ni (2¢, 1/3,2/3,1/4) and two for Al (64, x,2x,1/4; 12k, x,2x,z). The
coordination number of the Ca atoms is 23 by 18 Al, two Ca and three Ni atoms forming a
pseudo Frank-Kasper polyhedron, the Al atoms are surrounded each by eight Al and one Ni in
a distorted capped square prism and Ni has a coordination environment of an Al capped Alg
square antiprism.> The last two phases in the Ca—Al-Ni system were discovered in 2004 and
2005 by Zhang et al., they reported on the existence of the intermetallic compounds
CagAl>73Nio7> and CaAl;sNio2,%° which are results from substitution experiments of the
CagAls and CaAl, compounds with Ni. In the case of the CaAl; gNio» the compound crystalizes
in the cubic crystal system with space group Fd3m and exhibits two crystallographic
independent atom positions, one for the Ca (8b, 3/8,3/8,3/8) and one for the mixed occupied
Al/Ni position (16¢, 0,0,0). The Ni substituted CagAl; compound crystallizes like the
unsubstituted phase in the triclinic crystal system with space group P1. The structure features
eight Ca positions (8 x 2i, x,y,z), two mixed occupied positions for Al/Ni (1c, 0,1/2,0; 1f,
1/2,0,1/2) and additional two positions for each Al and Ni (2 x 2 x 2i, x,y,z). No physical
properties or quantum chemical calculations were done for the last three compounds, which is
not the case of the following compounds, when descending from cobalt to the heavier

homologues (Rh and Ir) only three compounds are known, CazAli2Rhs, CazAlolrs and Sr2Alolrs.
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In the system Sr—Al-Rh as well as Ba—Al-Rh no phases were known to literature before this
thesis (see Chapter 3.11.4), the same is true for the Ba—Al-Ir system. CazAli2Rh4 crystallizes
in the hexagonal GdsAli2Rus type structure with space group P63/mmc, featuring one Ca (64,
x,2x,1/4), two Rh (6g, 1/2,0,0; 2a, 0,0,0) and four crystallographic independent Al atom
positions (12k , x,2x,z; 6h, x,y,1/4; 4f, 1/3,2/3,z; 2b, 0,0,1/4). The two independent Rh sites are
both surrounded by eight Al atoms in a distorted cube, which are connected over common
corners and edges building strands along [001]. The Ca site has a coordination number of 19,
consisting of two Ca, six Rh and eleven Al atoms. Beside the reported crystal structure, quantum
chemical calculations were performed, showing negative Bader charges of —3.54 to —3.98 for
the Rh atoms and positive Bader charges for Ca (+1.24) and Al (+0.64 to +1.04), which indicate
alongside the interatomic distances to the formation of a [Al;2Rh4]°~ polyanionic network. Also,
SEM/EDX measurements were performed, the results show good agreement with the
theoretical composition values.¢!

Within the same publication of CaszAli2Rhs also CaxAlolrs, SroAlolrs and CazAloPts were
reported. Single crystal studies were performed for the Ca containing compounds as well as the
quantum chemical calculations. The three AE>Alo73 compounds all crystalize in the
orthorhombic crystal system in the Y2GaoCos type structure with space group Cmcm featuring
one crystallographically independent site for the AE (8g, x,y,1/4), two for T (8e, x,0,0; 4a, 0,0,0)
and four for the Al atoms (164, x,y,z; 82, x,y,1/4; 8f, 0,y,z; 4c, 0,y,1/4). The Rh atoms are the
same as in the CazAl12Rhs compound coordinated by eight Al atoms in a distorted cube. The
coordination environment of the AE consists of six 7 atoms and eleven Al atoms in two
corrugated hexagons of three Al and three 7 atoms which are connected to each other using
three Al atoms as AI-Ni connections. The hexagons are capped on top with additional Al atoms,
resulting in a coordination number of 17. The Al atoms form a Aly; supertetrahedron from face-
capped trigonal bipyramids. The Bader charges of the Ca atoms were calculated to +1.25/+1.22,
+0.79 to +1.44 and +0.79 to +1.26 for the Al atoms and —4.41 to —4.42 and —4.06 to —4.09 for
the 7" atoms for CaxAlolrs and CaxAloPts respectively, indicate analog to the CazAlioRh4 phase
the formation of a polyanionic network consisting of the Al and T atoms.®!

The Rh and Ir system exhibit only three compounds with alkaline earth elements, which is not
the case for the Pd and Pt phases, seven Pd compounds and eleven Pt compounds in the system
AE—-AIl-T are known. As already mentioned before, another structure family exist with all three
alkaline earth elements, the AEALPt compounds. These crystallize in the MgAl,Cu type
structure with the orthorhombic space group Cmcm. The MgALCu structure is described in

Chapter 3.a.I and features one crystallographically independent atomic position for each
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element AE, Pt (both 4c, 0,y,1/4) and Al (8f, 0,y,z). To understand the bonding situation and
electron transfer of the AEALPt compounds, XPS, 2’Al as well as '>Pt NMR investigations
and quantum chemical calculations were performed. The XPS spectra of the AE compounds
show decreasing Pt 4f binding energies when decreasing the electronegativity from Ca to Ba
with Pt 4f binding energies of 70.7/74.0 (Ca), 70.6/73.9 (Sr), 70.5/74.3 eV (Ba). The Al 2s
spectra show two signals, of which one originates from alumina on the surface and the second
signal from the bulk material with lower binding energies, due to reduced formal valence of the
Al atoms with binding energies of 117.5 (Ca and Sr) and 117.4 ¢V (Ba). When looking at the
X-ray photoelectron spectra of the alkaline earth elements Ca 2p, Sr 3d and Ba 3d, the binding
energy of the Sr and Ba electrons are between the ones of the pure element and of their
corresponding oxides SrO and BaO with values of 133.5, 135.4 eV for SrAl,Pt and 779.7 and
795.1 eV for BaALPt. In the case for the Ca compound the bonding energies of 347.4 and
351.0 eV is slightly larger than found in CaO.

The ?Al NMR measurements revealed the expected one signal for the Ca and Ba compound,
in the Sr phase an oxidic impurity is present, resulting in two signals, also the Ca and Sr
compounds show spinning sidebands whereas the Ba compound only exhibits a single signal
originating from the one crystallographically independent Al position, due to the large
broadening. The isotropic Knight shifts of CaAl>Pt, SrAl,Pt and BaAl,Pt are 711(2), 750(2) and
767(2) ppm. Also, when looking at the NMR spectrum of BaAl>Pt, a broadening is observable,
originating by a wide distribution of the Knight shifts, as results from structural distortions in
the structure, which is also observable in '®Pt spectra. The strongly distorted local
environments can also be shown by the large quadrupolar coupling constants of Cq = 9.6(2)
(Ca), 11.7(2) (Sr), 11.0(2) MHz (Ba). The Pt NMR spectra of BaAl,Pt shows isotropic
magnetic shielding, but significant line broadening, due to the distribution of the isotropic shift.
The isotropic Knight shift of the Ba compound is diso™ = 316(5) ppm. The Ca and Sr compounds
do not show a single signal but the main signal with spinning sidebands, due to anisotropic
magnetic shielding with Knight shifts of diso™ = 302(5) and 302(5) ppm as well as the axial
magnetic shielding component dx = —870(50) and 1090(50) ppm for CaAl:Pt and SrAlPt,
respectively.

ICOHP values were calculated, showing that the Al-Pt interactions have the strongest covalent
bonding interaction forming a covalent [ALPt]’ network, which is additionally strengthened
by Al-Al interactions. The Al-Al bonds also function as connection points for the polyanionic
layers. AE-Al and AE-Pt have weak covalent interactions. Bader charges were calculated

showing positive charges for the AE elements and Al, whereas Pt is negatively charged, which
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is in line with the electronegativity. An additional observation is that the charge of the AF
elements is not fully +2, but +1.31 (Ca), +1.27 (Sr), +1.11 (Ba) as well as Al is not +3 but
exhibits a charge of +1.11 (Ca), +1.12 (Sr) and +1.16 (Ba), indicating not only ionic
interactions, but also covalent interactions, especially of the Al with the Pt atoms. Lastly
electron localization functions were calculated and plotted showing again strong Al-Al covalent
bonding interactions, which become weaker when descending from Ca over Sr to Ba.

The magnetic properties of the AEALPt compounds were reported, showing nearly temperature
independent susceptibilities with an upturn at lower temperatures, due to trace amounts of
paramagnetic magnetic impurities. The intrinsic diamagnetism of the Ca and Sr compounds
are overcompensated by the Pauli contribution of the conduction electrons, which is not the
case for the Ba compound, where the diamagnetic behavior is observable.6% 63

Next are compositions, which are present in more than one ternary system, starting with the
Ca;AlPd; which also exists with Pt and Sr, although the Sr compound crystallizes in another
structure type. The compounds Ca;AlPd; and CaAlPt; were discovered by Miller et al. in 2015,
they crystallize in the monoclinic crystal system with space group C2/c in the Ca,Silr, type
structure featuring one crystallographically independent position for each element, Al (4e,
0,y,1/4), Pd/Pt and Ca (all on 8f, x,y,z). A description of the Ca,Silr; type structure is given in
Chapter 3.a.l. The structure features linear chains of the transition metals, which are aligned
parallel in the ab plane and stacked along the c-axis, but the orientation of two adjacent slabs
are nearly perpendicular to each other. Additionally, the interatomic distances of the transition
metal are distorted leading to short and long distances of 283, 273 and 295, 295 pm for the Pd
and Pt compounds, respectively, which lead to vastly different covalent bonding interactions as
shown in the calculated ICOHP. The ICOHP values also indicate that the long 7—T interactions
have higher bonding interaction than the Ca—Al and Ca—T interactions. The highest values
appear in the postulated polyanionic network between the Al and transition metal atoms
followed by homoatomic 7" atom interactions. Additionally Bader charges were calculated,
showing the expected positive charges on the Ca (+1.04 (Pd), +1.10 (Pt)) and Al (+0.31 (Pd),
+0.62 (Pt)) atoms as well as the negative charge on the transition metal atoms (-1.19 (Pd), —
1.42 (Pt)), again indicating the non-purely ionic interactions, but also covalent interactions of
the Al atoms with the noble metal atoms. The calculated DOS of these compounds show that
the Fermi level is close to a pseudo gap and also in combination with the COHP calculations,
that the bonding is not optimized, resulting in slightly open shell structures with stabilizing
through localized two center - two electron (2c-2e) and three center - two electron (3c-2e)

multicenter bonding.%
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When substituting Ca for Sr, SrAIPd> emerges, which crystallizes in the orthorhombic crystal
system with space group Fdd2, isostructural to the Ca,GePd> type structure. The reported
structure features one crystallographic independent atomic position for each Sr, Pd (both 165,
x,y,z) and Al (8a, 0,0,z)). Similar to the Ca compounds before, the structure exhibits parallel Pd
chains in the ac plane, but these are equidistant with 301 pm and the stacking of the chain slabs
is in an ABA’B’ pattern, where the A and A’ as well the B and B’ are offset by 1/4 z. The Al
atoms together with the Pd atoms form zigzag chains, due to the position of the Al atoms
alternatingly up and down along the Pd chains. The dihedral angle between the planes is 60.3°
with the Sr atoms residing between the chains in puckered hexagonal layers. These corrugated
honeycomb layers are stacked in an ABCD pattern along the b-axis. As an alternative
description of the structure the tetrahedral Al@Pds units can be used, which are connected over
common corners forming the polyanionic network. The density-of-states were calculated and
show that states at the Fermi level are present, indicating metallic characteristic of the phase,
but lies near a local maximum of states, indicating electronic instability. By looking into the
bonding states between the elements, it was shown that this structure is not a very stable
polymorph, which leads to the calculation of the monoclinic variant analog to the Ca
compounds resulting in a more stable structure by 8 meV per f.u., but due to the lower volume
the orthorhombic structure, it becomes the more stable one. The low ICOHP values of the Sr—
Pd and Sr—Al in combination with the Bader charges indicate more ionic than covalent
interactions and an electron transfer from the Sr to the Pd atoms or the resulting polyanionic
network. The high covalency of the AI-Pd bonds along the low positive Bader charge of the Al
atoms result in the formation of the anionic network. Besides Sr2AlPd; reactions with Pt instead
of Pd resulted in the formation of SrAlPt;, which crystallizes in the CaCus related CeCo3B>
type structure in the hexagonal crystal system with space group P6/mmm. The structure exhibits
one crystallographic position for Sr (1a, 0,0,0), Al (2¢, 2/3,1/3,0) and Pt (3g, 1/2,0,1/2). The
compound exhibits (3.6)> Kagomé nets of the Pt atoms in the ab plane, with Al atoms as
interconnection points above and below the triangular meshes, resulting in a stacking along the
c-axis. The Al atoms are coordinated by Al@Pts trigonal prisms. The Sr atoms reside in the
hexagonal prisms of twelve Pt atoms, which are additionally capped by six Al atoms, resulting
in a coordination number of 18 for Sr@Pti2Als. To understand the electron transfer and bonding
situation ICOHP values, Bader charges and DOS calculations were performed. The ICOHP
values in combination with the Bader charges also here indicate the formation of a polar
covalent polyanionic [AL,Pt;]° network, due to the strong ICOHP interaction of the Pt and Al,
as well as the Pt and Pt atoms paired with the Bader charge of the Al being far away from +3.
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Furthermore, the weak covalent interactions of Sr with the Al and Pt atoms and Bader charge
of less than +2 of the Sr atoms, indicate a more ionic bonding behavior than covalent, resulting
in the charge transfer from the Sr to Pt atoms. Due to the presents of states at the Fermi level, a
metallic character of the compound can be associated, also the Fermi level resides in a small
pseudo gap, which indicates good electronic stability. 3

Advancing from a composition which existed with both Ca and Sr together with Pt and Pd, to
a composition that only exists with calcium, CaAlPd and CaAlPt. CaAlPd crystallizes in the
orthorhombic crystal system with space group Pbcm and exhibits its own type. The structure
has one crystallographically independent position for each Al (4c, x,1/4,0), Pd and Ca (4d,
x,y,1/4). CaAlPd consists of Ca atoms, which form double layers, whereas Al and Pd atoms
form edge sharing square pyramids with four Al atoms as base and one Pd atom as top of the
pyramid, the top is alternatingly above and below the Al pyramid base.%¢ In contrast to CaAlPd,
the platinum variant as well crystallizes in the orthorhombic crystal system, but in the TiNiSi
type structure with space group Pnma, as reported by Hullinger et al. in 1993. The structure
exhibits, similar to the Pd compound, one crystallographically independent position for each
element Ca, Al and Pt (all 4c, x,1/4,z). With regards to the coordination environment, the Al
atoms are surrounded by four Pt and four Ca atoms in form of two interpenetrating Al@Pt4 and
Al@Cay tetrahedra and two additional Al atoms. The Ca atoms exhibit a coordination
environment of five Pt and two Al atoms in form of a twofold Al capped tetragonal Pts pyramid
and the Pt atoms are placed in a trigonal prism consisting of four Ca and two Al atoms, which
is additionally tricapped by two Al and one Ca atom. In 2011 Ponou et al. confirmed the crystal
structure of CaAlPt with single crystal X-ray diffraction measurements.”> 68

Three more compounds in the Ca—Al-T system with 7 being a transition metal of group 10 are
known, of which two are formed with palladium, CazAl10Pds and CaAlzPda, the final phase
containing calcium and platinum is the modulated structure of CazAlisPts. CaxAlioPds
crystallizes in a CaCus related own structure type in the hexagonal crystal system with space
group P6/mmm and exhibits one crystallographically independent position for Ca (2c,
1/3,2/3,0), one mixed occupied position Al1/Pd1 (0.12/0.88, 15, 0,0,1/2), two for Al (Al2: 3g,
1/2,0,1/2; Al3: 6, x,0,0) and one for the Pd atoms (6m, x,y,1/2). The structure can, like CaCus,
be described by Kagomé layers with identical stacking perpendicular to the c-axis consisting of
the Al2 and Pd atoms, in the middle of one third of the resulting hexagons are the Al1/Pd1
mixed occupied atoms placed, in the remaining two thirds of the hexagonal prisms the Ca
atoms, whereas the Al3 atoms are placed in the trigonal prisms of formed by the Kagomé layers.

The following coordination environments result: the Al1/Pd1 atoms are surrounded by twelve
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Al3 atoms forming hexagonal prisms capped by three Al2 and three Pd2, resulting in a
coordination number of 18, the Ca atoms reside in 2/3 of hexagonal prisms of twelve Al2/Pd2
atoms, which are capped by six Al3 atoms on the sides and two Ca atoms on the basis of the
hexagonal prism, resulting in a CN of 18+2. The Pd2 atoms are coordinated by four AI3 and
two Ca atoms in form of trigonal prisms and additional two AI2 and one Al1/Pd1 one sides as
well as two Pd2 atoms, adding up to a coordination number of eleven, the Al3 atoms reside in
trigonal prism consisting of four Pd2 and two AlI2 atoms, two sides of the prisms are capped by
Ca atoms and two edges by Al3 atoms with additionally two Al1/Pd1 atoms over the edges of
the triangular faces, the resulting coordination number is ten plus two, whereas the AI2 atoms
exhibit a coordination of 12 atoms, in form of a distorted icosahedron of four Al3, four Pd2 and
four Ca atoms. %

The compound CaAl3Pd; crystallizes in the YAI3Ni, type structure with space group P6/mmm
and exhibits, like most of the aforementioned compounds, a polyanionic [Al;Pd>]*~ framework
with two crystallographically independent Ca atoms residing in hexagonal cavities of sixfold
Pds capped Ali2 and sixfold Als capped AlsPds hexagonal prisms. The X-ray photoelectron
spectra of the Pd 3ds», and 3d3. lines show a shift to higher binding energies compared to
elemental Pd, that is due to the formation of the polyanion and therefore additional formed
bonds in the [AlsPd2]* network, but the measured electron density is still close to the one of
elemental Pd with a small negative charge. The Ca lines are in range of formal divalent Ca
atoms e.g. the ionic compounds CaO or CaCOs. As for the magnetic properties, CaAlzPt; shows
diamagnetism.”

Janka et al. reported on the existence of Ca;AlisPts in 2017. The compound crystallizes in a
modulated superstructure of the REo.67AlsPt type structure (RE =Y, Ce, Gd-Tm, P63/mmc),
which can be described using (3+2)D (P63/m(a,£,0)00(a—f,2,0)00) or (3+1)D (using the super
space group Cmcm(a,0,0)0s0) interpretation and has an average structure with space group
P63/mmc. The average structure is described in Chapter 3.a.I. Magnetic measurements of the
compounds were performed showing that Ca;Al;sPts exhibits diamagnetism at 300 K but below
upturn of susceptibility is visible due to paramagnetic impurities. A better description is that the
material is a Pauli-paramagnetic material, in which the diamagnetism is overcompensated with

the paramagnetism from the conduction electrons.”

After showcasing all the calcium compounds, the remaining literature known Sr compounds
should be addressed. Here, three additional structures are known: SroAlsPds, SroAlgPts and the

modulated structure SrAl;Pt>. Starting with the only palladium containing compound,
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Sr2AlsPds crystallizes in the orthorhombic crystal system with space group Pnma in its own
structure type. The structure contains two crystallographically independent Sr, five Al and four
Pd positions all on the Wyckoff site 4¢ (x,1/4,z). The Al and Pd atoms form a network, which
has two independent sixfold-capped pentagonal cavities in which the Sr atoms reside. These
prismatic cavities are condensed via the pentagonal faces along the b-axis building strands and
are shifted by 1/2 to each other in the along b-axis. The capping atoms of one pentagonal prism
form the cornerstones of the neighboring pentagonal prisms. These double strands are placed
in a herringbone sequence, resulting in small cavities between the strands. The single crystal
from the SCXRD measurements was used for semiquantitative measurements using SEM/EDX
analysis showing a good agreement of the composition values with the theoretical ones. Besides
the semiquantitative analysis, also quantum chemical calculations were performed. The density-
of-states shows, that the compound has a metallic character, due to the existence of state at the
Fermi level. In combination with the calculated Bader charges of Sr with +1.30 to +1.31, Al
+0.91 to +1.25 and Pd —1.66 to —2.20, it was shown that the Sr—Al as well as the Sr—Pd
interactions are rather ionic due to the Bader charge and the small ICOHP value than covalent.
In contrast to that, the Al-Pd exhibit high covalence that leads paired with the low Bader charge
of +0.91 to +1.25 to a more covalent bonding, forming the postulated polyanionic [AlsPd]>
network, which is strengthened by covalent Al-Al bonding, with Sr being the cationic element
transferring its electrons to the polyanion.”

In 2021 the group of Janka reported on the existence of Sr2AlsPts, which crystallizes in the
tetragonal crystal system with space group P4>/nmc in the EuzNigSis type structure, exhibiting
one crystallographically independent position for Sr (8¢, 1/4,y,z), three for Al (All and Al3: 8g,
1/4,y,z, Al12: 16h, x,y,z) and two for Pt (Ptl: 4d, 1/4,1/4,z; Pt2: 8f, x,—x,1/4). The structure can
be described by a supertetrahedral arrangement of five Als tetrahedra, the central Als
tetrahedron is connected to four other tetrahedra over common corners in a distorted bcc
arrangement. The supertetrahedra form cavities in which distorted Srs tetrahedra and Pt atoms
reside in. The Pt atom arrangement of the structure is similar to the structure motive of CuAl».”
The coordination environment of the Sr atoms consists of eleven Al, five Pt and two additional
Sr atoms, resulting in a coordination number of 16+2. In the case for the two Pt sites, a
coordination number of 18 for Ptl consisting of 16 Al from the supertetrahedra and two Sr
atoms and a CN of 22 for Pt2 from four Sr atoms and the remaining 18 Al atoms from the
supertetrahedra. The All and Al2 sites have three Sr atoms in their coordination environment,
whereas Al3 is surrounded by two Sr atoms. Additionally exhibits All six Al and four Pt atoms
resulting in a CN of 13, Al2 has additionally five Al and three Pt atoms (CN = 11) and Al3 six
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Al and two Pt added to the two Sr atoms in its environment (CN = 10). The structure exhibits
three crystallographically independent Al positions, which are all observable in the measured
27TAl NMR spectra with a isotropic shift of Oms™® =505, 595 and 543 ppm for All, AI2 and Al3,
respectively, along an intensity ratio of 1:2:1, as well as significant line broadening at the
magnetic field strength of Bo = 5.64 T, due to strong nuclear electric quadrupole interactions.
The signal broadening was reduced by measurement at a higher magnetic field of 14.1 T. Due
to the metallic character of the compound, the magnetic shielding interaction is primarily
influenced by the Knight shift. The reported experimental quadrupole parameters from the
measurements of 5.3 (All), 7.6 (Al2), 6.6 MHz (Al3) are in good agreement with the theoretical
values from the quantum chemical calculations of +5.589, —6.344 and +6.027 MHz. Besides
the 2’Al NMR also Pt NMR measurements were performed, showing a signal ration of 1:2,
the Knight shift exhibit a large difference in the magnitude of the Pt signals as well as a large
anisotropy in the magnetic shielding of —1500+1000 ppm, resulting in a more negative magnetic
shift of Pt2 than Ptl. The Ptl site exhibits a higher symmetric environment resulting in a
significant smaller magnetic shielding anisotropy of —800+1000 ppm. Not only theoretical
NMR values were calculated but also a bonding analysis was performed by calculating ICOHP
values and Bader charges. The results show again a strong covalently bound polyanionic
[AlsPt3]° network with Sr as cationic species, transferring its electrons to the polyanion. The
Bader charges were calculated for Sr with +1.21, Al +0.67 to +1.62 and Pt —3.86 to —3.91.
Besides the NMR and quantum chemical analysis, the magnetic properties were investigated.
Magnetic measurements resulted in nearly temperature independent susceptibility until 75 K,
below that temperature an upturn is observable due to paramagnetic impurities.’

Finally, SrAl:Pt> crystallizes in an CaBe:Ge> type structure related incommensurately
modulated (3+2)D structure, which exhibits, due to the modulation, short to long Pt-Pt
distances in the ab plane. During the temperature dependent X-ray studies, second order
satellite reflections appeared, leading to the orthorhombic description of the crystal structure
with the super space group Pmmn(a,0,0)0s0(0,5,0) with a = 0.222(1) a* and S = 0.224(1) b*.
The group-subgroup relations were formulated in the work of Janka et al. starting from the
CaBexGe; type structure (P4/nmm) a translationengleiche transition of index 2 lead to space
group Pmmn. For the (3+2)D structure the g-vectors have to get multiplicated with the
denominators, resulting in enlarged unit cell vectors a, b and c. By further transitions the (3+2)D
super space group Pmmn(a,0,0)0s0(0,5,0)s00 can be transformed into the space groups P212:2,
Pba2 or P112/n.73
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Lastly three Ba compounds are known. One compound, BaAlg sPds s, in the ternary Ba—Al-Pd
system and two compounds with Pt, the Ba3Al4Pt4 and BagAls3;Ptos phases.

BaAlgsPds s crystallizes in the tetragonal LaFeoSis type structure with space group /4/mcm and
features one crystallographically independent Ba (4a, 0,0,0), one Pd (16/, x,y,z), two Al (All:
16/, x,y,z; Al2: 4d, 0,1/2,0) as well as one mixed occupied Al/Pd position (0.13/0.87; 16k, x,»,0).
The Ba atoms are coordinated in pseudo-Frank-Kasper polyhedra of Ba@AlisPds, whereas the
Pd atoms are inside an icosahedra of Pd@BaxAloPd. The Al2 atoms are surrounded by four Pd
and eight Al atoms also in form of an icosahedron (Al2@PdsAlg), All in pseudo-Frank-Kasper
polyhedron of All@Ba2Al7Pds and lastly the Al/Pd atoms on the mixed occupied position are
surrounded by two Ba, seven Al and four Pd atoms resulting in a pseudo-Frank-Kasper

polyhedron of Al/Pd@Ba>Al;Pd4.7

In 2015 Janka et al. reported on BazAlsPts compound, which is isopointal to the A2ZnsAs4 type
structure (4 = K, Rb), crystallizing in the orthorhombic crystal system with space group Cmcm,
featuring two crystallographically independent positions for each Ba (Bal: 8e, x,0,0; Ba2: 4c,
0,y,1/4), Al (All: 8g, x,y,1/4; Al2: 8f, 0,y,z) and Pt (Ptl: 8g, x,y,1/4; Pt2: 8f, 0,y,z). The structure
can be described by a framework of distorted Al-Pt cubes, in which cavities the Ba atoms reside
in. The heterocuban-like Al4Pts arrangements form strands along the b-axis by connection over
common Al2/Pt2 edges. The strands are connected to each other via Pt1/All atoms forming a
hexagonal packing. In the cavities the Ba atoms are located. When looking along [010], the Ba2
atoms are placed between two distorted cubes, whereas the Bal atoms reside in channels formed
by the framework. The Bal atoms are surrounded by four Al and four Pt atoms forming a half-
sphere with additionally two Ba2 and two Pt atoms on the second half-sphere, resulting in a
coordination number of twelve. Ba2 is coordinated by also four Al and four Pt atoms in the
form of a distorted octagon with four Bal, two Pt2 and two Al2 atoms above and below the
octagon plane resulting in a coordination number of 16. The compound was semiquantitatively
analyzed via SEM/EDX measurements. Additionally, the magnetic properties of BazAl4sPty
were investigated, showing intrinsic diamagnetism at 300 K, but at lower temperatures an
increase of the susceptibility due to trace amounts of paramagnetic impurities. Besides the
magnetic properties, also the electronic states of the compound were investigated via XPS, 2’Al
NMR and quantum chemical calculations. The XPS measurements revealed that the Pt signal
in the 4f7, spectrum is shifted to lower binding energies (70.9(2) eV) compared to elemental
platinum, due to a higher electron density at the Pt atoms. The signal values of the Ba 4ds/2 and

4ds/, are reported as 89.9(2) and 92.5(2) eV, respectively. The 2?Al NMR spectrum shows two
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signals corresponding to the two crystallographically independent Al sites with a ratio of 1:1.
The NMR signal at 1031 ppm (Qc = 3100 kHz) exhibits a stronger quadrupolar interaction than
the signal at 762 ppm (Qc = 2550 kHz) due to the higher distortion of the local environment of
the corresponding Al atom. In this case, both Al sites are coordinated tetrahedrally by two Ptl
and two Pt2 atoms. By using geometrical considerations, it could be shown that the tetrahedron
surrounding of Al2 is more distorted than the one around All, leading to the signal at 762 ppm
being that of All and the signal at 1031 ppm originating from Al2. The bonding analysis via
quantum chemical calculations using calculations of the density-of-states, ICOHP values and
Bader charges showed the present of states at the Fermi level, suggesting metallic behavior.
ICOHP values indicating in covalent bonding interactions between Al and Pt. The calculated
Bader charges show positive values for the Ba and Al atoms whereas the charges of the Pt atoms
are negative as expected with regard to the electronegativity. The bonding analysis suggests,
due to the present of strong covalent Al-Pt bonding interaction as well as the relatively low
e

charge on the Al atoms, a formation of a polyanionic [Al4Pt4]° network, in which the barium

atoms function as cationic species transferring their electrons to the network.”’

The last remaining literature known alkaline earth compound is nominal BasAls3Pt2o, which
crystalizes in the hexagonal crystal system with space group P63/mmc in its own structure type.
The structure exhibits one crystallographically independent position for Ba (124, x,0,z), nine
for Al (All and Al2: 2 x 24/, x,y,z; Al7 and AlS8: 2 x 6g, x,0,1/4; Al3: 12k, x,0,z; Al4: 12j, x,y,1/4;
AlS: 124, x,2x,0; Al6: 8h, 1/3,2/3,z; Al9: 2b, 0,0,0) and five for Pt (Ptl: 124, x,0,z; Pt2: 12;,
x,p,1/4; Pt3: 12i, x,2x,0; Pt4: 4e, 0,0,z; Pt5: 4c, 1/3,2/3,1/4), of which the Pt4 site is not fully
occupied (at 285 K 96.1(4)% and at 90 K 98.2(6)%) resulting in phase compositions of
BasAlxPt21.92(1) and BasAls3Pt21.96(1). The structure can be described based on the coordination
environments of the different crystallographic sites. Pt3 exhibits a coordination number of eight
formed by a distorted Pt3@Als cube. The Ptl site is additionally capped by one Al atoms,
resulting in a coordination number of nine. The Pt3@Als cubes form threefold clusters by
condensing over common faces in a hexagonal pattern in the ab plane at height z = 0, which is
defined as layer A. The Pt2 atoms are surrounded by nine Al and the Pt5 atoms by eleven Al
atoms. These irregular polyhedral are placed in a honeycomb-like arrangement (layer C) on the
heights z = 1/4 and 3/4, the resulting voids are filled above and below with the polyhedra of
Ptl@Aly and Pt4@Al;, which function as layer B, resulting in a stacking sequence of ABCB
along the c-axis. One consequence of this stacking is the formation of Pt dumbbells along [001].

Between the BAB layers cavities remain, which are filled by Ba atoms, having a large
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coordination number of 20+2 from Ali4Pts+Ba>. SEM/EDX analysis showed good agreement
of the measured composition with the stochiometric values. Density-of-states were calculated
for the structure, revealing that the most states are caused by the Pt and Al atoms. The number
of Ba states is so low, that compared to the Al and Pt states no real contribution is observable
in the DOS, also the shape of the Al and Pt states are similar, indicating covalent bonding
interactions. The Fermi level resides in a pseudo gap, indicating a stable structure. To
investigate the bonding situation ICOHPs were calculated, showing no significant covalent
bonding interactions between Ba and Al or Pt, whereas the Al-Pt bonds exhibit a significant
higher value per bond, suggesting strong covalent bonds. In the case of the Pt—Pt and Al-Al
interactions, low bonding character was deduced. The calculated Mulliken charges of Ba atoms
are +0.71, A1 +0.14 to +0.60 and Pt —0.89 to —1.12. The Ba and Al atoms show positive values,
whereas Pt atoms exhibit negative charges, as expected regarding the electronegativities.
Overall suggest the low charges on the Al atoms as well the high ICOHP values a strong
covalent bonding, which leads to the formation of the polyanionic [Als3Pt22]* network, in which
the Ba remains as cationic species, forming a polar intermetallic compound. In addition to the
bonding analysis, heat capacity measurements were conducted to investigate a possible phase
transition. The temperature dependence of the heat capacity at normal pressure from 100 to 2 K
were recorded, but no signal in the specific heat capacity was reported, due to the presence of
side product Al,Pt with 33 wt.-%. The heat capacity exhibits a broad signal at 95 K, but no

additional heat tone, suggesting no phase transition.”
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¢. Europium containing compounds

The above summarized literature known phases show that the alkaline earth element acts as
counter cations residing in various cavities in the polyanionic networks formed by the Al and T
elements. With this knowledge, the sizes of the alkaline earth elements can be assumed to be
that of the divalent ions with the corresponding ionic radii. This is useful in the investigation of
isotypic structures, especially with e.g. europium having an ionic radius of 125 pm in case of
the divalent cation, whereas strontium exhibits 126 pm.” With a difference of one picometer,
analogous structures should be able to exist. In the field of intermetallic europium compounds,
europium is commonly found in the divalent state inside the structure, with a few and rare
exceptions like EupAlolrs, which is then isotypic to the calcium compound. Other examples of
intermetallic trivalent Eu compounds can be found in the review article.®® When investigating
europium compounds, in contrast to alkaline earth compounds, interesting physical properties
emerge, due to the magnetic moment of the Eu ions and two possible oxidation states giving
rise to a plethora of physical properties. Along with the valence of the europium inside the
structure, the magnetic and electric properties can change significantly, whereas purely divalent
Eu atoms exhibit a susceptibility near that of free Eu®" ions uer = 7.94 pp, Eu** ions do not
exhibit a magnetic moment in theory due to spin-orbit coupling. However, at elevated
temperatures, the first excited state is accessible leading to an effective magnetic moment of ~
3.5 us and van Vleck paramagnetism.3 82 The divalent Eu compounds can exhibit a
ferromagnetic or antiferromagnetic ordering at low temperatures, in which the magnetic
moments of the Eu atoms arrange parallel or antiparallel. If the antiparallel ordering can be
changed by applying an external magnetic field, the compound exhibits meta magnetism or spin
reorientation. Besides a magnetic ordering, also the Eu valence can change depending on the
temperature or pressure. These changes between the divalent and trivalent Eu atoms, result in
valence fluctuations or valence changes. But not only purely divalent and purely trivalent Eu
species can be found in intermetallic compounds, also phases, in which both Eu** and Eu*" are
simultaneously present can occur by changing the temperature, resulting in lower effective
magnetic moments in these compounds. Besides the magnetic properties, the electrical
resistivity is directly influenced by valence changes or magnetic ordering phenomena. Sharp
drops of the electrical resistivity can occur at the respective transition temperatures. Pottgen
and Johrendt reported an overview of the equiatomic EuX7 with X = Al, Ga, In Si, Ge, Sn, Pb,
P, As, Sb, Bi and T = transition metals alongside their physical properties.?* Therefore, in the

next part, all literature known Eu—Al-T compounds with 7'= Co-Pt will be summarized along
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with the performed analyses. Figure 1.3 shows all existing compounds in the aforementioned
element system, with twelve known phases. Starting in similar fashion with the Co to Ir phases,

followed by the Ni to Pt compounds.

T =Ni, Pd, Pt
T=Ni, Pd
T = Ni, Pt
T=Pd, Pt
T=Ni|Pd| Pt

OO

.ol T = Co, Rh, Ir
B T =Co,Rh
BlT=Co I
L JT=RnhIr
B T=Co|Rh|Ir

AI21F’At(I;13T4&T 0.25
Al T
Q/\)fa
7 \AO 7 — 7 0
0 SN D 0.75 1

Figure 1.3: The Gibbs triangle of the ternary system Eu—Al-T (T = Ni-Pt). The data for the depicted compounds
have been taken from the Person crystal database or the papers cited in the introduction.

The only cobalt containing compound is EuAloCoz and crystallizes isotypic to the alkaline earth
variants in the BaAloFe; type structure with space group P6/mmm. The structure was already
described before in Chapter 1.b.34

Two rhodium containing compounds are known with europium and aluminum, the EuAlgRh;
and the Eu3Ali2Rhg phases. EuzAl12Rhy crystallizes isotypic to the analog to Ca compound (see
Chapter 1.b),5! while the EuAlgRh, does not possess a literature known Sr variant, but it is
isotypic to CaAlgCoo, crystallizing in the CeAlgFes type structure. Here the magnetic properties
have been investigated. The Eu atoms in the structure form a Shastry-Sutherland lattice of
triangles and squares along the c-axis. The performed physical measurements, resulted in a 71
=12.5 K, originating from magnetic coupling along the c-axis (Eu—Eu distance of 411 pm) and
a Tno = 8.2 K, due to in-plane antiferromagnetic coupling (Eu—Eu distances of 663 and 771 pm).

Above 20 K the susceptibility becomes Curie-Weiss like paramagnetic with an effective
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magnetic moment of uer= 8.02 and 7.91 ug/Eu as well as Weiss temperatures of 6p =—17.2 and
—15.5 K for Hj|ab- and H||c-axis, respectively. It was shown that with higher applied magnetic
fields the Néel-temperatures 7n1 and 72 shift to lower temperatures and above a magnetic field
of 6 T the Tn2 vanishes. Also, with an external field above 6 T the in-plane (ab plane)
configuration is tunable, resulting in a spin-flop process at 1/3 of full magnetization below 5 K.
The specific heat measurements showed two sharp A-like increases at 12.2 and 8.2 K due to the
antiferromagnetic ordering and a large Sommerfeld coefficient of y = 393 mJ mol ' K2 could
be calculated, which are larger than normal metal but comparable to other heavy-fermion
compounds. The electrical resistivity shows metallic character with large residual resistivity
ratio and a T?-dependence below Tx» and a robust linear T-dependence above Twi, which
describes a transition from Fermi-liquid-like behavior to strange-metal-like behavior.%s

In analogy to the calcium compounds, EuzAlolrs and EuAloPt; are isotypic with each other and
the Ca and Sr phases, crystallizing in the Y2GaoCos type structure with space group Crmcm 5136
The magnetic properties of EuxAlolrs were investigated, showing van Vleck paramagnetic
behavior, as a result of the trivalent Eu atoms, with trace amounts of paramagnetic impurities
(3(1)% Eu*"), due to an upturn below 25 K. When the trace amounts of Eu** are neglected, a
coupling constant of 1 = 380(10) K was calculated, which is near the value of a free Eu** ion
(480 K), with an effective magnetic moment of uerr = 4.56(1) ug at 300 K. Also, MoBbauer
spectroscopic investigations were performed to investigate the valence of the Eu atoms,
resulting in isomer indicating purely trivalent Eu atoms in the bulk material %! 86

As no nickel containing compound is known, next the phases contain palladium and later
platinum are discussed. EuAl;Pd> was reported to be isotypic to CaAlsPd,, crystallizing in the
YAINi> type structure with space group P6/mmm. Two crystallographically independent
positions for each Eu (Eul: 2d, 1/3,2/3,1/2; Eu2: 1a, 0,0,0) and Al (All: 6k, x,0,1/2; Al2: 3f,
1/2,0,0) as well as one Pd (6/, x,2x,0) site are present in the structure. A Kagomé lattice
perpendicular to [001] is formed consisting of three fourths of Pd and one fourths of Al atoms
by the Al2 and Pd atoms with identically stacked on top of each other. The resulting trigonal
and hexagonal prisms are filled with All in the trigonal and Eul atoms in 2/3 of the hexagonal
prisms, the Eu2 atoms reside in the plane of the hexagonal rings.%”

For the compound EuAlsPd no structure or structural data was reported only the synthesis from
aluminum flux and magnetic measurements, which show an antiferromagnetic transition at 7n2
17.4 K and Tni 15.8 K.88

The EuAlePd structure crystallizes with space group Cmmm and exhibits one

crystallographically independent site for each Eu (25, 1/2,0,0) and Pd (24, 0,0,1/2) as well as
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two sites for the Al atoms (All: 45, 0/2,y,1/2; Al2: 8n, 0,y,z). The structure was described by Eu
atoms forming a trigonal mesh on the ab plane, which is elongated along the b-axis.
Additionally, physical properties were recorded, the magnetic measurements show an
antiferromagnetic transition at 7v = 17.5 K. Below the Néel-temperature M/H decreases along
the a- and b-axes but becomes constant along the c-axis with a small bend at 8 K, due to spin
orientation. Above the Néel-temperature M/H follows the Curie-Weiss law with an effective
magnetic moment uerr and a Curie-Weiss-temperature of p of 7.87, 7.81, 7.84 us/Eu and 7.91,
6.78 and 3.78 K with H||a, H||b and H||c-axis, respectively. The antiferromagnetic ordering is
present on the easy c-axis near zero magnetic field. The structure possesses a saturation
magnetization around 7 pus. When the magnetic field is perpendicular to the c-axis,
metamagnetic steps around 22 and 25 kOe occur along the a and b-axes, respectively. The
electrical resistivity measurements show a linear decrease with decreasing temperature,
whereas the decrease of the electrical resistivity is reduced below 100 K and bends at the 7.
Below the 7x the resistivity decreases again. A residual resistance of 20 pQcm was calculated.®’
The EuAl;Pt phase crystallizes isotypic to the AE compounds in the MgAl>Cu type structure.
Besides structural investigations also the physical properties were measured. The magnetic
measurements reveal an effective magnetic moment of uer=7.97(1) us per Eu, which is a good
fit for free Eu** with 7.94 ug per Eu. A Weiss constant of 52.7(1) K was determined, indicating
dominant ferromagnetic interactions in the paramagnetic temperature range with a Curie-
temperature of 7c = 54.0(5) K. The saturation magnetization of 6.53(1) us/Eu at 3 K and
80 kOe was reported. In the case of the heat capacity, the temperature dependent heat capacity
measurements exhibit a A-shaped increase at 50.9(2) K, indicating a second order transition.
The electrical resistivity is decreasing linearly with decreasing temperature until the transition
temperature, indicated by a bump at 53.2(2) K. After the transition a slope is present, due to
spin order scattering reduction. The residual resistivity ratio of RRR = 3.3 indicates a bad
metallic character of the compound. MoBbauer spectra show an isomer shift of 6= —
9.94(1) mm s! at 78 K, whereas at 4 K two isomer shift appear at —9.45(2) and +1.9(4) mm s~
!, which originate from 1.4(1)% Eu** impurity. X-ray photoelectron spectra of EuAl,Pt were
recorded for the Pt 4f, Eu 3d and Al 2s binding energies. The Pt 4f binding energy is equal to
elemental Pt, suggesting no significant electron transfer to Pt. The Al 2s spectra show two peaks,
one originating from oxidic layer on surface and one from bulk material at lower binding
energies. The recorded Eu 3d spectra feature four signals, two for each di- and trivalent Eu
atoms, the trivalent europium peaks have higher intensity, which emerged possibly from

hydrolysis or decomposition on the surface. The bonding interactions were investigated via
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ICOHP and DOS calculations. The ICOHP show, that structure exhibits strong covalent Pt—Al
interaction as well as weak Eu—Al covalent bonding, leading to the several times mentioned
description of a covalent [ALLPt]* network with weakly interactions with the Eu atoms. The
Density-of-states shows no gap at the Fermi level and the majority of the Eu 4f spin states are
occupied, whereas minority spin states are unoccupied resulting in high spin (divalent) Eu.
Bader charges were calculated showing positive values for Eu and Al atoms, Pt atoms exhibits
negative charges, the Eu charge between +1 and +2 indicating divalent Eu atoms in the structure
and also weak covalent interactions with the Al atom, similar to the AE variants the Al atoms
have a charge close to +1 indicating rather covalent bonding in the Al-Pt network, the ELF
calculations reveal covalent Al-Al bonding, which is weaker in the Eu compound than with the
AE phases.®

EwAlIPt, crystallizes in the aforementioned Ca;Silr; type structure with space group C2/c (see
Chapter 1.b). The Pd variant Eu2AlPd in contrast crystallizes in the orthorhombic crystal
system with space group Fdd2 in the Ca,GePd: type structure. %

In 2022 the group of Onuki et al. reported on the existence of EuAlsPts, crystallizing isotypic
to the cerium compound in the YNisSiz type structure with space group Pnma A detailed
description of the structure can be found below in chapter 3.a.l. In the publication, physical
properties were investigated, the magnetic measurements show an antiferromagnetic transition
at Tn = 12.4 K with an easy c-axis. The electrical resistivity is highly anisotropic, whereas the
measured resistivity along the b-axis is smaller than along the other axes. The Pt and Al atoms
mainly contribute to conduction electrons. The resistivity decreases nearly linearly below Néel-
temperature in all three directions. In addition, specific heat measurements were conducted,
showing a second-order transition (antiferromagnetic transition) in form of a sharp A-type
anomaly at 12.4 K. Above 100 K, Curie-Weiss law behavior for all three axes is present. Below
the Néel temperature, the susceptibility decreases for the H||c-axis, but is unchanged for the
other two axes, indicating an antiferromagnetic easy c-axis. The saturation magnetic field along
the c-axis is approximately 9 T. The group of Onuki showed, that the Néel temperature T is
tunable by increasing the pressure, as observable in the pressure-dependent resistivity
measurements. The results led to a higher 7 up to 18 K at an applied pressure of 8 GPa. T« is
14.7K at 8.5 GPa and a vanishing of the antiferromagnetic transition above 9.5 GPa is
observed, due to valence transformation of Eu** to a valence fluctuating state.’!

The last literature known Eu containing compound is EwAlisPts. It is isostructurally to
ScoAlisPts, crystallizing in a commensurately modulated superstructure of the hexagonal

REo67A1sPt; compounds (P63/mmc, RE =Y, Ce, Gd-Tm, ScosFe2Siso type).”! The average
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structure is described in Chapter 3.a.I. Temperature dependent powder X-ray diffraction
measurements were conducted, showing a decrease of the lattice parameter ¢ of —18 pm (-1.1%)
below 60 K, whereas the a—axis decreased by —1 pm (—0.2%). Magnetic property investigations
resulted in a rise of the susceptibility by decreasing temperature until the anomaly at T =
50.7(1) K, below anomaly susceptibility rises slowly. No antiferromagnetic ordering was
observable, the derivative reveals anomalies at 41.7(1) and 47.8(1) K and a paramagnetic Curie
temperature of —39.9(1) K. The effective magnetic susceptibility was calculated to be uesr =
7.90(1) uB, indicating divalent Eu atoms, but below 50 K the magnetic moment decreases to
et = 1.67(1) us, which indicates a trivalent Eu species with van Vleck paramagnetism. The
heat capacity measurements show A-shaped anomalies at 40.7(1) and 47.9(1) K, indicating a
transition in two steps. When looking at the electrical resistivity, it decreases linearly with
decreasing temperature until 51(1) K, where a small bump exists, below the bump the slope
abruptly changes, indicating a drastic change in the band structure, which is caused due to
valence change from Eu?* to Eu®* by delocalization of an electron, which is supported by the
MéBbauer spectroscopic investigations. >'Eu MoBbauer spectra were taken between 6 and
78 K, exhibiting one signal of trivalent Eu, that upon heating splits into two signals while above
55 K only one signal for divalent Eu is present. Lastly quantum chemical calculations were
performed using DFT, indicating that the compound exhibits a metallic character and should
possess an antiferromagnetic ground state with C-type antiferromagnetism, in which the spins
couple antiparallel within layer and parallel between layers. The Density-of-states show that
the Al states similar to aluminum metal and spread over whole energy range, with also the Pt
states being broad and contribute equally to Fermi energy. The Eu 4f a-spin peak at Fermi level,
indicates coupling of the Eu atoms with conduction electrons, whereas the remaining Eu states

are located above Fermi level, also does the DOS indicate a possible variation of the occupation

of the Eu 4f states.”?
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d. Goals of this thesis

Main research focus of this work is the explorative and systematic preparative investigation of
new intermetallic aluminum compounds to study their electronic structure and the electron
transfer. The chemical bonding situation is highly complicated due to the presence of ionic and
covalent bonding paired with conduction electrons. With these different parameters for the
bonding situation, every compound is unique and has to be investigated in detail to understand
the bonding. In this thesis the investigations of the electron transfer with electron poor
compounds M—AIl-T, with M being alkaline earth metals (Ca, Sr, Ba), europium and ytterbium
and the transitions metals 7 being elements from the Co and Ni group, are conducted, which
also were investigated to a lesser degree so far according to literature. The influence on the
covalent bonding characteristic found in these compounds is investigated using theoretical
calculations on the DFT level and different spectroscopic measurements, for example 2’ Al solid
state NMR (indirectly probe the electronic structure at the Al nucleus) and X-ray photoelectron
spectroscopy (shift of the signal depending on the electron count). Due to the different sizes of
the alkaline earth elements, structural distortions occur when the same structure type is formed
with different alkaline earth metals. This distortion can also be investigated by the ’Al NMR
studies, due to the change of the local environment surrounding the Al atoms inside the
structures.

To receive insight into the bonding situation and electron transfer the experiments are placed
on three pillars, (1) synthesis and crystallographic investigation of the intermetallic aluminum
compounds, (2) the investigation of the bonding situation using DFT based methods including
ELF, ICOHP, LOBSTER, ICOBI, Bader and Lowdin charges and (3) the extension and support
of the theoretical findings with spectroscopic (XPS, NMR, MoBbauer) as well as physical
measurements (magnetism, electrical resistivity).

With the results of these three pillars combined, an overall picture of the bonding situation and
electron transfer can be obtained. As side product of the investigation of the bonding situations
and electron transfer, also new ternary compounds are found, filling the gapps within the Gibbs

triangles (Figure 1.1-1.3).
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2. Experimental

a. Solid State Synthesis

I. Used Reactants

In this work all synthesized substances or intermetallic precursors were prepared by using their

respective pure elements within the necessary stoichiometric ratio. All used elements are listed

in Table 2.1 according to their atomic number alongside their form, supplier and purity.

Due to the high reactivity with water and air the alkaline earth (4E) and early rare earth (RE)

elements were stored in an argon (Air Liquide, 99.999%) filled dry box. Prior to use, the surface

impurities on the AE and RE were removed mechanically using a sharpened spatula and metal

brush. After the removal of the surface impurities, the elements were cut and weighed to the

according calculated masses with a maximum deviation of 0.2 mg.

Table 2.1: Listing of the elements used with their atomic number, their

supplier, form, and purity.

Element Producer Form Purity (%)
Al#13 Koch chemicals pellets 99.99
Alujet foil 99.5
S #16 ChemPUR powder 99.95
Ca #20 ChemPUR pieces 99.5
Fe #26 Carl Roth powder 99.5
Co #27 Onyxmet pellets 99.99
Ni #28 ChemPUR wire 99.98
Cu #29 Riedel-de Haén AG pieces 99
Ga #31 Onyxmet button 99.99
Sr #38 Sigma Aldrich rod 99
Y #39 Onyxmet chunks 99.99
Ru #44 Onyxmet pieces 99.9
Pd #46 ChemPUR sponge 99.9+
Ag #47 Onyxmet pellets 99.99
In #49 Fluka AG pieces 99.5
Ba #56 Onyxmet chunk 99.95
La #57 Onyxmet chunks 99.6
Ce #58 Onyxmet chips 99.9
Pr #59 Onyxmet chips 99.9
Nd #60 Onyxmet chips 99.9
Sm #62 Onyxmet ingot 99.9
Eu #63 Onyxmet ingot 99.9
Gd #64 smart elements pieces 99.99
Tb #65 smart elements chunks 99.95
Dy #66 smart elements chunks 99.95
Ho #67 Onyxmet dendritic 99.99
Er #68 Onyxmet dendritic 99.99
Tm #69 smart elements dendritic 99.95
Yb #70 Onyxmet chunks 99.95
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Lu #71 Onyxmet chunks 99.95

Ir #77 ChemPUR granules 99.9
Pt #78 Agosi AG pieces 99.95
Au #79 abcr shots 99.95

II. Arc Furnace

The arc furnace was built after the blueprint of Pottgen et al.®® consisting of a two-piece fused
silica sample chamber, connected to a vacuum and Ar line, a water-cooled cooper hearth with
a recess for a copper or brass crucible, being the counter-electrode and a CeO> doped tungsten
electrode. To produce the necessary electric current, a high frequency transformer (Lorch,
HandyTIG 180 DC) is used with a foot pedal, to regulate the power output. The arc furnace can
generate temperatures over 3000 K locally. The schematic structure alongside photographs is
shown in Figure 2.1.

Many of the experiments were carried out in the arc furnace, either direct synthesis of the
elements in a copper crucible or to close non-reactive metallic containers made of the refractory
metals Nb or Ta (WHS Sondermetalle), in which the reactions were performed subsequently.
Due to the presence of at least one low boiling element in the reaction, aluminum foil was used
to wrap the reactants and prevent loss of the volatile element during the direct synthesis in the
arc furnace. Prior to the reaction, the arc furnace was evacuated at least four times (<15 x1073
mbar) and refilled with argon. The argon was purified using titanium sponge at 873 K,
molecular sieve, activated carbon and silica gel prior to the use. The reactions were performed
under 800 mbar Ar and the resulting melting bead was turned over two to three times using the
electrode as a handle and again melted to increase homogeneity.

If reactions were performed in the induction system, ampoules made of Nb and Ta were used
due to the high melting points of Nb (2741 K) and the additional inertness of Ta (3269 K).4 To
produce the metal ampoules, Nb/Ta tubes were cut to approximately 3 cm length. For the base
and lid, sheets of the same material were punched to the according size and formed. The tubes
and lids were subsequently washed with hexane to remove oily and metallic residues. The
cleaned tube was inserted into the brass crucible and topped with a lid and arc-welded on one
side. Subsequently, it was filled with the reactants and closed in the arc furnace with a second

lid.
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Figure 2.1: Schematic structure of the arc furnace and picture of the one used for the experiments in this thesis.”

II1. Induction Furnace

The induction furnace consists of an external oscillating circuit coupled to the midfrequency
transformer (Trumpf Hiittinger, Truheat HF5010) providing the power output, the copper
induction coil, and a water-cooled sample chamber. The schematic structure is shown in Figure
2.2. The transformer generates an alternating electrical field in the copper coil, which
subsequently produces a fluctuating magnetic field. If a sample or the used container material
is placed in the field, an Eddy-current will be induced, leading to the heating of the sample up
to 2500 K due to its intrinsic electrical resistance.

The induction furnace was mainly used for direct syntheses in Ta or Nb ampoules and for heat
treatments after reactions in alumina crucibles or directly in the metal ampoule. In either case
the sample chamber was evacuated at least three times and filled with purified argon, which
was reduced to around 800 mbar Ar pressure at the start of the heating process. A power output
of around 0.7 kW was sufficient to heat most samples to over 1200 K. These temperatures were
held for 10 min and subsequently cooled to RT or 1073 K for an additional heat treatment and
holding for a prolonged time. Due to the possible step sizes of 0.01 kW, a lower cooling rate

compared to the arc furnace was achievable.
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Figure 2.2: Schematic structure of the induction furnace and the photograph of the used induction furnace.*
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IV. Fused Silica Ampule

Fused silica ampoules were prepared from silica tubes by cutting them to approximately 30 cm
pieces and subsequently separated in the middle using a hydrogen/oxygen burner. These
ampoules were filled with samples for heat treatment or for direct synthesis. For the direct
synthesis without Ta/Nb ampoules, the fused silica ampoules had to additionally be coated with
carbon, preventing the metals to react with the glass, by pyrolyzing acetone under anaerobe
conditions at high temperatures.

The filled ampoules were evacuated ten times and filled with argon, which subsequently were

sealed by melting using the hydrogen/oxygen burner and afterwards placed in the muftle

furnace for heating. Examples are shown in Figure 2.3.
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V. Alumina-Crucible

Due to the inert nature and high melting point (2345 K) of alumina (Al>O3), alumina crucibles
were used as containers in annealing steps in the induction furnace and for direct syntheses
using the aluminum flux method by stacking two crucibles on top of one another with the open
side facing each other. The top was filled with fiberglass. When the reaction using a flux is
finished, the temperature is still above the melting point of aluminum at around 973 K,
subsequently the ampoule with the stacked alumina crucibles gets turned by 180° so that the
crucible with the flux alongside the crystals is upside down. The still liquid aluminum then
flows through the fiberglass, whereas the crystals are too big to go through, being retained at
the fiberglass. After cooling, the fused silica ampoule is opened, and the two crucibles are
separated with one holding the residue Al flux at the bottom and the upper one having the grown

crystals on top of the fiberglass.

VI. Conventional Resistance Heating Muffle Furnace

Commercially available muffle furnaces (Nabertherm, N 11/HR) were used either for direct
syntheses in fused silica ampoules with or without metal containers, or for subsequent heat
treatment. Due to the conventional resistance heating of two opposing ceramic plates (Fig. 2.4,
left) and a NiCr/Cr-thermal element coupled to the control unit (Nabertherm, C290, C30, P300),
a defined temperature program was usable with cooling rates down to 2 K h™!. In contrast to the
arc furnace and induction furnace, only temperatures of 1553 K could be used in the muffle

furnace.

casing and insulation

heating chamber

el Il |

|| controller
—  unit

heating coils

controlling unit.
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b. Diffraction Techniques

I. Powder X-Ray Diffraction — PXRD

The first characterization technique after the reaction is powder X-ray diffraction, to analyze if
the target phase has formed during the reaction and if a phase pure product or a mixture of two
or more phases is obtained. For the preparation, the melting bead resulting from the arc furnace
was first broken into smaller pieces in a steel mortar. A few big pieces were stored for later use,
the remaining pieces were transferred to an agate mortar, covered in n-pentane and ground to a
fine grayish powder. For the measurement, two sample holder types were used, firstly for high
volume samples a steel sample holder with different cutout depths for the powder to fill up.
Secondly, for low volume samples silicon zero-background sample holders were used, mainly
due to the necessary sample sizes being only ~100 mg. If the powder was sensitive to air and
the sample had to be stored in the glovebox, a Si zero-background holder with a thread alongside
the dome counterpart was used to prevent the decomposition of the sample.

The measurements were performed on a Bruker D8-A25-Advance diffractometer with Bragg
Bretano 6-0 geometry (goniometer radius of 280 mm) in a 26 range of 6 to 130° with a step size
of 0.013° equipped with a copper X-ray tube (11 = 154.0596 and 4> = 154.4426 pm). A 12 um
Ni foil was used as a Cu K filter, additionally a variable divergence slit was installed on the
primary beam site. On the secondary beam side, a LYNXEYE detector with 192 channels was
installed.

The recorded diffraction data was evaluated with the Bruker TOPAS 5.0 software®s using the
instruments fundamental parameters. CIF-files taken from single crystal measurements or from
Peason’s Crystal Data’* were used for comparison. If no phase could be identified in
comparison with the literature, at least one new compound formed. If the PXRD pattern fits to
literature known phases, then the structures were loaded and the lattice parameters were refined
first, followed by the crystal size, atomic parameters and lastly, if necessary, the preferred

orientation.
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II. Single Crystal X-Ray Diffraction — SCXRD

The SCXRD measurements and data integration were conducted by Dr. Bernd Morgenstern and

PD Dr. Oliver Janka, both Saarland University.

Single crystal X-ray diffraction measurements were used, when an unknown phase was present
in the PXRD pattern. For this a bigger piece of the melting bead was saved. This piece was
crushed into small crystallites in a steel mortar and then transferred into a petri dish and placed
under a Carl Zeiss Stemi 305 light microscope. Crystals with distinct crystal surfaces and no
visible surface contaminations were isolated and fixed to a glass fiber using beeswax or nail
polish. Subsequently the pin holding the single crystal was placed into the goniometer of either
a Bruker X8 APEX2 or a Bruker D8 Venture diffractometer. The crystals were positioned
centered in the X-ray beam using a high precision camera. Both diffractometers are equipped
with CCD detectors and are using graphite monochromated Mo K radiation with a wavelength

of 21 =71.073 pm.

Before all reflection intensities were recorded, the unit cell was determined by taking either
three sets of twelve frames (Bruker X8 APEX2) or 180 frames in a phi scan (Bruker D8 Venture)
and indexing the reflections, suggesting a preliminary Bravais lattice and unit cell parameters.
These parameters were compared to existing structures in the PCD3? as indication whether it is
a new structure or a crystal of a known side phase from the sample. If it seemed to be an
unknown structure, the measurement method was set up by adjusting the area of the diffraction
angle and exposure time. Intensity data sets with diffraction angles of up to 26 = 90° were
recorded and exposure times of 10-30 s were used depending on the crystallite size and

instrument.

The multi-scan absorption correction was performed after the measurement, using the Bruker
SadABS data package.”® The generated .p4p and .hkl files were loaded into JANA2006°7>%8 to
solve and refine the structure. The algorithm SUPERFLIP,* implemented in JANA2006, was
used for the structure solution. The data was subsequently refined using a full matrix refinement
using the least square method on F?. The structure refinements were optimized by reduction of
the residual factors R1 and wR2 as well as the goodness of fit GoF. R1 and wR2 are calculated

as followed!%?:

_ thl| |F0bs|'|Fcalc||

R1
x| Fobs|
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2
wR2 \/thl W(lFibs'Fgalcl)
Y W(Fop)
with Fobs as observed and Fac as calculated structure factors. The weight parameter w is defined
as:
1
w= 2
62 (Fops)+(aP)>+(bP)

. 1 ) 2.0
with P= 3 maX(O,F Obs) + §F calc-

The parameters a and b are optimized in a way that an equal distribution of the variances over
the whole diffraction angle and intensity is present.

The GoF or Goodness of Fit is defined as:

. jzhklw(wgbsfzalcnz

m+n
with m representing the number of collected reflections and » as the number of parameters. A
good structure refinement should lead to a GoF around 1.

Structural drawings were generated with Diamond 4! and edited with Adobe Illustrator CS6.
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c. Physical Properties — Magnetism

I. Ferro-/Antiferromagnetism

Ferromagnetism is a magnetic phenomenon, in which the magnetic moments align themselves
spontaneously parallel below the so-called Curie-temperature 7c. If the material is heated above
the Curie-temperature, the spin alignment and thus the magnetic properties will be lost, as
shown in Figure 2.5. Every ferromagnetic material possesses domains, where the magnetic
moments are aligned, these are called Weiss domains, named after Pierre-Ernest Weiss, but
every domain possesses a different orientation. If a magnetic field is applied, the Weiss domains
start to align in the direction of the magnetic field until every domain is aligned, leading to the
magnetic saturation and thus the highest magnetic strength. In the field of ferromagnetic and
also ferrimagnetic materials there are two different kinds of magnetic materials, namely soft
and hard magnets. The difference in these two kinds is the magnetization strength, for soft
magnets the magnetization hysteresis exhibits a slender hysteresis with small values of
coercivity and remanence after the external magnetic field is removed. These materials are
commonly used in transformer cores. Hard magnets on the other hand have a broad hysteresis
with an ideal hard magnet having a square shape. Alongside the broad hysteresis, also large
coercivity and remanence after the external magnetic field is removed are observed, also the
magnetization changes after passing the coercivity value. Hard magnets are commonly used in

magnetic memory and permanent magnets.3?

T
| &R
ACS,
~| 33\ 2
e
0 Tl 1:’50 30=0

T(K) —

Figure 2.5: Ferromagnetic alignment of magnetic moment and temperature dependent susceptibility.
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Antiferromagnetism is like two layers of ferromagnetic materials, which are antiparallel to each
other. This results in a decrease and subsequent vanishing of the magnetic susceptibility below
the Néel-temperature 7n. Above 7w the paramagnetic behavior is dominant leading to a slight
increase of the susceptibility. There are different kinds of antiferromagnetic ordering, which
can occur. The two most common kinds are firstly in-plane ordering, in which the magnetic
moments of the atoms in a plane are alternatingly oriented and the secondly the layer-like
antiferromagnetic ordering, which has parallel magnetic moments in-plane and an antiparallel
ordering alternating between layer. The in-plane antiferromagnetic ordering originates from
direct interactions (super exchange) from the magnetic moments, occurring when the distance
of the magnetic moments of the atoms is under 300 pm, and results in an expected negative
Weiss constant. In metallic compounds also RKKY interactions (see following chapter) are
possible and are prominent in metallic samples, when the interaction distance is over 300 pm.
The layer-like antiferromagnetism originates from indirect interactions resulting from coupling
of the magnetic elements over a non-magnetic element, e.g. in Fe3O4 in which the magnetic
moment of the iron atoms are coupled over the oxygen atoms resulting in the antiparallel
ordering of the magnetic moments. The layer-like antiferromagnetic ordering results not in a
negative Weiss constant but either 0 or slightly positive values.!%?

Antiferromagnetism commonly originates in body-centered cubic or tetragonal structures, in
these the magnetic moments of the atoms on the corners of the unit cell and the body centered
atoms form substructures with antiparallel ordering, inside the substructure all moments are
aligned parallel below the Néel-temperature. Below the Néel-temperature the magnetic
moments couple inside the substructure resulting in a net zero magnetization due to the same

strength of the magnetic moments of the substructures, as shown in Figure 2.6.3>
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Figure 2.6: Antiferromagnetic alignment of electron spins and temperature dependent susceptibility.
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A rather rare phenomenon is the so-called ferrimagnetism in which the magnetic moments are
antiparallel but do not have the same strength, leading to an overall seemingly weak

ferromagnetic behavior.

II. RKKY Interactions

The RKKY exchange interactions, firstly described by the name giving scientists Ruderman
and Kittel (RK) in 1954, Kasuya (K) 1956 and Yosida (Y) in 1957, describes the interactions
of the magnetic moments of the localized f-electrons in rare earth elements via conducting
electrons over a large distance. A conduction electron interacts with the effective magnetic
moment of the f-element atom in the crystal structure, so that the electron becomes spin
polarized and carries the polarization to the next atomic site of the f-block element, where a
relaxation of the magnetic moment occurs and causes a change in the spin polarization of the

electron in the crystallographic site.193-105

III. Kondo-Effect

When the electrical resistivity of a metallic material is measured in dependency of the
temperature, the resistance should decrease with lower temperature, as stated in the Matthiessen
equation.

However, during the temperature dependent resistance measurements of a magnetic impure
metallic sample having low amounts of impurities, Jun Kondo observed that the resistance
showed a minimum at low temperatures and when cooled further the resistance would rise
again. Jun Kondo explained this occurrence by using the fermi-level of the bulk material, also
called fermi-sea. If this level is higher than that of the impurity, then the impurity is surrounded
by potential walls. The electron of the impurity inside the potential walls can then tunnel
through the wall as long as the temperature is low enough to a hole residing in the bulk material.
When that happens an electron from the bulk material takes the place in the impurity, regardless

of the spin orientation.!%
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IV. Determination of Magnetic Properties via PPMS Measurements

PPMS measurements were performed by Lars Schumacher, M.Sc., Joshua Wiethdlter, M.Sc.,
Jasper Arne Baldauf, M.Sc. and Dr. Maximilian K. Reimann from the group of Prof. Dr. Rainer
Pottgen (Institut fiir Anorganische und Analytische Chemie, University of Miinster) and

interpreted with the help of PD Dr. Oliver Janka.

The PPMS, short for Physical Property Measurement Systems, is an instrument, which is able
to measure mechanical, thermal, electrical and magnetic properties between 1.9 and 395 K with
the possibility to apply an external magnetic field up to 90 kOe. The measurements were
performed on either the Quantum Design Physical Property Measurement System (PPMS2) or
the Quantum Design PPMS DynaCool. These devices use a super conducting Nb3Sn coil to
generate the magnetic field and liquid He to achieve the cooling to the single digit Kelvin
temperature region. For the preparation, two options are available, firstly using powdered
samples e.g. after PXRD analysis or secondly using crystalline pieces directly. Subsequently,
the samples were attached to the sample holder rod of the Vibrating Sample Magnetometer
(VSM) by using PE (polyethylene) capsules for powdered samples or Kapton-foil for pieces to
measure the magnetization M(H,T). The schematic structure of the VSM is shown in Figure
2.7. The sample holder is placed into the PPMS, in which the sample is oscillating with a
frequency of 40 Hz through the ring-shaped superconducting Josephson-contact to 2 mm above
and below, inducing an electrical current. With this method a change in the magnetization of up

to 10°° emu can be detected.

oscillation
motor

sample holder
sample

magnet I n I magnet
detection coil

Figure 2.7: Schematic sketch of the VSM principle.1?
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For the measurements of the magnetic properties, three experimental settings were used. First
the zero-field-cooled (ZFC) measurement, in which the sample is cooled to the starting
temperature of usually 3 K, at this point the external, high magnetic field of 10 kOe is applied.
Heating of the sample and simultaneous measuring of the magnetization, leads to the possibility
to calculate the magnetic susceptibility y(7) and to subsequently extract the effective magnetic
moment fefr.

The magnetic susceptibility can be fitted by using the modified Curie-Weiss law in the
temperature range, where a linear increase of the curve is present and approximately 50 K apart

from non-linear features:

x(T)= % %o
With yo as temperature independent term, in which e.g. the Pauli-paramagnetic value from the
conducting electrons is included, C as Curie constant, 7 temperature and @ as Weiss constant.
The Weiss constant is above the magnetic ordering temperature either positive for
ferromagnetic compounds or negative for antiferromagnetic materials.

The effective magnetic moment pefr is calculated by:
ﬂeff: 8C

with C being Curie constant.

The second setting is the zero-field-cooled / field-cooled (ZFC/FC) measurement at lower
magnetic field (100 Oe). In this experiment the sample is cooled one time without and
subsequently one time with the external magnetic field applied, giving insights into the
magnetic ground state of the material.

Lastly, the third experiment is the measurement of the magnetization isotherms, in which the
sample is cooled to and held at a specific temperature, then the applied magnetic field changes
and the magnetization of the sample is measured. With this method the saturation magnetization
can be determined and underlying magnetic phenomena verified.

For an in depth and more detailed insight in the theory of the magnetic measurement and

magnetochemistry, the following literature is recommended. 82 108-81
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d. Spectroscopy

I. Nuclear Magnetic Resonance — NMR

All NMR studies, both measurements and data analysis, were performed by Elias C.J.
GieBelmann, M.Sc. Saarland University. Additional 2?A1 MAS NMR measurements of CaAl>S4
and SrAlbS4 were performed in cooperation with Lukas P. Riithing, M.Sc. and Prof. Dr. J6rn
Schmedt auf der Giinne (Department of Chemistry and Biology, Faculty IV: School of Science
and Technology, Inorganic Materials Chemistry and Center of Micro- and Nanochemistry and

Engineering (Cm), University of Siegen).

Solid state NMR can be used to determine the number of different crystallographic positions of
Al in a crystalline or amorphous solid. The number of signals observed in the spectrum
correlates with the number of similar chemical environments. Depending on the first and second
coordination sphere of the Al sites, and more precisely on the s-electron density at the Al nuclei,
the observed NMR shift can differ significantly. Typical ranges for the 2’Al signals in
intermetallic compounds are from 200 to 1200 ppm.!? If the coordination environment of the
Al position inside the crystal structure is not symmetrical or is distorted during the sample
preparation, the measured peak form in the spectrum possesses an broadened and asymmetric

peak form.

The intern Hamilton operator, which describes the resonance shift occurring during the
resonance absorption and subsequent relaxation of electromagnetic with the Lamour-frequence
inside an applied magnetic field, is a sum of different interactions found inside the measured
sample. The intern Hamilton operator can be described as:
H,=Hy+Hpp+Hp+Hes+Hy+Hp+Hi+Hy

The interactions are summarized in Table 2.2 alongside the magnitude of influence.
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Table 2.2: interaction of the nuclear spin and order of magnitude. !’

Interaction Magnitude (Hz) Description

H, 107-10° Zeeman-interaction

Hyp 10%-103 Interaction with the radiofrequency field

Hy, 10%-104 Direct dipole-dipole interaction between nuclear spins

N Magnetic shielding of the nucleus from the electron hull also called

Heg 10%-10° ) )

chemical shift

H, 10°-103 Indirect dipole-dipole interaction via bonding electrons

Hp 10%-10° Interactions with unpaired electrons

Hy 10%-103 Interactions with conducting electrons, also known as Knight shift

- Interactions of the nuclear quadrupole moment with the electric field

Hy 103-107

gradient (EFG)

The 2’ Al NMR spectroscopy is used in this work to validate the crystal structures, by the number
of the Al position as well as the local environment of the Al positions. The interaction of the
magnetic shielding of the nuclei with the electron hull shows the bonding situation and the local
symmetry of the nuclei, whereas the interaction of the conducting electrons with the nuclei and
the quadrupole interaction of the quadrupole moment of the nuclei with the electrical field
gradient presents the information about the local environment of the Al positions. These
interactions can shift the NMR signal to a few thousand ppm compared to the reference material
AlCls.

For a detailed insight about the theory of solid state NMR spectroscopy, please refer to the
literature, 10%-111-115

The samples were ground to a powder and mixed with dried sodium chloride in a ratio of 1:9
to reduce the density and the electrical conductivity. Subsequently the mixed sample were
transferred into the 4 mm outer diameter cylindrical ZrO> rotor. The rotor was introduced into
the Bruker Avance III 400 WB spectrometer, spun at the magic angle with 13 kHz using an air
stream and the measurements were taken a resonant frequence of 104 MHz and a single pulse
of 0.83 us with a relaxation delay of 1 s. As reference to the measured resonance shifts, an
aqueous 1 molar AICl; solution was used.

The measurements of CaAl>Ss and SrAl>S4 were performed in cooperation with the group of
Prof. Dr. Jorn Schmedt auf der Giinne using a Bruker Avance Neo 600WB spectrometer with a
magnetic field of 14.1 T. The two samples were measured without prior dilution and with a

resonance frequency of 156.38 MHz.
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The NMR spectra were recorded using Bruker Topspin software!!6

using DMFit.!”

and subsequently analyzed

II. Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy —
SEM/EDX

SEM/EDX measurements were performed with supervision of Mr. Dipl.-Ing. Jorg Schmauch
(Institut fiir Experimentalphysik) at Saarland University and ESEM analysis of the single
crystals were done by Dr. Marcus Koch at the Institut flir Neue Materialien (INM) in

Saarbricken.

Scanning electron microscopy is a method to analyze the morphology of samples and in
combination with an energy dispersive X-ray spectroscopy detector, to qualitative and semi-
quantitative element analysis. The interactions of free electrons with localized electrons are
significantly higher than X-ray radiation or neutron interactions, so only a small sample size is
necessary to analyze the compounds. The energy dispersive X-ray spectroscopy measures the
characteristic X-ray radiation of the respective elements, which originates from the transition
of an electron of an outer shell into a core near electron hole, whereas the core near electron
holes are generated by the accelerated electron beam. This analysis method is dependent on the
electron count of the elements, resulting in a lower detection limit of Na. Also, the EDX
measurements are highly dependent on the surface of the sample, ideally the sample should be
perfectly perpendicular to the electron beam as well as sanded and polished to receive a flat
surface, to prevent absorption or scattering of the X-ray radiation by the own sample.

The SEM provides the focused electron beam via a thermionic cathode with a small emission
energy, typical LaBs or W is used as cathode material. The emitted electrons are accelerated by
using a high voltage on the anode side and are focused by different magnetic coils built in the
electron microscope. The scanning electron microscope is equipped with two detectors, the
secondary electron (SE) detector and the back scattering electron (BSE) detector. With the SE
detector the topology of the sample can be visualized and using the BSE detector results in
different brightness arises if an inhomogeneous sample is measured, due to the different
averaged electron / element number in the respective phases of the sample.

For the analysis, powdered bulk samples were sprinkled on an aluminum sample holder covered
by a sticky electrical conducting carbon tape. The excess material was removed by tapping the

sample holder. Subsequently up to 7 samples were transferred into the sample holder, on which
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the samples could be additionally sputtered with gold or carbon to make them electrically
conducting. The samples were subsequently introduced in the JEOL 7000F scanning electron
microscope, equipped with an EDAX Genesis 2000 EDX detector . Due to the preparation
method (sprinkling of the sample on the sticky tape), the EDX results have a higher standard
deviation with around 2 at.-%.

To investigate selected single crystals ESEM measurements were conducted on a Zeiss Evo
MA10 scanning electron microscope, equipped with an Oxford Instrument EDX detector and
using the variable pressure mode with under 60 Pa N> atmosphere. The internal standards REF3,

TiO2, and Al,O3 were used for the calibration of the EDX measurements.

III. Raman Spectroscopy

The Raman measurements were performed by Dr. Petra Herbeck-Engel at the Institut fiir Neue

Materialien (INM) in Saarbriicken.

The Raman spectroscopy is an analytical method to measure the vibrational energy modes of
samples by using scattered light. During the light exposure of the sample, atoms with Raman-
active modes get excited and one out of three events occur, the majority of scattering is the
elastic scattering, also called Rayleigh scattering, in which the same wavelength of the incident
photon and the scattered photon is present. The other two cases are the Raman scattering events
with inelastic scattering leading to a higher or lower wavelength of the scattered photon.

In the case for the measured MAl, compounds, crystallizing in the MgCu, Laves phase type
structure, one Raman-active mode, which is the 85 site of the M atom and being the T>, mode
is present.!!8 To prepare the measurement, powdered and crystalline samples were placed on
the LabRAM HR Evolution HORIBA Jobin Yvon A Raman microscope, which is equipped
with a 532 nm and a 633 nm Lasers. Additionally, an 1800 lines mm ' grating and a 100er LWD

objective was used for the acquisition of the spectra.
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IV. Inductive Coupled Plasma Mass Spectroscopy — ICP-MS

ICP-MS analysis was performed by Dr. Kristina Brix of the group of apl. Prof. Dr. Ralf

Kautenburger at Saarland University.

ICP-MS is the abbreviation for inductive coupled plasma mass spectrometry and is a highly
sensitive element analytical method for measuring element concentrations or the element ratio
in compounds. The inductive coupled plasma consists of high heated and ionized argon by
streaming it through a fused silica glass tube (torch) in an induction coil with a high frequency,
the coil is generating a microwave field to which the Ar couples and is heated to 6800 to
10000 K.119

For the measurements, 1 to 7 mg of the sample were taken, dissolved in ultrapure hydrochloric
acid and subsequently diluted with ultra-pure water to get a concentration of 5 to 100 pg L.
10 pg L1 1%°Ho solution were added as internal standard as well as 69% ultra-pure HNO3 to
reach an acid concentration of 3-5%. External standards for the calibration of the measurements
were Ca®*, AI**, Ba?* and Sr?* with a concentration of 1 g L. The solution were introduced in
the Ar plasma by using a nebulizer, in which the elements become ionized and transferred into
the Agilent 8900 Triple Quad and SPS 4 autosampler MS system. The mass spectrometer is
equipped with three quadrupoles, the first quadrupole functions as a mass filter to prevent non-
analytical compounds from being measured and interfering with the results. Subsequently the
ions pass through the collision and reaction cell (CRC), where the measured isotopes **Ca
and *'Ba collide with He as the collision gas and %Sr and 2’Al collide with O as the reaction
gas to prevent signal overlap due to similar m z-%. After the CRC follows a second quadrupole,

which rejects off-mass ions so only the target ions are detected.
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V. X-Ray Photoelectron Spectroscopy — XPS

The XPS measurements were performed and partially interpreted by PD Dr. Frank Miiller

(Institut fiir Experimentalphysik) at Saarland University.

X-ray photoelectron spectroscopy is based on the photoelectron effect, which is the emission
of core near electrons using radiation and used to get an insight of the oxidation state of the
elements in the sample. To detect the emitted electrons, an ultra-high vacuum is necessary. The
technique is highly surface sensitive, due to the short mean free path length of the photoelectron
of 0.5 to 3 nm. The kinetic energy of the emitted electron Exin is calculated by:

Eyin=hv-¢4-Ep
With hv as energy of the X-ray photon, ¢, as emission energy of the spectrometer and Ep as

binding energy of the electron.'* 1*! The ¢ is a sample specific and not a device parameter,

which can be influenced by the conductibility of the material.

The samples of Al3Pt; and YAIlsPt; were ground to a fine powder, pressed to pellets with a
diameter of ~4 mm and subsequently glued onto a conductive carbon tape Al sample holder.
The Al sample holder had a smaller diameter than the pellet to prevent spectral features from
the carbon tape and the Al holder. The sample was introduced into the ESCALab Mk II
spectrometer, equipped with a Vacuum Generators and a 180°-type PreVac EA 15 analyzer with
a multichannel plate detector. An ultra-high vacuum of approximately 1 x 10°® bar was applied.
To reduce the oxidic layer on the surface of the elemental references for the Pt 4f and Al 2s
spectra, Pt foil was cleaned by Ar ion etching as well as the oxide layer of an Al sheet was
partially removed by etching. The spectra were taken with a monochromatic Al K, radiation (4
= 1486.6 eV) in normal emission mode (polar angle 9 = 0°) with an energy pass of 50 eV,
additional of 20 eV and step widths of 1 eV and 100 meV for survey and detailed spectra
respectively. The binding energy was calibrated by the C 1s peak of the samples.
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VI. MoBbauer Spectroscopic Investigations

The '*'Eu MéBbauer spectroscopic measurements were conducted in cooperation with Aylin
Koldemir, M.Sc. from the group of Prof. Dr. Rainer Pottgen, Institut fiir Anorganische und
Analytische Chemie at the University of Miinster.

MoBbauer spectroscopy is a method to analyze the electronic and magnetic hyperfine
interactions and the oxidation state of elements e. g. '°'Eu in samples, by determination of the
so-called isomer shift d, which is the energy difference of the radiation source and the sample.
The analytical method is based on the MdBbauer effect and describes the recoil free nuclear
resonance absorption of gamma radiation in solid state matter. It is named after Rudolf L.
MoBbauer.'?2 When an atom absorbs or emits a y-photon, a recoil occurs. If this happens in a
crystalline material, the whole structure will divide the recoil energy, resulting in a significantly
reduced recoil of the single atom. For gases and liquids, the division of the recoil energy is not
possible. Also, the loss of energy of the y-ray is bigger than the width of the emission and
absorption lines, so no overlap of both lines is happening.

For a detailed insight about the theory of the MoBbauer spectroscopy, please refer to the

literature.123-126

151

e omF3. The lgéSm isotope

The used radiation source for the measurement of '>'Eu is
possesses a half-life of 90 years and is decaying in a f -process into lgﬁEu, which is to 99% a
direct and radiation free transition into the 5/2 ground state of the Eu, but 1% of the Sm decays
into Eu with the excited ground state of 7/2.127 This excited state then relaxes by emitting a -
photon with the energy of 21.53 keV with a half-life of 9.7 ns. These photons are used for the
spectroscopic investigations. 1% of the total activity of the '*!Sm:EuF3 source (65 MBq) was
used for the measurement in the transmission geometry. The frequency of the emitted -
radiation has to be varied using the doppler effect, by movement of the source dependent on the
sample, due to the difference of the nucleus environment of the source and the sample. The
sample was filled into an enclosed PMMA container with the required mass calculated from the
work Long et al.!?® Whereas EuAl>S4 was measured in pure form, EuAl had to be diluted with
Si0». For the measurement, the source was kept at room temperature, whereas the sample was
cooled to 6 / 78 K using a continuous flow He (Janis Research Co LLC) or a liquid nitrogen
bath cryostat system with a resistance thermometer as temperature controller. The y-radiation
was detected with a Nal(Tl) scintillation crystal, measurements were fitted using the

WinNormos for Igor6 program package.!?
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e. Quantum Chemical Calculations

Quantum chemical calculations were performed and interpreted by Dr. Rachid S. Touzani (Otto
von Guericke Universitdt Magdeburg), Prof. Dr. Horst P. Beck (Universitit des Saarlandes),
Prof. Dr. Volodymyr Pavlyuk (Ivan Franko National University of Lviv, Ukraine, department
of inorganic chemistry), Prof. Dr. Yuemei Zhang (Warren Wilson College, Swannanoa, NC,
USA) and PD Dr. Oliver Janka. Dr. Peter C. Miiller and Prof. Dr. Richard Dronskowski
(Institute of Inorganic Chemistry, Solid State and Quantum Chemistry, RWTH Aachen)
provided support and an in-depth introduction in the LOBSTER program package.

Due to the different quantum chemical calculations methods a brief overview of the calculations

will be given in the following.

The quantum chemical calculations for SrAlsPt3, Sr2Ali6Pte and EusAli3Pty were made with
Quantum ESPRESSO,!3% 131 the PAW pseudopotentials!®? from the PSLibrary version 1.0.0133
for Al, Pt, Sr were used, in the case of Eu only a non-magnetic model was available, so a
ferromagnetic model was created by the Wentzcovitch method'®* to use in the structural
relaxation. 100 Ry and 400 Ry were chosen as the kinetic energy cut-off for the plane waves
and cut-off for the charge density and potential respectively. The relaxation of the structure was
stopped, as soon as either a total energy convergence of 10 Ry or a force convergence of 107
Ry/ag was reached. The Brillouin-zone integration was calculated by the Marzari-Vanderbilt
cold smearing,!3%

Monkhorst-Pack algorithm!3¢ the k-meshs were divided into 2 x 14 x 8 for SrAlsPt3, 14 x 6 x
4 for Sr2Ali6Pto and 14 x 4 x 2 for Eu2Ali3Pto. The generalized gradient approximation (GGA)

additionally a Gaussian spreading of 0.01 Ry were applied. By using the

functional, parameterized by Perdew, Bruke and Ernzerhof (PBE-GGA)'37 was used to treat the
exchange and correlation in the density functional theory (DFT) calculation. The Bader charges
were calculated using the methods by Henkelman et al.!38140 and Yu and Trinkle!! with the
critic2 program!¥?® 143 by firstly generating all-electron and valence electron densities.
Subsequently, the chemical bonding analyses were performed by using the TB-LMTO 4.7
program'# and the implemented tight-binding, linear muffin-tin orbitals with the atomic
spheres approximation (TB-LMTO-ASA).!#5 146 This program calculated a new k-mesh with
the exchange and correlation treated with the GGA functional, parameterized by Perdew et
al.' with 4 x 22 x 12 for SrAlsPts, 22 x 22 x 22 for Sr2Ali6Pto and 22 x 8 x 4 for EusAl;3Pto,
leading to 252 k-points, 1530 k-points and 180 k-points in the irreducible Brillouin zone (IBZ)
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respectively. The radii of the automatically generated Wigner—Seitz cells for Sr, Pt and Al were
2.32 A, 1.48-1.53 A and 1.39-1.56 A in SrAlsPt3, 2.37 A, 1.50-1.53 A and 1.42-1.54 A in
Sr2Ali6Pto and in EusAlisPto the radii for Eu, Pt, Al were 2.07-2.15 A, 1.47-1.55 A and 1.40-
1.47 A respectively. Empty spheres were included in the calculation of the LMTO for Sr2Al;6Pto
and EusAli3Pto, whereas no empty spheres were needed for SrAlsPts. The bonding analyses
were done by the calculation of the Density-of-states (DOS) and the crystal orbital Hamilton
population (COHP)!*® alongside their integrals (ICOHP). Negative -COHP show antibonding
states, whereas positive states are bonding and non-bonding states have -COHP values of zero.
The Fermi level was set to 0 eV as reference.

The density functional theory (DFT) calculations of the AEAI: (AE = Ca-Ba, x = 2, 4) series,
REAL (RE = Sc, Y, La, Yb, Lu), the oxidation products of CaAl,, REAIRh series, YAlsPts,
CaAlPty, CaAl:Pt: and CaxAlsPt were conducted by using the Vienna ab initio simulation
package (VASP),!#% 150 in which the projector augmented wave method (PAW) of Blochl!3%
151 was implemented. The generalized gradient approximation (GGA) with exchange and
correlation treated by Perdew—Burke—Enzerhof (PBE)!37 was used in all calculations, but did
not lead to changes compared to using the PAW_PBE potentials. For the specific potential,
please visit the corresponding paper.

The cut-off energy for the plane wave calculations was set to 500 eV for the REAl> and YAIsPt3
compounds, whereas a cut-off energy of 550 eV and 800 eV were chosen for AEAlx and
oxidation products of CaAlz, the REAIRh compounds as well as for Ca;AlPt;, CaAl:Pt; and
Ca,AlsPt respectively. For the AEAlx the Brillouin zone integration was done by an automated
I'- centered 20-fold A-point mesh, in which a k-point mesh with a spacing of =0.02 for all
compounds were used in the oxidation products of CaAl» as well as the intermetallic compounds
CaxAlPty, REAIRh, CaAlPty, CaAlLPty and CaAlsPt. In the case of the REAIL and YAIsPts a
k-mesh of 9 x 9 x 9 and 3 x 15 x 9 was used for the Brillouin zone integration respectively.
High precision integrations of the Brillouin zone were done for the REAIRh compounds with a
k-mesh of 9 x 11 x 9 and for CaxAlPt; of 9 X 15 x 11; CaAl;Pty: 15 x 15 x 9 and CaxAlzPt of
13 x 13 x 9. Additionally, Bader charged were calculated from the VASP outputs using the
Bader program by Henkelman et al.!38140 for the AEAlx, REAl> and YAlsPts. For the REAIRh
and the CaAlPt compounds Bader charges were calculated based on the charge density from
calculations by the AIM (atoms in molecules theory) approach!3? developed by Bader. The
NMR parameters of AEAlx and YAlsPt3 could be evaluated through the field gradient tensor
calculations in VASP using the nuclear quadrupole moment of 146.6 mb for Al and ~220 mb

for ¥*Sc. For the REAl, the chemical bonding analysis was performed by calculating
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the Electron Localization Functions (ELF)'3% 134 from the VASP calculations. The tight-
binding, linear muffin-tin orbitals with the atomic spheres approximation (TB-LMTO-ASA)
method, implemented in the TB-LMTO 4.7 program,'** were used to calculate the crystal
orbital Hamiltonian population (COHP).

As for the MAlslr, (M = Ca, Sr, Eu) compounds the calculations were done with the TB—
LMTO-ASA, 146, 155,156 i which the exchange and correlation effects were considered by the
LDA. 157 The chemical bonding analysis were performed by using the DOS and iCOHP48 vales,
additional the ELF map were calculated as described in literature!>® and were visualized with

the program wxDragon.'>

In the past, COHP calculations were only possible using the TB-LMTO or SIESTA methods,
but not by DFT calculations due to the use of plane waves, which are delocalized. With more
recently developed tools by Dronskowski et al. namely the Local-Orbital Basis Suite Towards
Electronic-Structure Reconstruction (short LOBSTER),16% 161 3 reconstruction and projection
of the COHP from the plane wave data is possible, resulting in projected COHP or pPCOHP. A
very recent implementation is the concept of Crystal Orbital Bond Indices (COBI), which can
be calculated from the projected crystal orbital overlap population (pCOOP) and the projected
crystal orbital Hamilton population (pCOHP) resulting from the LOBSTER calculations. When
integrating the COBI to ICOBI, it gives insight into the chemical bond order. High values
indicating a high covalent bonding, low values indicate a weak covalent bonding or a higher
ionicity, whereas a value of zero indicate no bonding between the addressed atoms.162 163

LOBSTER calculations were performed on SrAlgRho, the elements Ca, Al and Pt, as well as all
known binary and ternary compounds in the system Ca-Al-Pt. Using DFT calculations in VASP
with the PAW method of Blochl was already done with the structures mentioned above, a
structure relaxation was performed firstly, then the plane wave calculations were done with a
cutoff energy of 800 eV, the Brillouin zone integration used a k-point mesh with a spacing of
~0.2 for all compounds. With this data the COBI values were calculated using the LOBSTER

program package.
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3. Results

a. Results from Own Work (published)

I. Important Structure Types

In the following, results from binary and ternary compounds will be discussed, which are

already published in different scientific papers (see publication list).
Binary Structure Types

Firstly, a description of the used crystal structures will be given, starting with the widely and
well known Laves phases MgZn,!'% and MgCu»,!% also known as C14 and C15 phases
respectively. Both structure types can be described in two ways: first the description using the

atom packing and second the one using coordination polyhedral.

The description of crystal structure of MgCuz is in two ways possible, firstly by looking at the
atom packing. The Cu atoms form closed packed atomic layers, in which 1/4 of the atoms were
removed resulting in hexagonal cavities (Schlifli symbol 3.6.3.6. or 3% Kagomé layer),
surrounded by Cu triangles along [111] as shown in Figure 3.2. The cavities of the Kagomé
layer are topped with different atoms, on top of the hexagonal cavities the Mg atoms reside,
whereas above the triangles of the Kagomé layers alternating Mg and Cu atoms can be found.
The Cu atoms in the Kagomé layer and on top of the triangles form empty Cus tetrahedra.
Topped is the structure with a second Kagomé layer, which is slipped, so that the Mg atoms on
the trigonal places of the first Kagomé layer reside in the hexagonal cavities of the second layer.
The resulting coordination number for the Cu atoms are 12 atoms consisting of six Mg atoms
and two times three Cu atoms, forming a distorted icosahedron, shown in Figure 3.2. The Mg
atoms possess a coordination number of 16 consisting of six plus three plus three Cu atoms and
four Mg atoms, resulting in a capped tetrahedron or Frank-Casper polyhedron. The Mg atoms
arrange in the same way as the carbon atoms in the cubic diamond structure. With this the
structure can be viewed as Kagomé layer sequence of ABCABC. The alternative description is
using the polyhedra. The Frank-Casper polyhedra are face-shared to each other forming cavities
which are occupied by the Cuys tetrahedra.
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The hexagonal MgZn, structure type (P63/mmc) is shown in Figure 3.1 alongside the
coordination environment for the Mg as well as both Zn positions. The structure of MgZn> (C14
type) can be described with the following motifs: the Mg atoms form a lonsdaleite structure
whereas the Zn1 atoms form the so-called 3 Kagomé lattice, e.g. hexagons which are made out
of six corner-shared triangles of Zn1 on the ab plane with z = 1/4. These triangles are connected
via the Zn2 atom forming corner-shared trigonal bipyramids along the c-axis, to another 3¢
Kagomé lattice. The second Kagomé layer is shifted slightly, so that one of the Znl triangles
occupies the position of the middle of the hexagon z = 3/4. In the hexagonal cavity reside two
Mg atoms. The two Kagomé layers are alternating along [001] in a sequence of ABABAB.

The coordination number of the Mg atoms is 16 consisting of four Mg atoms forming a distorted
tetrahedron, six Znl from the hexagon of the first Kagomé lattice, three Zn1 from the triangles
of the second Kagomé¢ lattice and three Zn2, forming a fourfold capped tetrahedron. The
coordination number of the Znl and Zn2 atoms are both 12, consisting of six Mg and six Zn
atoms, whereas for the Zn1 the Mg atoms are in a boat conformation and in a chair conformation

for the Zn2 position, both coordination spheres result in distorted icosahedra.
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Mg (4f, 3m.)

Zn1 (6h, mm2) Zn2 (2a, 3m.)

Figure 3.1: Unit cell (bottom left) along the b-axis (top left), ¢ (top middle) and coordination environments
surrounding the Mg (top right side), Zn1 (bottom mid) and Zn2 (bottom right) of MgZn,. Mg and Zn atoms are
shown in green and black circles, respectively. Wyckoft positions and site symmetries are given.
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Mg (8b, 43m)

Cu (16¢, . 3m)

Figure 3.2: Unit cell (top left) along [010] (top middle), [011] (bottom left), [111] (bottom middle) and
coordination environments surrounding the Mg (top right side) and Cu (bottom right) of MgCu,. Mg and Cu atoms
are shown in green and orange circles, respectively. Wyckoff positions and site symmetries are given.

By stacking the 3° Kagomé lattice on top of each other, the CaCus'%® structure originates. This
structure crystallizes with space group P6/mmm with one calcium atom position and two copper
positions, the Cu2 atoms form the 3° Kagomé lattice on the ab plane and trigonal bipyramid
with the Cul atoms above and below the trigonal base. The resulting hexagonal prismatic
cavities are occupied with the Ca atoms. Figure 3.3 shows the unit cell as well as the atomic
coordination environments. Ca is surrounded by twelve Cu2 forming the hexagonal prism,
which is capped on all sides with six Cul atoms. The Cul and Cu2 positions have a coordination
number of twelve, which consists of six Cu2 plus three Cul forming the trigonal bipyramids
capped by three Ca and four Cul plus four Cu2 forming the bipyramids with four Ca in the

resulting cavities.
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Ca (2a, 6/mmm)

Cu1 (2c, 6m2) Cu2 (3g, mmm)

Figure 3.3: Unit cell (bottom left) along [001] (top left), a (top middle) and coordination environments surrounding
the Ca (top right side), Cul (bottom mid) and Cu2 (bottom right) of CaCus. Ca and Cu atoms are shown in green
and orange circles, respectively. Wyckoff positions and site symmetries are given.

SrAl, crystallizes under normal pressure in the KHg» type structure!®” with space group Imma,
the structure alongside the atomic positions are shown in Figure 3.4. In this structure the Hg
atoms form a network with hexagonal/octagonal cavities in which the K atoms reside. The
coordination number of the K atoms is 16 consisting of two times six Hg atoms forming six-
membered rings and four K atoms forming a superimposed tetrahedron. As for Hg atoms, the
coordination numbers are two times three K atoms forming a distorted trigonal prism with four

sides capped by Hg atoms.
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Hg (8h, m..)

Figure 3.4: Unit cell (bottom left) along the a-axis (top left), b (top middle), ¢ (bottom middle) and coordination
environments surrounding the K (top right side) and Hg (bottom right) of KHg,. K and Hg atoms are shown in
green and black circles, respectively. Wyckoff positions and site symmetries are given.

The BaAls type structure crystallizes in the tetragonal crystal system with space group /4/mmm
and two independent aluminum positions as well as one barium position (Fig. 3.5).1%% The
aluminum atoms form a network with hexagonal cavities in which the Ba atoms reside, resulting
in a coordination number of 18 for the barium atom in a fourfold capped hexagonal prism
consisting of eight All and eight Al2. The coordination numbers of All and AlI2 are nine and
twelve respectively. All resides in a square antiprism of one square of Al2 and the opposite of
Ba atoms, the Ba side is additionally capped with an All atom. As for the AI2 position, four Al2
reside in the same plane and a double tetrahedra coordination of four All and four Ba atoms.
Besides the barium compound, also the calcium (high-temperature phase) and strontium

compounds crystallize in this structure type.
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Al1 (4e, 4mm) Al2 (4d, 4m?2)

Figure 3.5: Unit cell (top left) along [100] (top middle), ¢ (bottom left) and coordination environments surrounding
the Ba (top right side), All (bottom middle) and Al2 site (bottom right) of BaAls. Ba and Al atoms are shown in
green and white circles, respectively. Wyckoff positions and site symmetries are given.

CaAls not only crystallizes in the BaAls type, but also exhibits a low temperature modification

169 170

in the monoclinic CaGas type structure'® with space group C2/m,"’® as shown in Figure 3.6
alongside the independent atomic positions. This structure type possesses, like the BaAls type,
two positions for the more electron negative element Ga as well as one Ca position, in which
the Ga atoms form distorted square layers of Ga2 atoms, these are connected via Gal-Gal
interactions sitting alternatingly above and below the square layers. In the resulting cavities
reside the Ca atoms. The coordination number of the Ca atoms are 16 Ga atoms which form
distorted double square prisms around the Ca atoms. The Gal exhibits a coordination number
of nine, consisting of four Ga2, one Gal and four Ca atoms. The Ga2 and Ca atoms form a
square antiprism which is capped on the Ca side with the Gal. The Ga2 are like the Al2 in the
BaAls type, surrounded by four Ga2 in plain and a distorted double tetrahedron of four All and

Ca atoms.
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Ga1 (4i, m) Ga2 (4h, 2)

Figure 3.6: Unit cell with (top left) and without (top middle) square pyramidal polyhedra drawn, along the b-axis
(bottom left) and coordination environments surrounding the Ca (top right side), Gal (bottom middle) and Ga2
site (bottom right) of CaGas. Ca and Ga atoms are shown in green and white circles, respectively. Wyckoff
positions and site symmetries are given.

In the following part, ternary structure types will be discussed, which are ordered based on the
structural motifs observed. Firstly, the structures featuring a polyanionic network of [XxTy]>
are shown, which form cavities in which the M®" cation resides. Subsequent structures with a

layer-like character will be shown, in which distinct layers of [Xx7y] and M/MX are present.

Structures featuring a polyanionic network:

The compounds with the composition of MXsT3 with M = Ca, Sr, Y, Ba, La-Nd, Sm-Lu; X =Al,
Ga, Si, Ge; T = Ni, Pd, Pt crystallize with the orthorhombic space group Pnma in the YNisSi3
type structure. The YNisSiz type is however is not isotype to the MXs73 but rather the antitype
structure, leading to an isopointal relationship of YNisSis with the MXsT3 compounds.!”!
Figures 3.7 and 3.8 show the unit cell alongside the coordination sphere of the atoms of the
representative LaAlsPt3.!7> The structure exhibits one La, three Pt and five Al positions, the
latter form a polyanion of [AlsPt3]° is formed. Three crystallographically independent Pt and
three Al positions form the hexagonal prismatic cavity in which the La atoms reside, leading to

a coordination number of twelve. Three additional contacts are observed capping the hexagonal

prism. In the case of the Pt positions, all Pt atoms are surrounded by seven Al atoms, two La
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atoms and an additional one Pt atom for Ptl and Pt2, resulting in highly asymmetrical
coordination spheres. The Al positions exhibit also a highly asymmetrical coordination
environment, with All surrounded by three La, four Pt forming a tetrahedron and five additional
Al atoms. The coordination sphere of Al2 consists of again four Pt atoms forming a tetrahedron,
seven Al and one La atoms. Al3 has also four Pt in the coordination sphere as well as five Al
and two La atoms. Al4 on the other hand does not possess a Pts tetrahedron, but a distorted Pts
bipyramid alongside a distorted square antiprism formed by eight Al atoms. It is furthermore
capped at one side with the remaining La atom. AlS5 exhibits again the Pt tetrahedron and an

additional five Al and two La atoms.

= 5@7

Figure 3.7: Unit cell (bottom) along [010] (top) of LaAlsPt;, Al-Pt interactions drawn to show the [AlsPt;]%
polyanionic network. La, Al and Pt atoms are shown in green, white and black circles, respectively.
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Al3 (4c, .m.) Al4 (4c, .m.) Al5 (4c, .m.)

Figure 3.8: Coordination environments surrounding the La, Al and Pt atoms in LaAlsPts. La, Al and Pt atoms are
shown in green, white and black circles, respectively. Wyckoff positions and site symmetries are given.

Another structure series beside the MXs73 compounds are the M>AliPty compounds,
crystallizing with the orthorhombic space group Immm in the Ce,Ali6Pto type!” structure.'”
The only literature known structure with this type is the cerium compound, which was extended
to Ca, Sr, La-Nd and Sm-Gd. As representative the structure of Sr2AligPto is shown in Figure
3.9 alongside the atomic coordination spheres in Figure 3.10.175 Like the MAlsPts structures
the M>Al6Pty also forms a polyanionic network consisting of the Al and Pt atoms [AliPto]*
and forming hexagonal prismatic cavities in which the St cation resides. The hexagonal prism
consists of six Pt and six Al atoms and is additionally capped on four sides with four Al atoms,
leading to a coordination number of 16 for the Sr atoms. The Pt atoms exhibit four independent
positions with the Pt1 and Pt2 having two Sr atoms in the coordination sphere alongside one Pt
and seven Al atoms for Ptl and eight Al atoms for Pt2. The AI2 atoms form a distorted square
prism, which can also be found in Pt4, Pt3 also has eight Al atoms surrounding it, but these

form a square antiprism with additional two Pt atoms capping the edge of the bottom square.
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Besides the four Pt positions and the one Sr position, the structure exhibits five
crystallographically independent Al positions. The positions All, Al3-Al5 possess Pts
tetrahedra, additionally All, Al3 and Al5 has one and two Sr atoms in the coordination
environment respectively. All exhibits beside the Pts4 tetrahedron a distorted quadratic Als
pyramid in the coordination sphere. Al2 is surrounded by a distorted quadratic pyramid of Pt
atoms and a one-sided Al capped Als tetrahedron. The Al3 coordination environment consists
of a highly distorted square Als pyramid intertwined with a Pt tetrahedron additionally to the
two Sr atoms. Al4 is surrounded by a planar Als square and a by two Sr atoms capped Pt4
tetrahedron. The coordination sphere of Al5 consists of an Pts tetrahedron intertwined with a

distorted Ale trigonal prism capped with an additional Al.

Figure 3.9: Unit cell (right) along the b-axis (left) of SrpAli¢Pty, AI-Pt interactions are drawn to show the
[Al;6Pto]* polyanionic network. Sr, Al and Pt atoms are shown in green, white and black circles, respectively.
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Pt1(8/, m..) Pt2 (44, mm2)

@@ (4)

4
@/ 2D @
Pt3 (4h, m2m) Pt4 (2a, mmm) Al1 (8/, m..)

AlS (4g, m2m)

Figure 3.10: Coordination environments surrounding the Sr, Al and Pt atoms in Sr2Al;Pto. St, Al and Pt atoms are
shown in green, white and black circles, respectively. Wyckoff positions and site symmetries are given.

The next series exhibit not only one M position observed in the MAlsPt; and M>Al 6Pty series

but three independent M positions with an overall composition of RE4Ali3Pty (RE = La, Ce, Pr,
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Nd, Sm, Eu, Gd).!”® The prototype crystallizes with the orthorhombic space group Pmmn in the
Ho4Geolr13 type structure.!”” As representative NdsAli3Pto is shown in Figures 3.11 and 3.12.
Like the MAIlsPt; and M>AlisPto compounds the MsAli3Pty series also forms a polyanionic
network [Ali3Pte]” of the Al and Pt atoms but in comparison to the other two series in which
the hexagonal prisms are separated from each other by the polyanion, here three hexagonal
prisms form clusters with an additional hexagonal prism being separated from the other ones.
By looking at the structure, features like Al triangles and Al-Pt squares can be seen within the
bc plane. The Nd atoms reside in the hexagonal prisms consisting of six Pt and six Al atoms.
To complete the coordination sphere of the RE atoms three sides of the prism are capped with
two Al atoms for Nd1 and Nd3 and four Al atoms for Nd2. The Pt coordination spheres are the
same for Pt3 and Pt4 with six Al forming a distorted trigonal prism alongside a superimposed
tetrahedron of two Pt and two Nd atoms. Ptl, Pt2, Pt5 and Pt6 on the other hand are surrounded
by five Al and four Nd (Pt1, Pt5) and two Nd and seven Al atoms (Pt2, Pt6) subsequently. The
four neodymium and four aluminum atoms form a distorted square antiprism with the Nd side
capped with the fifth Al. Six out of the seven Al atoms around Pt2 and Pt6 form a distorted

trigonal prism, which is capped on the three sides with two Nd and one Al atom.
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Figure 3.11: Unit cell (top) of Nd4Al;3Pto along [100] (middle), alongside both layers separately, Al-Pt interactions
drawn to show [Al3Pty]%" polyanionic network. Nd, Al and Pt atoms are shown in green, white and black circles,

respectively.
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Pt1 (4e, m..)

SN

AN

Pt4 (2b, mm2)

Al (de, m..)

Al7 (2a, mm2) Al8 (2a, mm2)

Figure 3.12: Coordination environments surrounding the Nd, Al and Pt atoms of NdsAl;3Pte. Nd, Al and Pt atoms
are shown in green, white and black circles, respectively. Wyckoff positions and site symmetries are given.
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Another network structure that exhibits a polyanion is the CaxSilr; type structure. It crystallizes
with the monoclinic space group C2/c and exhibits one Ca, one Ir and one Si position.!”
Interestingly beside the [Silr,]° anionic network, the calcium cations seems to also form a
network with hexagonal cavities in which the columns of Si and Ir atoms reside in. The two
later atoms on the other hand form the Si—Ir pillars of the network with rhombohedral cavities
in which the Ca atoms reside, as seen in Figure 3.13. The pillars are connected to each other
via Ir-Ir interactions, which are alternating long and short depending if the interaction is in the
column or between the pillars. The Si atoms then connect the Ir chains along c-axis. Figure
3.14 shows the coordination environments of the three atomic positions. The Ca and Si positions
are highly asymmetrically coordinated with seven Ca, six Ir, two Si and six Ca, four Ir atoms
respectively. The Ir atoms are surrounded by six Ca, two Ir and two Si atoms, the Ca and Si
atoms form a distorted square antiprism which is capped on the top and bottom side with the

remaining Ir atoms forming the chain with alternating long and short distances.

Figure 3.13: Unit cell (top) of Ca,Silr, along [010] (bottom left) and ¢ (bottom right), Ca—Ca, Si-Ir and Ir—Ir
interactions are drawn to show [Silr,]*" polyanionic network and the hexagonal prisms. Ca, Si and Ir atoms are
shown in green, white and black circles, respectively.
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Figure 3.14: Coordination environments surrounding the Ca, Si and Ir atoms of Ca,Silr,. Ca, Si and Ir atoms are
shown in green, white and black circles, respectively. Wyckoff positions and site symmetries are given.

The binary structure type of BaAls can be transformed into the ternary CaBexGe: type structure
by alternating the All and Al2 layers with other atoms, so the AI2-Al1-Al2-Al2-All1-Al2—
Al2-Al1-Al2 layers become Be2-Gel-Be2—Ge2-Bel-Ge2-Be2—-Gel-Be2 layers in the
CaBe>Ge> compound and is a coloring variant of the BaAly type, as shown in Figure 3.15.17°
Due to the different coloring space group changes from /4/mmm in BaAls to P4/nmm in
CaBe:Ge, the structure relationship can be visualized using the group-subgroup relation as
showed in the work of the R. Péttgen in 2014.18°

Like the binary version, the ternary structure exhibits a polyanionic network with hexagonal
prismatic cavities in which the Ca resides. The square pyramids are also heteroatomic with Be
being the tip and Ge the base and in the following layer, the Be is the base with Ge being the
tip. The structure possesses five crystallographic independent positions, one for Ca, two for Be
and two for Ge (Fig. 3.16). The Ca atoms are surrounded square planar by four Ca atoms, and
two square prisms with one prism consisting of four Bel and four Gel and the other prism of
four Be2 and four Ge2 atoms. The coordination sphere of Bel consists of four Bel square
planar, and two tetrahedra one consisting of Ge24 and one of Cas. The environment of Gel is
the same for Bel just with exchanged Be with Ge atoms and vice versa. The coordination
environment of Be2 and Ge2 are analogous to each other with only the corresponding elements
exchanged. The Be2 atoms exhibit a coordination environment of a Ge2 capped square
antiprism consisting of four Ca and four Gel. The Ge2 atoms on the other hand has a

coordination sphere of a Be2 capped square antiprism containing four Bel and four Ca atoms.
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Figure 3.15: Unit cell (top) of CaBe,Ge (right) and along the b-axis (left), Be-Ge interactions are drawn to show
the [BeGe]’ polyanionic network and the hexagonal prisms. Ca, Be and Ge atoms are shown in green, dark green
and white circles, respectively.

Be1 (2a, 4m2) Be2 (2¢, 4mm)

Ge1 (2b,4m2) Ge2 (2¢, 4mm)
Figure 3.16: Coordination environments surrounding the Ca, Be and Ge atoms of CaBe,Ge,. Ca, Be and Ge atoms
are shown in green, dark green and white circles, respectively. Wyckoff positions and site symmetries are given.

A coloring variant of the MgZno type structure can as well be observed by completely replacing
the connecting Zn atoms in the tetrahedra along c-axis with Si atoms, the Zn atoms on the

Kagomé lattice become Cu atoms and the Mg>CusSi type structure is made.' With the
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differentiation of the atoms, the Mg>CusSi structure exhibits three atomic positions, one for
each element, displayed in Figure 3.17.

Si is surrounded by six Mg and six Cu atoms forming a distorted icosahedra whereas the Mg
atoms are surrounded by four Mg atoms forming a tetrahedron, which is capped additionally
on three sides with Si atoms. The Cu atoms form the Kagomé lattice and possess a coordination
environment of four Cu atoms placed square planar around the Cu with two Cu on one side

forming a trigonal bipyramid with the Si atoms above and below the Kagom¢ lattice.

Mg (4f, 3m.) Cu (6h, mm2) Si (2a, 3m.)

Figure 3.17: Unit cell of the Mg,CusSi type structure (top left) and along the a-axis (top right), as well as the
coordination spheres of the Mg, Cu and Si atoms (bottom). Mg—Mg, Cu—Cu and Cu-Si interactions are drawn to
show the [Cu3Si]> polyanionic network and the diamond substructure of the Ca atoms. Mg, Cu and Si atoms are
shown in green, orange and white circles, respectively. Wyckoff positions and site symmetries are given.

The CeAlsFe, type structure!8? crystallizes with space group Pbam and forms like the MAIsPt3
and RE>Al6Pto series a polyanionic network with separated cavities, but in case of the CeAlgFe»
the cavities are not hexagonal but pentagonal and formed only from Al atoms, as seen in Figure
3.18. The Ce atoms reside in the cavities surrounded by a threefold Al capped Alio pentagonal
prism. The two Fe positions reside in threefold capped distorted trigonal prisms of Al atoms,
additionally the capped prism has another Fel in its coordination environment according to
Fel@AlsAlsFel. In addition to the one Ce and two Fe positions the structure exhibits nine

crystallographically independent Al positions.
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All and Al7 exhibit the same coordination environment consisting of two Ce, two Fe and eight
Al atoms, which form a fourfold capped distorted cube. Al2 is surrounded by eight Al atoms
forming a distorted square prism capped on four sides with Fe atoms. Al6 possesses a
coordination number of thirteen, consisting of ten Al forming a pentagonal prism which is
threefold capped with iron atoms. Al3-AlS, Al7 and Al8 all have a coordination number of
twelve and a coordination environment of two Fe, two Ce and eight Al forming highly distorted

cuboctahedra. All independent atomic positions are depicted in Figure 3.19.
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Figure 3.18: Unit cell of CeAlgFe, (left) and along [001] (right), Fe—Al interactions are drawn to show the
[AlsFe,]° polyanionic network and the hexagonal prisms. Ce, Al and Fe atoms are shown in green, white and black
circles, respectively.
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Al7 (4g ..m) AlI8 (4h, ..m) Al9 (4h, ..m)

Figure 3.19: Coordination environments surrounding the Ce, Al and Fe atoms of CeAlsFe,. Ce, Al and Fe atoms
are shown in green, white and black circles, respectively. Wyckoff positions and site symmetries are given.

Structures featuring layer-like arrangements:

In contrast to the structures forming polyanionic networks, the following compounds exhibit
layer-like features with one layer in which the 7'and X atoms reside and the other layer with the
less electronegative atoms along with additional X atoms. The X atoms in the cationic layer then
form separated triangles, which are placed in the cavities of the honeycomb-like positions of
the cationic atoms. One of the structures is the Sc2Al;sPts, this structure war formerly described
using the Sco sFeaSiso type structure,!83 but newer research could show, that the structure exhibit
a modulation in the structure.”! The basic structure crystalizes with the hexagonal space group
P63/mmc and as the term basic structure implies possesses the ScaoAlisPty a superstructure due
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to modulation of the structure. The superstructure crystallizes with the monoclinic space group
P2i/m."" For the description of the structure only the hexagonal average structure will be used.
The structure exhibits two different layers. The A layer contains slabs of [AlsPt2]*", which form
double layers of corrugated condensed six-membered rings of three Al and three Pt atoms. The
six-membered rings are additionally connected to the other six-membered rings in the slab via
Al-Pt bonds along the b-axis. Between the slabs are the second type of layer (B) consisting of
Sc atoms arranged in a honeycomb pattern with the hexagonal cavities filled with Als triangles.
The triangles from layer B are rotated at 180° to layer B’ resulting in a shift of the B’ layer and
the A’ layer, so that a stacking of ABA’B’ emerges, as seen in Figure 3.20.

Scl and Sc2 exhibit a coordination number of 17, consisting of six Pt, eleven Al, the six Pt
along with six Al form a hexagonal prism, which is capped by five Al atoms. All independent
Pt positions have a coordination number of ten with eight Al forming a distorted cube, capped
by two Sc atoms. The coordination numbers of All-Al3 are 10 forming a highly distorted
bicapped square prism of four Al, two Sc and two Pt atoms with one Al and one Pt being the
capping atoms. A coordination number of eleven is found by the Al4 and Al5 consisting of four
Pt atoms forming a tetrahedron, six Al forming a square bipyramid and one Sc capping the
bipyramid on one side. Al6 is the only independent atomic position, which does not have a
scandium in its coordination environment with consists of four Pt and six Al atoms forming
again a Pt4 tetrahedron and Al square bipyramid as seen with Al4 and Al5. A7-Al9 possess a
coordination number of 10, consisting of six Al, two Sc and two Pt atoms. The Al and Sc form
a square prism, which is capped by the remaining two Pt atoms. All independent atomic

positions are depicted in Figure 3.21.
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Figure 3.20: Unit cell of Sc,Al sPts (top) along the ScAl (bottom right) and the AlPt layers (bottom left), Ca—Ca,

Al and Pt atoms are shown in green,

>

Al-Al and Al-Pt interactions are drawn to show motifs found in the layers. Sc

white and black circles, respectively.
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Al8 (d4e, m) Al9 (4e, m)

Figure 3.21: Coordination environments surrounding the Sc, Al and Pt atoms of Sc2AlisPts. Sc, Al and Pt atoms
are shown in green, white and black circles, respectively. Wyckoff positions and site symmetries are given.

Another layer-like building structure is the Y>GaoCos type structure crystallizing in the
orthorhombic crystal system with space group Cmcm.'®* As representative the compound
Ca,AloPt3 is shown.®! The structure exhibits one Ca, two Pt and four independent Al positions.

As in the M>Al;sPts structure the Al and Pt atoms form a [AlsPt3]° polyanionic slabs (layer A),
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which are connected via the Al triangles in layer B to the slab in layer A’. Layer B and B’ are
slightly shifted due to the rotation of the Al triangles of 180°. The Ca atoms again form a
honeycomb-like pattern in which the Al triangles reside. As found in the Sc2AlisPts structure,
the CayAloPt3 structure exhibits an ABA’B’ layer stacking, shown in Figure 3.22. Calcium
exhibits a coordination number of seventeen with six Pt and eleven Al atoms forming a fivefold
capped hexagonal prism. Ptl and Pt2 are surrounded by eight Al and four Ca atoms forming a
fourfold by Ca atoms capped distorted Al cube. Al2 and Al4 exhibit a coordination number of
twelve in the form of a fourfold capped distorted cube of six Al and two Pt capped by two Al
and two Ca atoms. Three Ca, three Pt and six Al are in the coordination environment of All
forming a fourfold capped distorted cube by two Pt, four Al and two Ca atoms. Al3 exhibits a
coordination number of 13, consisting of three Pt, two Ca and eight Al atoms. The two Ca, three
Pt and four Al atoms form a half of a cuboctahedron, which is capped on four sides with the

remaining Al atoms. All independent atomic positions are depicted in Figure 3.23.
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Figure 3.22: Unit cell (top) of Ca;AloPt; (top) along the layer like motive (middle and bottom) with the CaAl
(bottom left) and AIPt substructures (bottom right), Ca-Ca, Al-Al and Al-Pt interactions drawn to show motifs
found in the layers. Ca, Al and Pt atoms are shown in green, white and black circles, respectively.
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Ca (8g, ..m) Pt1 (8e, 2..) Pt2 (4a, 2/m..)

Al1 (16h, 1) Al2 (8g, ..m) Al3 (8f, m..)

Al4 (4c, m2m)

Figure 3.23: Coordination environments surrounding the Ca, Al and Pt atoms of Ca>AloPts. Ca, Al and Pt atoms
are shown in green, white and black circles, respectively. Wyckoff positions, site symmetries are given.
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II. Investigations of Binary Intermetallic Compounds MAl, containing

Divalent Species with M = Ca-Ba

1. Introduction

In the next part of the work, new results of the literature known binary compounds AEAl> and
AEAly with AE = Ca, Sr and Ba in relation to their electronic states in combination with >’Al
NMR spectroscopic measurements will be given. Although the existence of these compounds
is already known for multiple decades, for example CaAl, was first discovered in 1940, no
comparing characterization of these phases was conducted until now.

The CaAl> compound crystallizes in the cubic Laves phase type structure,'® whereas SrAl»
adopts the orthorhombic KHg, type structure,'® both exhibit one Al site. Also, the existence of
BaAl> was initially reported, which was later corrected by single crystal studies, indicating that
the correct compositions is Ba7Ali3 under normal pressure.!87 Under high pressure and at high
temperatures, BaAl> was reported to exist and SrAl, can be transformed to the cubic Laves
phase. 13819 Ag for the AEAls compounds, SrAls,'®! BaAls'%® and the high temperature
modification of CaAls all crystallize in the BaAls type structure, '8’ featuring two Al sites, which
also the low temperature modification of CaAls in the CaGay type structure exhibits.!®? With
one and two Al sites, 2’ Al NMR studies can be performed, allowing to indirectly investigate the
electron transfer, which is occurring at the Al atoms. In combination with quantum chemical
calculations, this can give insight into the electronic structure of these compounds.

The investigations could show that CaAl, SrAl, (NP and HP modification) and the 4EAl4
phases could be synthesized, but not BaAl>. The powder X-ray diffraction studies resulted in
X-ray pure samples, except for the CaAls, which contained both the high and low temperature
phase as well as CaAl> and Al. This cannot be avoided, as shown in the quantum chemical
calculations of the formation energies per atom. Quantitative analysis was performed via ICP-
MS showing no contamination of the samples. The NMR studies showed similar chemical shifts
for the cubic AEAl, compounds, whereas the SrAl, differs, due to the different coordination
environment of the Al site. Similar results were taken from the AEAls spectra, in which the two
different Al sites could be assigned to the two signals. Also, a group-subgroup relation of the
two CaAls modifications could be formulated. Lastly, the quantum chemical analysis via Bader
charges indicated that the electron transfer is happening from the Sr to the Al atoms, making

these compounds aluminides.
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2. Theoretical and >’ Al NMR Spectroscopic Investigations of Binary Intermetallic Alkaline
Earth Aluminides

Collaborations to disclose: For this work, 2?A1 MAS NMR spectra of the alkaline earth
aluminides were recorded and interpreted by Elias C.J. Gieelmann, who also optimized the
synthesis of NP-SrAl> together with Lukas E. Schank. Gunter Heymann prepared the HP/HT
phase of SrAl> via a multianvil press. For the quantitative analysis, ICP-MS was performed by
Kristina Brix and Ralf Kautenburger and the quantum chemical calculations were done by Horst
P. Beck.

The results are published in: Inorg. Chem. 2023, 62, 4260-4271.1%3

During the attempts to synthesize CaAlsNi» (PrAlsNiy type, Immm), CaAl, (MgCux type,
Fd3m)'® always formed as majority phase, which subsequently sparked the interest why this
phase is so dominant, which in turn led to the investigations of the formation energy of the
AExAly phases alongside calculations of the Bader charges and determination of the 2?’A1 NMR
shifts of both the AEAl> and AEAl4 phases. These phases are by no means new, their structure
types and the specific chemical compositions are well known and have been analyzed
rigorously. For this work, the existing binary compounds AEAl; and AEAl4 with AE = Ca-Ba
were synthesized from the elements, which resulted in crystallographic phase pure samples for
normal pressure (NP) SrAly, SrAls and BaAls, whereas CaAl> had CaAls and CaAly traces
CaAl; and additional Al as side phases. Exemplarily the Rietveld refinement of CaAl; is shown
in Figure 3.24. The synthesis of CaAls resulted in the formation of the low temperature
modification crystallizing in the monoclinic CaGas type with space group C2/m, which is the
only AE out of the three (Ca, Sr, Ba) which is polymorphic. The high temperature phase of
CaAls, SrAls and BaAls crystallize in the tetragonal BaAls type structure with space group
14/mmm. The BaAls type structure is related to the CaGay type structure. The group-subgroup
relation of the high and low temperature structure of CaAls is shown in Figure 3.25. The BaAls
type structure undergoes two translationsgleiche transitions of index 2 to become the CaGay
type structure. In the case of the CaAl> and SrAl,, the calcium compound exists only in the
cubic MgCu type Laves phase, whereas the SrAl» crystallizes under normal conditions in the
KHg; type structure (Imma), but with an applied pressure the MgCu, type structure of SrAl»
can be obtained, which exhibits compared to the CaAls modifications no structural relationship
between both modifications but is rather a complete rearrangement of the Al polyanion inside

the structure. The structures and atomic positions of the MgCu,, KHg>, BaAls and CaGay type
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are shown above in Figures 3.2, 3.4-3.6 alongside the description of the corresponding
structure. Due to the presence of only one crystallographic Al site for the AEAl, and two Al
positions for the AEAls compounds, ?Al MAS-NMR spectra were recorded, showing the
expected one respective two signals corresponding to the number of independent Al positions
in the structure. Additionally, the side phases present in the CaAl>, CaAls and in HP/HT-SrAl»
resulting in additional signals. The quantitative analysis via ICP-MS showed a smaller amount
of Al found in all compounds, which can be explained by the formation of Al>O3, which is not
dissolved in the used HCI for the analysis.

The Convex-hull diagram is shown in Figure 3.26 for the Ca—Al, Sr—Al and Ba—Al systems,
with the formation energies per atom received from the structural DFT calculations at 0 K.
When comparing the different systems, the same trend is observable with all compounds sitting
under the marked straight line, indicating that all compounds should be obtainable by using the
elements, caused be the higher formation energy per atom compared to the elements. CaAly is
compared to CaAls further away from the dashed line indicating a more stable compounds, as

seen during the synthesis, where CaAl, and Al are forming as side products in the attempt to

synthesize CaAls.
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Figure 3.24: Rietveld refinement of the powder X-ray diffraction pattern of CaAl,. Collected data is shown in
black dots, the refinement as red and the difference as blue line. Royal blue ticks indicate the Bragg positions
CaAl, (MgCu, type, Fd3m), olive ticks of CaAls (CaGas type, C2/m) respectively.
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ABSTRACT: The binary alkaline-earth aluminides AEAlL, (AE = Ca and Sr) and AEAI,

(AE = Ca—Ba) have been synthesized from the elements and investigated via powder X-

ray diffraction experiments. CaAl, adopts the cubic MgCu,-type structure (Fd3m), while =<
SrAl, crystallizes in the orthorhombic KHg,-type (Imma). LT-CaAl, crystallizes with the
monoclinic CaGa,-type (C2/m), while HT-CaAl,, SrAl,, and BaAl, adopt the tetragonal
BaAl,-type structure (I4/mmm). The close structural relation of the two CaAl,
polymorphs was established using a group—subgroup relation in the Barnighausen
formalism. In addition to the room-temperature and normal pressure phase of SrAl,, a
high-pressure/high-temperature phase has been prepared using multianvil techniques, and
its structural and spectroscopic parameters were determined. Elemental analysis by
inductively coupled plasma mass spectrometry showed that no significant impurities with
other elements besides the weighed ones are present and the chemical compositions
match the synthesized ones. The title compounds have been furthermore investigated by
Al solid-state magic angle spinning NMR experiments to validate the crystal structure
and to gain information about the influence of the composition on the electron transfer and the NMR characteristics. This has also
been investigated from a quantum chemical point of view using Bader charges, while the stabilities of the binary compounds in the
three phase diagrams (Ca—Al, Sr—Al and Ba—Al) have been studied by calculations of formation energies per atom.
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B INTRODUCTION

Intermetallics are a diverse class of compounds with a rich
plethora regarding their crystal chemistry and numerous

In ternary intermetallics, we often find polyanionic networks
formed by two of the three elements with the atoms of the
third one usually located in their cavities. For these, the term
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important technical applications, for example, as the super-
conducting material for NMR and MRT machines or high-field
accelerator magnets (Nb,Sn),"” as a high-temperature (HT)
structural material (y-TiAl or TiyAl),>" or as precipitates in
lightweight alloys (CuAl, and MgCuAlz).S_”’ Aluminum-based
intermetallics are historically often called aluminides, which
suggests an electron transfer from the participating elements
onto the aluminum atoms. When looking at the electro-
negativity scale (EN), aluminum exhibits a value of y = 1.61
according to Pauling.'* Therefore, the denomination “alumi-
nide” is only correct for compounds in which the other
constituent elements exhibit electronegativities smaller than
that of Al In the case of binary compounds, this is only so for
the alkali-, the alkaline-earth, the rare-earth, and some
transition metals. In these compounds, the aluminum atoms
often form a network which, due to the electron transfer, is
often referred to as a polyanion. Intermetallic aluminum
compounds with the late transition metals, however, should
not be termed aluminides. Here, the transition metal exhibits
an electronegativity larger than that of aluminum, rendering
these compounds rather metallides.

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications
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“polar intermetallics” was coined as in these compounds a
significant AEN is also observed within the polyanion. This
electron transfer can be visualized by quantum chemical
calculations using Bader charges but also spectroscopically, for
example, via X-ray photoelectron spectroscopy (XPS) studies.
Also, again, NMR studies are useful to investigate and
understand this charge transfer.'> We have addressed this
phenomenon for several ternary intermetallic aluminum-based
metallides over the last years. All of them contained an
electron-rich transition metal (e.g,, Pd, Pt, and Au) besides
aluminum and a main group metal with a low electronegativity.
Exemplarily, Na,Au;Al'® the AEAuX (AE = Ca—Ba, X = Al—
In) series,'” Ba,Pt,Al,,'" and the MPtAl, (M = Ca—Ba, Eu)
series’” should be named. In all these studies, we used a
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combination of NMR, XPS, and theory to probe the bonding
situation.

For the present study, the binary alkaline-earth (AE) metal
aluminides of composition AEAl, and AEAl, with AE = Ca, Sr,
and Ba were chosen. While CaAl, crystallizes in the cubic
MgCu,-type structure (cubic Laves phase, Fd3m),”" SrAl,
adopts the orthorhombic KHg,-type structure (Imma).”’
Initially, BaAl, was reported to crystallize in the trigonal
crystal system;”> however, subsequent single-crystal studies
revealed the correct composition to be Ba,Aly; (P3ml).>
Later on, it was reported that both SrAl, and BaAl, can be
obtained under high-pressure/high-temperature (HP/HT)
conditions™ ™ in the cubic MgCu,-type structure. In all
cases, the AEAl, compounds exhibit a single Al site. HT-
CaAl,,”" SrAl,>* and BaAl,™ adopt the tetragonal BaAl,-type
structure (I4/mmm), while LT-CaAl, crystallizes with the
monoclinic CaGa,-type structure (C2/m).*° Both structure
types exhibit two crystallographic Al sites.

Therefore, AEAl, and AEAl, compounds are good
candidates for *’Al solid-state NMR investigations, allowing
us to probe the influence of the electronic situation onto the
YAl NMR resonance'® with one or two distinct crystallo-
graphic Al sites. The prepared compounds were investigated
via powder X-ray diffraction and elemental analyses via
inductively coupled plasma mass spectrometry (ICP-MS)
measurements to show the actual sample composition and
that these samples contain no other elements. For AEAl,, one
signal in the Al solid-state magic angle spinning (MAS)
NMR data is expected, while the AEAl, compounds should
show two resonances. Changes of the alkaline-earth elements
result in changes of the unit cell dimensions and differences in
the interatomic distances even in the case of isotypic
structures. These changes affect the bonding situation and
the electronic structure, which in turn leads to changes in the
NMR experiments. Besides the NMR spectroscopic inves-
tigations, quantum chemical calculations were used to obtain
NMR parameters (quadrupolar interactions) and Bader
charges of the constituent elements to understand the NMR
results. Formation energies were used to analyze the respective
stabilities of the compounds in the binary system Ca—Al, Sr—
Al, and Ba—Al. Finally, the structural relationship between the
two modifications of CaAl, has been elucidated by a group—
subgroup scheme.

B EXPERIMENTAL SECTION

Synthesis. The alkaline-earth aluminides were synthesized by arc-
melting the elements using Ca, Sr, or Ba ingots (Sigma-Aldrich, Smart
Elements) and aluminum pieces (Onyxmet) all with purities of 99.9%
or higher, The starting materials were weighed in an argon-filled dry
box (M. Braun, Garching, Germany) in the ideal stoichiometric ratios
of 1:2 or 1:4 (AE/Al). For SrAl,, a slight surplus of Sr (1.02:2) was
weighed. The alkaline-earth pieces were either placed into the copper
crucible, while the Al pieces were piled on top or the alkaline-earth
pieces along with the aluminum pieces wrapped in aluminum foil
(Alujet, 99.5%). In both cases, the crucibles were transported to the
arc-furnace in a sealed argon-filled jar. The reactants were arc-melted
under an argon atmosphere of about 800 mbar.”” The obtained
buttons were remelted several times to increase the homogeneity and
directly used after arc-melting. The SrAl, and BaAl, beads were
transferred to an Al,Oy crucible; an additional thermal treatment far
below the melting point (~950 K) over a 2 h period in an induction
furnace (Trumpf Hiittinger, TruHeat 5010) was performed. All
obtained samples show metallic luster, while ground powders are gray.
They are stable under ambient conditions over months.
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X-ray Diffraction. Powder X-ray diffraction patterns of the
pulverized samples were recorded at room temperature on a D8-A25-
Advance diffractometer (Bruker, Karlsruhe, Germany) in Bragg-
Brentano 6-6-geometry (goniometer radius 280 mm) with Cu K,
radiation (4 = 154.0596 pm). A 12 um Ni foil working as the Ky, filter
and a variable divergence slit were mounted at the primary beam side.
A LYNXEYE detector with 192 channels was used at the secondary
beam side. Experiments were carried out in a 26 range of 6—130° with
a step size of 0.013° and a total scan time of 1 h. The recorded data
was evaluated using the Bruker TOPAS 5.0 software package,”’ with
the observed reflections being treated via single-line fits. Lattice
parameters and structural models for the data analysis were taken
from the Pearson database.’

Inductively Coupled Plasma Mass Spectrometry. The
elemental quantification was conducted with a commercial ICP-MS
system (8900 Triple Quad and SPS4 autosampler, Agilent, Santa
Clara, USA). Single-element ICP-MS standards of Ho™, Ca®, and
AP* (all Merck Millipore, Darmstadt, Germany) as well as Ba®" and
St™* (both Sigma-Aldrich, St. Louis, USA) with a concentration of
1 g/L each were used. The detector dwell time was 100 us, the
repetition was three times, and the measured isotopes were **Ca and
137Ba using He as the collision gas as well as **Sr and *’Al using O, as
the reaction gas. '*Ho was used as the internal standard in the He
mode and via mass pair (Q;, Q,) = (165, 181) in the O, mode.

Between 1 and 7 mg of the samples were weighed in 15 mL
polypropylene tubes where the samples were dissolved using ultrapure
hydrochloric acid (Merck Millipore, Darmstadt, Germany). Samples
were diluted with ultrapure water (PURELAB Chorus 1, ELGA
Veolia Water Technologies Deutschland GmbH, Celle, Germany) to
reach concentrations of the analyte between S and 100 ug L%
Additionally, 10 g L™ internal standard ('**Ho) and HNO, (69%,
ultra-pure, Carl Roth GmbH & Co. KG, Karlsruhe, Germany) were
added to reach an acid concentration of 3—5% for the measurement.

HP/HT Syntheses. The HP/HT treatment was carried out via a
multianvil press, equipped with a Walker-type module (Max
Voggenreiter GmbH, Mainleus, Germany). Details about the
technique and the construction of the different assemblies can be
found in numerous references.”™** Carefully milled powder of NP-
SrAl, was loaded into an 18/11-assembly crucible made of hexagonal
boron nitride and compressed to a pressure of 7 GPa within 180 min.
Subsequent heating to 1340 K within 15 min was followed by a period
of 20 min at constant temperature, ending with quenching of the
sample. After a decompression time of 540 min, the sample was
carefully separated from the surrounding assembly parts by
mechanical fragmentation. The polycrystalline sample appeared
silvery with metallic luster. A powdered sample of HP/HT-SrAl, is
gray and stable in air. Attempts to synthesize BaAl, using Ba,Al}; as
the starting material and similar experimental conditions, however,
were unsuccessful.

Solid-State NMR Spectroscopy. *’Al solid-state NMR spectra of
all obtained compounds were recorded with a Bruker Avance III 400
WB at 104.31 MHz using magic-angle spinning techniques. To reduce
the electrical conductivity and density, the finely powdered samples
were mixed in approximate mass ratios of 1:9 with dry sodium
chloride and filled into a conventional ZrO,-MAS rotor with 4 mm
diameter. The spectra were recorded using one-pulse experiments
with a typical pulse length of 0.83 us, a relaxation delay of d, = 1 s,
and a MAS spinning frequency of 13 kHz. The shifts reported are
referenced to a 1 molar aqueous solution of aluminum chloride. The
spectra were recorded with the help of the Bruker Topspin software™
and analyzed with the Dmfit software package.”’

Quantum Chemical Calculations. Electronic structure calcu-
lations of the AE,Al, compounds were performed using the projector-
augmented wave (PAW) method of Blochl*** coded in the Vienna
ab initio simulation package (VASP).***' VASP calculations
employed the potentials PAW_PBE Ca 06Sep2000, PAW_PBE
Sr_sv 07Sep2000, PAW_PBE Ba_sv 065S¢p2000, and PAW_PBE Al
04Jan2000. Runs using the generalized gradient approximation with
exchanae and correlation treated by Perdew—Burke—Enzerhof
(PBE)** for comparison did not result in significant changes. The

https://doi.org/10.1021/acs.inorgchem.2c04391
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Table 1. Lattice Parameters of the Binary Alkaline-Earth Aluminum Intermetallics Refined from Powder X-ray Diffraction

Data
compound structure type a (pm) b (pm)
CaAl, MgCu, 804.02(1)
8022
SrAl, KHg, 479.62(1) 789.30(1)
484 792
HP/HT-SrAl, MgCu, 829.35(1)
832.5
HP/HT-BaAl, MgCu, 8702
LT-CaAl, CaGa, 616.91(1) 618.50(1)
615.3 617.3
HT-CaAl, BaAl, 4533
SrAl, BaAl, 446.41(1)
4463
BaAl, BaAl, 456.72(1)
456.6

“This work.

C (pm) B () Vv (nm3) literature
0.5198 “
0.5162 20
795.51(1) 0.3011
799 0.3063 21
0.5704 “
0.5770 24
0.6590 25
634.34(1) 118.03(1) 0.2136 “
6329 118.03 0212 30
1107 0.2098 20
1121.18(1) 02234 “
11203 02232 46
1128.63(2) 02354 “
1125 0.2345 47

cutoff energy for the plane wave calculations was set to 550 eV, and

the Brillouin zone integration was carried out using an automated I'-

centered 20-fold k-point mesh. The Bader charge analysis was based

on VASP outputs with subsequent calculations with the Bader
43—45

program developed by the Henkelman group.

B RESULTS AND DISCUSSION

X-ray Diffraction. All samples were investigated by powder
X-ray diffraction experiments to check their phase purity. As
structural models for the Rietveld refinements, the data from
the references given in Table 1 have been used. Some of the
compounds could not be obtained as X-ray pure materials
(vide infra); the respective phase contributions of the
impurities are given in Table SI. The refined lattice and
atomic parameters are listed in Tables 1 and 2. The
interatomic distances are listed in Tables 3 and 4. The

Table 2. Positional Parameters of the Binary Alkaline-Earth
Aluminum Intermetallics Refined from Powder X-ray
Diffraction Data

atom Wyckoff site ) ¥ #
CaAl, (MgCu,-type, Fd3m)
Ca 8b 3/8 3/8 3/8
Al 16¢ 0 0 0
SrAl, (KHg,-type, Imma)

Sr 4e 0 1/4 0.5503(2)
Al 8h 0 0.0676(3) 0.1624(1)
HP/HT-SrAl, (MgCu,-type, Fd3m)

Sr 8b 3/8 3/8 3/8
Al 16¢ 0 0 0
LT-CaAl, (CaGa,-type, C2/m)
Ca 2a 0 0 0
All 4i 0.6006(3) 0 0.2287(2)
Al2 4h 0 0.2362(3) 1/2
SrAl, (BaAl,-type, I4/mmm)
Sr 2a 0 0 0
All 4e 0 0 0.3816(2)
Al2 4d 0 1/2 1/4
BaAl, (BaAl,-type, 14/mmm)
Ba 2a 0 0 0
All 4e 0 0 0.3810(2)
Al2 4d 0 1/2 1/4
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Table 3. Interatomic Distances (pm) for CaAl, (MgCu,-
Type), SrAl, (KHg,-Type), HP/HT-SrAl, (MgCu,-Type),
and HP/HT-BaAl, (MgCu,-Type) Determined from
Powder X-ray Diffraction Experiments”

CaAl, HP/HT-SrAl
Ca 12 Al 333.3 Sr 12 Al 3438
4 Ca 3482 4 Sr 359.1
Al 6 Al 284.3 Al 6 Al 293.2
6 Ca 333.3 6 Sr 343.8
SrAl,

Sr 4 Al 327.5 Al 2 Al 277.3
2 Al 3382 1 Al 278.5
2 Al 341.2 1 Al 290.8
4 Al 357.1 2 Sr 327.5
2 Sr 398.1 1 Sr 3382
2 Sr 402.7 1 Sr 341.2

2 Sr 357.1

“All distances of the first coordination spheres are listed. All standard
uncertainties were less than 0.1 pm.

diffraction pattern along with the Rietveld refinement of SrAl,
is exemplarily shown in Figure 1; all other diffraction patterns
are depicted as Figures S1—86 in the Supporting Information.
HP Experiments. NP-SrAl, and Ba,Al,; were reported to
transform into their respective cubic HP/HT phases when
treated via HP/HT conditions.”*™2° While the synthetic
attempts for BaAl, were unsuccessful, Figure 2 shows the
comparison of the obtained powder X-ray patterns of NP-SrAl,
and HP/HT-SrAl,. As can be seen, they significantly differ due
to the different structures they adopt. HP/HT-SrAl, could be
obtained as an almost X-ray pure sample (trace impurities of
SrO) which was subsequently used for further investigations.
Inductively Coupled Plasma Mass Spectrometry. ICP-
MS was used to determine potential contaminations from
other elements in CaAl,, NP-SrAl,, CaAl,, SrAl,, and BaAl,.
Screening over all masses clearly showed that the strongest
impurities are present in concentrations well below 0.1 mass %.
Analyses of the chemical compositions indicate that a certain
Al shortage was detected in all investigated samples (Table 5).
However, when looking at the detected concentrations of AE
and Al, in all cases, only a maximum of ~92% of the weighed
solid could be found in all cases [c(AE) + c(Al)/initial

https://doi.org/10.1021/acs.inorgchem.2c04391
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Table 4. Interatomic Distances (pm) for LT-CaAl, (CaGa,-
Type), SrAl, (BaAl,-Type), and BaAl, (Own Type)
Determined from Powder X-ray Diffraction Experiments®

LT-CaAl, SrAl,
Ca 2 All 3283 Sr 8 All 342.4
4 All 3348 8 Al2 3583
2 All 339.6 All 1 All 265.5
4 Al2 349.2 4 Al2 267.6
4 Al2 361.1 4 Sr 3424
All 1 All 256.4 Al2 4 All 267.6
2 Al2 264.8 4 Al2 315.7
2 Al2 268.0 4 Sr 358.3
1 Ca 328.3
2 Ca 334.8 BaAl,
1 Ca 339.6 Ba 8 All 349.8
Al2 2 All 264.8 8 Al2 363.0
2 All 268.0 All 1 All 268.6
1 Al2 292.2 4 Al2 272.0
2 Al2 308.9 4 Ba 349.8
1 Al2 326.3 Al2 4 All 272.0
2 Ca 349.2 4 Al2 3229
2 Ca 361.1 4 Ba 363.0

“All distances of the first coordination spheres are listed. All standard
uncertainties were less than 0.1 pm.
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Figure 1. Powder X-ray diffraction data and Rietveld refinement of
SrAl. The black dots represent the experimental data, the red line
represents the respective fit, while the blue line indicates the
difference between experimental and theoretical data. The green
bars show the Bragg positions of tetragonal SrAl, (BaAl,-type).

concentration]. In the cases of SrAl, and BaAl,, traces of
undissolved solid were visually observed. Since Al,Q; is the
only possible impurities that would not readily dissolve in
hydrochloric acid, the discrepancies in the determined AE to
Al ratios can most likely be attributed to this side product.
Group—Subgroup Relations. Two modifications have
been reported for both SrAl, and CaAl,. While orthorhombic
RT/NP-SrAl, (KHg, type) can only be transformed into the
cubic phase using HP/HT conditions (vide supra), tetragonal
CaAl, can be obtained from the monoclinic phase via
quenching and can therefore be considered as the HT phase.
When looking at the structures, it becomes evident that for the
transformation from RT/NP-SrAl, to the HP/HT modifica-
tion (cubic MgCu, type), a rearrangement of the Al polyanion
has to take place with a severe movement of the atoms, that is,
a reconstructive phase transition. Tetragonal (BaAl, type) and
monoclinic CaAl, (CaGa, type) in contrast shows a structural
relationship that had already been established based on their
space group relations*® that was later updated by Kneidinger et
al." Therefore, this is only a displacive phase transition rather
than a reconstructive one. The corresponding Bérnighausen
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Figure 2. Comparison of the powder X-ray diffraction data and
Rietveld refinement of HP/HT-SrAl, (top) and NP-SrAl, (bottom).
The black dots represent the experimental data; the red line indicates
the respective fit, while the blue line indicates the difference between
experimental and theoretical data. The Bragg positions indicate the
HP/HT-SrAl, (top) and SrO (bottom) positions (top panel) and
NP-SrAl, of the precursor (bottom panel).

formalism™ ™" also containing the relations of the atomic

positions is shown in Figure 3 for the first time. The first step
of the symmetry reduction is a translationengleiche transition of
index 2 to space group Fmmm. In this step, a symmetry
reduction along with a cell transformation takes place, but no
additional degrees of freedom are introduced for the respective
occupied sites. However, the variable z parameter of the All
site as well as the decoupling of the lattice parameters allows
for an orthorhombic distortion that is realized in f-SrRh,As,
showing just this symmetry and general topology.”* In the
second step, again a translationengleiche transition of index 2
along with a cell transformation into the monoclinic crystal
system and to space group C12/m1 takes place. No splitting of
the Wyckoff positions is observed; however, additional
translatory degrees of freedom are introduced for both the
All and Al2 sites. The refined positional parameters (powder
X-ray data) are also given in Figure 3.

Crystal Chemistry. The alkaline-earth aluminum phase
diagrams contain several binary compounds;******™*? how-
ever, of all these, only the AEAl, and AEAI, representatives
exhibit one respectively two crystallographic Al sites, enabling
useful *Al solid-state NMR investigations at this stage.

CaAl, (Figure 4, top) crystallizes in the cubic MgCu,-type
structure (Fd3m), also known as cubic Laves phase. In this
structure, the Al atoms form empty Al, tetrahedra that are
connected over all corners to form a network. The
coordination number of the Al atoms is 12 (Al@Al,Ca;)
with a distorted icosahedral coordination environment. The Ca
atoms reside in the cavities of the framework and exhibit a
coordination number of 16 (Ca@Al,,Ca,), forming a Frank—
Kasper polyhedron. NP-SrAl, (Figure 4, bottom) in contrast
crystallizes in the orthorhombic KHg,-type structure (Imma).
Again, the Al atoms form a network with the Sr atoms residing
in cavities. The coordination number of the Sr atoms is also 16
(Sr@Al,,Sr,) and the coordination number of the Al atoms is
12 (Al@AlsCag), but the coordination polyhedra differ
significantly. BaAl, was proposed to exist; more detailed

https://doi.org/10.1021/acs.inorgchem.2c04391
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Table 5. ICP-MS Data for the Alkaline-Earth Aluminides AEAL, (AE = Ca and Sr) and AEAl, (AE = Ca—Ba)

compound initial con. (mg L™") dilution c(AE) (mg L") c(Al) (mg L) ¢(AE) (mmol L") ¢(Al) (mmol L71) AE/Al
CaAl, 250 2000 84 111 2.1 4.1 1:2.0
SrAl, 420 2000 248 140 28 52 1:1.8
CaAl, 260 2000 63 159 1.6 59 1:3.8
SrAL“' 120 1000 45 50 0.5 1.8 1:3.6
BaAl” 110 1000 32 24 0.24 0.8 1:3.7
“Insoluble components.

Alm2/m2im Ca2a | Allde | ARdd investigations, however, revealed that the correct composition

CaAl, Almmm_ | 4mm dm2 is Ba,Al,; (P3m1).”> Both, SrAl, and BaAl,, exist in the cubic

| g g ]92 MgCu,-type structure when prepared via an HP/HT synthesis.

2 0 0.38 1/4 While HP/HT-SrAl, can be obtained as a phase-pure sample

a-b, a+b, ¢ starting from orthorhombic SIA12,24 HP/HT-BaAl, was

172(x-p), 112(x+y), 2 obtained using Ba;Al,; as an educt with byproducts according

l to the literature.” More recent HP investigations showed that

Fmdim2im Srda | As®i | Rhsf Ba,,Aly, is a more suitable precursor that yields phase-pure

S-StRhyAs, | mmm | mm2 222 sa.mples.26 The HP/HT attempts presented in this work

| g g ]1:,'3 underline the observation regarding MgCu,-type SrAly;

@ 0 0.38 1/4 however, BaAl, could not be prepared (vide supra).

a, b, 1/2(-a+c) | | | For the AEAl, compounds, SrAl, and BaAl, (Figure s, top)

xtz, y, 22 crystallize in the well-known tetragonal BaAl,-type structure

l l l l, (I4/mmm) and HT-CaAl, was also reported to adopt this

Cl2ml  caladaed [ Ca2a | All:4i | AR structure type. In the BaAl,-type structure, two independent

CaAl, 2m m 2 aluminum positions can be observed again forming a network

g 0'32 ~0025 in which the AE atoms are located. These exhibit a

0 0.24 12 coordination number of 18 (AE@Al) with a fourfold capped

veined [ Caa | ATIAr | AR hexagonal prismatic coordination environment. Of the two Al

2m m 2 sites, All is surrounded by five Al atoms as a square pyramid

0 0.600 0 along with four AE atoms (giving in total a monocapped

g ngs 0']255 square antiprism), while Al2 exhibits a double-tetrahedral

Figure 3. Group—subgroup scheme in the Birnighausen formal-
ism®* > for the structures of tetragonal (BaAl,-type) and monoclinic
CaAl, (CaGa,-type). The indices for the translationengleiche (t)
symmetry reductions, the unit cell transformations, and the evolution
of the atomic parameters are given.

SrAl, (KHg, type, Imma)

Figure 4. Unit cells and coordination polyhedra of (top) cubic CaAl,
(MgCu,-type) and (bottom) orthorhombic SrAl, (KHg,-type). AE
atoms are depicted in blue and Al atoms as white circles.
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coordination by four All and four AE atoms as well as four Al2
atoms within the same plane resulting in a CN = 12 (Al2@
All,AI2,AE,). Finally, the LT phase of CaAl, (Figure §,
bottom) crystallizes in the monoclinic crystal system (C2/m)
with the CaGa,-type structure. Here, again one Ca and two Al
sites are observed with CN(Ca) = 16 (Ca@Al,4), CN(Al1) = 9
(All@Al1A12,Ca,), and CN(AI2) = 12 (Al2@Al1,AI2,AE,).
The Al2 atoms form slightly distorted square layers with the
All atoms alternatingly located above and below the Al2 layer.
These slabs are connected over All—All interactions with the
Ca atoms residing inside the cavities.

Quantum Chemical-Based Stability Analysis. When
discussing issues with the phase-pure synthesis of the
mentioned intermetallic phases, a closer look at quantum
chemical calculations can be helpful. Structure-based DFT
calculations of the formation energy per atom in the binary
systems AEAl, (AE = Ca—Ba) resulted in the convex-hull
diagrams given in Figure 6. In these diagrams, the stability of
the respective intermetallic compounds relative to the energy
of the elements in appropriate composition is shown (Tables 6
and S2). It becomes clear that at 0 K, which is the only
temperature considered in these calculations, almost every
binary phase of the AEAl, (AE = Ca—Ba) compounds should
be obtainable by reacting the two constituent elements. Their
formation energy per atom is larger (more negative) than the
energy determined when considering a direct average of energy
per atom between the two elements.

When looking at the intermetallics discussed in this article,
the formation energy analysis can be used to explain problems
occurring in the preparation of; for example, CaAl,. At 0 K, this
compound should decompose into CaAl, and Al since its

https://doi.org/10.1021/acs.inorgchem.2c04391
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CaAl, (CaGa, type, C2/m)

Ca (2a)

Al1 (41) Al2 (4h)

Figure 5. Unit cells and coordination polyhedra of (top) tetragonal BaAl, (own type) and (bottom) monoclinic CaAl, (CaGa,-type). AE atoms are

depicted in blue and Al atoms as white circles.

formation energy per atom is smaller than the weighted
average of the energies of Al and CaAl,. Therefore, it is
evidently an entropically stabilized compound. CaAl, should
by far be the most stable compound given the energy
difference between the dashed line and its calculated formation
energy per atom. When looking at the respective plots for Sr
and Ba, the opposite is the case. Here, the 1:4 compounds are
more stable, which is also found in all synthetic attempts of the
respective compounds.

However, the data cannot explain the differences in low- and
high-temperature/-pressure phases of, for example, SrAl, and
CaAl,. The differences of the energies per atom are too small
to be taken into consideration, and such 0 K calculations rarely
depict the energetics in an HT or HP situation.

Figures 7 and 8 summarize the Al MAS-NMR spectro-
scopic results. Consistent with the crystal structures, the
spectra of the AEAL, (AE = Ca and Sr) compounds confirm the
presence of solely one crystallographically independent Al site.
In contrast, the spectra of the AEAl, (AE = Ca—Ba)
compounds show two strong signals originating from two
independent Al sites in the crystal structure. The individual
spectra are shown in Figures S7—S12 in the Supporting
Information.

The intense central line originating from the [+1/2) <
|—1/2) transition can be modeled with a Gauss—Lorentz fit,
which is a first hint that the electric quadrupolar couplings Cg
are rather small (in a range <5 MHz) and second-order
quadrupole effects (SOQEs) are not dominant (vide infra).
The spectra are characterized by substantial line broadening
effects arising from the structural distortions from the
asymmetric local environments of the *’Al nuclei caused by
the crystal structure itself and by extrinsic effects such as
grinding of the sample. This results in strong nuclear electric
quadrupolar interactions, which can in parts be described by
the second-order perturbation theory. The position of the
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central transition, referenced to an aqueous solution of AI**
(AICL,), is significantly shifted, however, in line with the
reported shifts for intermetallic aluminum. This shift, typically
in the range of 200—1200 ppm,'” is dominated by the Knight
shift contribution. The drastic shift range is caused by the s-
electron spin density at the Fermi level as probed by the Al
nuclei."® Under magic angle spinning conditions, one observes
a wide spinning sideband pattern in all recorded spectra. This
originates from the outer satellite transitions, [+1/2) & [+3/2)
and 1+3/2) + 1£5/2). For electric quadrupolar couplings <3
MHz, Cg, parameters can be extracted by simulation and fitting
from the intensity profile of the spinning sideband pattern or
are taken from electronic DFT calculations without further
refinement.

To shed light on the effects of the SOQE on the position of
the respective NMR signals, the magnetic shielding &, can be
calculated using the experimental resonance shifts § along with
the Cq values obtained from DFT calculations. The magnetic
shielding 8, has the following contributions

ms

ams = 6d1;\ + 5orb + 5Curie + 51( (1)
with &4, being the diamagnetic and &, being the orbital
angular momentum contribution. d¢,, arises from the
interactions with unpaired localized electrons, while finally dy
is the so-called Knight shift originating from the interaction
with the conduction electrons in metallic materials. Since the
title compounds are intermetallics with only closed-shell
atoms, the contributions of Jy, &.,4 and Oc, can be
neglected. Therefore, the magnetic shielding is dominated by
the Knight shift contribution. If SOQE is present, the magnetic
shielding 8, is influenced, leading to changes in the observed
resonance shifts described by the following equation

é= 5ms - (SOQE)Zl

(1) (2)

https://doi.org/10.1021/acs.inorgchem.2c04391
Inorg. Chem. 2023, 62, 4260-4271



Inorganic Chemistry pubs.acs.org/IC
T oo Table 6. Formation Energy per Atom (in Electron Volt) for
s ] the AEAl, (AE = Ca and Sr) and AEAl, (AE = Ca—Ba)
2 Compounds Discussed in This Work”
g element compound
Sast .
by Al —3.748
g Ca ~1508 CaAl, —3.480
3 LT-Cal, —3.568
g 3r 7 HT-CaAl, —3.573
S Sr —1.650 NP-SrAl, —3.305
- e HP/HP-SrAl, -3.302
Essr R 1 Sral, ~3.556
= ./CaA|4 Ba —-1916 HP/HT-BaAl, —3.360
Al BaAl, —3.612
-4 6 2I0 4‘0 SIO BIO 160 “7Al solid-state NMR spectroscopy.
at-% Ca .
Y ’ v ; : y 104.3 MHz for ¥’Al) and fjq is the asymmetry parameter.b In
asl | most of the present cases, 77 is 0 (Table 7); therefore, for
< these compounds, SOQE equals Cq. Due to the experimentally
o determined values of § and the quantum-chemically calculated
E 21 values for Cq and #q, it is possible to yield information about
© the influence of the SOQE and this allows the subsequent
‘g’_’zls | calculation of &,,; = & using eqs 2 and 3 given above.”” The
3 calculated Knight shifts 8 are listed in Table 7.
E Figure 7 (left) shows the spectra for the AEAl, (AE = Ca
2 a3t and Sr) compounds, as well as a zoomed region (right) of the
-.% central transition. In Table 7, the extracted values for the
E experimental Cq parameter obtained from DMFit software as
835r well as the calculated ones are given. Based on DFT
calculations and structural features of the Al sites, the
4 L I L I L L asymmetry parameter /g was set to 0 except for orthorhombic
0 20 40 60 80 100 NP-SI‘A]Z (KHg2 type)
at-% Sr While the observed resonances show the typical shifts of
1.8 T . . r . ; intermetallic materials, one can clearly see that KHg,-type
19| Ba | SrAl, (Figure 7, middle) shows a significantly lower shift along
> . / with a signal typical for an asymmetric coordination environ-
o : ment. The latter can be explained by the distorted
£ coordination environment (Figure 4, bottom right) leading
ﬁ s | to an asymmetry parameter 5 = 0.86. In contrast, HP/HT-
2 SrAl, has a similar shift to CaAl,, which is somehow expected,
& since both adopt the MgCu,-type structure and therefore most
g 34 . likely exhibit similar electronic structures.
2 Spectra of the AEAl, (AE = Ca—Ba) compounds depicted in
-% a6l | Figure 8 are in line with the crystallographic observation of two
E independent Al sites. In addition, the spectrum of CaAl, also
= Al shows the characteristic signals of the 1:2 compound CaAl,
-3.8 1 . (1091 ppm) and elemental aluminum (1639 ppm). The reason
: \ \ . \ . for the formation of these two side products has been given
0 10 20 30 40 100 above (vide supra).
at-% Ba

Figure 6. Convex-hull diagrams (formation energy per atom vs
chemical composition) for the binary systems AE,Al, with AE = Ca
(top), St (middle), and Ba (bottom). The formation energy per atom
is obtained from DFT calculations.

with

’?2
Q
SOQE = Cy/1 + —

Here, Cq represents again the electric quadrupolar coupling,
while N is an element-specific value (N = 6000 for ¥Al), v
represents the Lamor frequency of the respective nuclei (1, =
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As explained before, the exact determination of Cq based on
the intensity profile of the spinning sideband pattern can
hardly be done for Cq > 3—5 MHz which is the case at least for
one Al site in the systems. Here, a refinement of the
quadrupole parameters has been carried out only in parts.
For the simulation of the spectra in Figure 8, the results from
DFT calculations have partially been used without further
refinement. Assignment of the Al sites to the signals has been
done based on the Cq parameters, the literature,®" and the
observation that the signal at higher-resonance shifts is
anisotropically broadened and does not show a Gauss—
Lorentz line shape anymore. Here, SOQEs come into play.
The coordination environments of the two distinct Al sites
(Figure S, right) clearly show that the one of the All atoms is

https://doi.org/10.1021/acs.inorgchem.2c04391
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Figure 7. “’Al MAS-NMR spectra (left) of CaAl, (MgCu,-type, top),
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NP-SrAl, (KHg,-type, middle), and HP/HT-SrAl, (MgCu,-type, bottom).

Zoomed view of the region around the central [+1/2) < |—1/2) transition is shown on the right. The observed impurities are marked with an

asterisk.
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Figure 8. ¥’Al MAS-NMR spectra (left) of CaAl, (CaGa,-type, top), StAl, (BaAl,-type, middle), and BaAl, (BaAl,-type, bottom). Zoomed view of
the region around the central I+1/2} « [—1/2) transition is shown on the right. The observed impurities are marked with asterisk (left) and labeled

(right). The site assignment is given.

more asymmetric compared to the one of Al2; therefore, one
would expect the broadened signal at higher shifts to be the
one of the All sites, while the sharper signal originates from
the Al2 site. However, Pecher et al. already mentioned that the

V,, component of the electric field gradient (EFG) in SrAl, and
BaAl, is significantly larger for Al2 with respect to All (see
Table $3 in the Supporting Information).”" Therefore, the All
site, although being the less symmetric one, exhibits the smaller
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Table 7. Summary of NMR Observables of the AEAL, and AEAL, Series (AE = Ca, Sr, and Ba) Extracted from the DMFit
Simulation of the ’Al MAS-NMR Spectra with § Being the Resonance and 6 Being the Knight Shift (in Parts per Million), Cqo
the Quadrupolar Parameter (in kHz), 7] the Asymmetry Parameter, G/L the Gaussian to Lorentz Ratio, and dCs the Chemical

Shift Anisotropy Parameter (in Parts per Million)”

site ) g Cqtheo Cep Hiheo T G/L dCs literature
CaAl,
Al (16¢) 1091 1094 228 2085 0 047 -82 b
i[CaAl,] 781 0 0 b
Al (16¢) 1050 2190 62
NP-SrAl
Al (8h) 664 669 1757 2180 0.92 0.86 0.14 +2 b
HP/HT-SrAl,
Al (16¢) 1152 1154 1807 2955 0 0 -76 b
HP/HT-BaAl,
Al (16¢) 2773 0 !
LT-CaAl,
All (4i) 772 779 —3634 4163 0.20 028 v
Al (4h) 970 984 —5009 0.01 0.40 v
i[CaAl,] 1091 2085 0 1.00 b
i[Al] 1639 92 0 0 b
HT-CaAl,
All (4¢) —3469 0 v
A2 (4d) —4588 0 b
SrAly
All (4¢) 599 605 -3316 2865 0 0.52 b
A2 (4d) 1062 1079 —5483 0 b
All (4¢) 564 —2410 2836 0 100 61
Al (4d) 1030 6557 6167 0 0 61
Baal,
All (4e) 357 360 —2185 1758 0 0.39 b
Al2 (4d) 1136 1161 —6706 0 b
All (4e) 347 —1134 1808 0 106 61
Al2 (4d) 1128 —7904 7302 0 —54 61

“Theoretically calculated values from DFT are given in a separate column. Impurity signals are given as i[]. *This work.

quadrupolar coupling constant Cq. The Al2 site has the higher
point symmetry, but the EFG is more elongated (larger V,,)
and leads to an overall larger Cq value. It is interesting to note
that the All signal shifts to lower-resonance frequencies, while
the Al2 signal shifts to higher-resonance frequencies. At the
same time, the Bader charges (vide infra) of the Al2 sites
increase slightly, while the ones of the All site decrease rather
significantly. These changes in the Bader charges most likely
influence the s-electron density at the respective Al nuclei and
hence their behavior in the ’Al NMR experiments.

Quantum Chemical Bader Charge Analysis. The Bader
charges extracted from DFT calculations for the investigated
AEAl, and AEAl, compounds are summarized in Table 8.
Calculated values are also given for CagAl;, which has not been
characterized by NMR spectroscopy yet due to the large
number of crystallographically independent aluminum sites.

The analysis shows that for the Ca atoms, the Bader charges
are positive; subsequently, the Al atoms exhibit negative
charges rendering these compounds as aluminides. The Bader
charges on the Al atoms show a significantly broader range due
to the different Al content and the different binding topology
in the investigated Ca compounds (Table 8).

When reviewing the Bader charges in these different
compounds, an interesting correlation emerges. The tendency
to form polar intermetallics results from the electronegativity
difference. However, this “ionicity” is quite different in these
compounds. It can be seen very nicely that the relative Ca/Al
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amounts of the two atomic species have a great influence. In
Ca-poor phases, the Bader charge of Ca is higher because there
is a certain “electron suction” by the large Al matrix. The Al
atoms, for their part and high in number, achieve only
relatively small negative charges. In Ca-rich phases in turn, the
more electropositive element drives up the negative charges of
the anion lattice. LT-CaAl, (CaGa, type, C2/m) shows Bader
charges for Ca of +1.29, All of —0.01, and Al2 of —0.63. The
opposite behavior regarding the anion charges is CagAly
(Caglny type, P1). Here, anionic (Bader) charges of more
than —3 occur. The high concentration of the weakly
electronegative element Ca forces a stronger electron transfer
and thus a significantly higher ionicity. The resulting higher
Madelung energy for the stabilization of the crystal structure is
obviously also the reason why this compound appears
dystectically in the phase diagram.

However, it is interesting to note that also within a single
compound, the Bader charges may vary considerably, for
example, in the AEAl, (AE = LT-Ca, HT-Ca, Sr, and Ba)
compounds. Here, the Al2 sites exhibit Bader charge close to 0,
while the All site carries the majority of the negative charge.
When looking back at the coordination environments (Figure
S, right), it becomes clear that the Al2 atoms are tetrahedrally
surrounded by four All atoms and four AE atoms; however,
four additional Al2 contacts are observed. Therefore, a higher
number of aluminum atoms can be found in the coordination
sphere making this situation “less polarized”, while the All

https://doi.org/10.1021/acs.inorgchem.2c04391
Inorg. Chem. 2023, 62, 4260-4271
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Table 8. Bader Charges Calculated for the Different AE Al
(AE = Ca—Ba) Compounds Discussed Herein”

compound atom/site Bader charge/e”

CaAl, Ca (8b) +1.19

Al (16¢) —0.60
NP-SrAl, Sr (4e) +1.19

Al (8h) -0.59
HP/HT-SrAl, Sr (8b) +1.13

Al (16¢) —0.56
HP/HT-BaAl, Ba (8h) +0.91

Al (16¢) —0.45
LT-CaAl, Ca (2a) +1.28

All (40) —0.63

Al2 (4h) —-0.01
HT-CaAl, Ca (2a) +1.29

All (4¢) -0.59

Al2 (4d) —0.06
SrAl, Sr (2a) +1.26

All (4¢) —0.55

Al2 (4d) -0.08
BaAl, Ba (2a) +1.07

All (4¢) —041

Al2 (4d) -0.13
CagAl, Cal—Ca8 +1.05 to +1.13

All-Al4 —2.88 to —3.08

“For CagAl,, only a range is given due to the many atoms in different
sites.

atoms are surrounded by five Al atoms (1X All and 4x Al2) as
well as four AE atoms rendering this coordination mode “more
polarized”. Within the series Ca — Sr — Ba, the charge on the
Al2 site increases successively (—0.06 to —0.13), while at the
same time, the charge of the All site decreases (—0.59 to
—0.41). Overall, the Bader charge on the alkaline-earth atoms
is reduced from Ca — Ba, counterintuitive with respect to the
EN. However, the AE-Al distances increase significantly;
therefore, the electron transfer from AE to Al is reduced
overall. Comparing the different AE-Al distances, the AE-All
contacts increase stronger compared to the AE-Al2 ones.
Therefore, the electron density on the All atoms is reduced
and shifted to the Al2 atoms. This, in turn, must lead to
changes in the s-electron density at the respective Al nuclei
resulting in shifts of the NMR resonances. A similar behavior
regarding the amount of electron transfer can be observed in
the isostructural compounds of the MgCu,-type AEAI, series.
Here, the Bader charge on the AE atoms is reduced in this
series, while at the same time, the AE-Al distances increases.
The same trend can be seen, for example, in the AEPtAl, series
(AE Ca—Ba) where the [PtAl,]" polyanion distorts
drastically from 3D to a 2D situation, and at the same time,
the Bader charge on the AE atoms is reduced when going from
CaPtAl, over SrPtAl, to BaPtAl,."”

This argumentation can be furthermore underlined by the
fact that both polymorphs of SrAl, have almost the same Bader
charges, despite the significantly different structures (Figure 4).
However, the average distances d,,(Sr—Al) are 341 pm for the
KHg, type compound, while the MgCu, type polymorph
shows d(Sr—Al) = 344 pm.

Figure 9 finally depicts a correlation that emerges from the
calculated NMR Khnight shifts 6y in comparison with the Bader
charges. It is evident that &y evolves differently for the All and
AL2 sites within the AEAl, series (AE = Ca—Ba). As stated
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Figure 9. Al Knight shift 8 (black) and Bader charges (red) of the
two crystallographically independent Al positions in LT-CaAl,, SrAl,
and BaAl, plotted vs the electronegativity difference AEN (EN(Al)—
EN(AE)).

before, the sum of the Bader charges on the All and Al2 sites
decreases in the series Ca — Sr — Ba; however, the charge on
the Al2 site increases while the one of the All site decreases.
An inverse trend is observed for the Knight shift contributions
¢ When the absolute values of the Bader charges are
compared with Jy, no clear trend is visible. A formal reduction
of the All atoms (Bader charge changes from —0.06 to —0.13)
causes the NMR signal to shift from 984 to 1161 ppm. At the
same time, the Al2 atoms get oxidized (Bader charge changes
from —0.59 to —0.41), which shift the NMR signal from &y =
779 to 360 ppm—showing exactly the opposite trend that is
also visible in Figure 9. These observations clearly show that
the bonding situation and subsequently the actual electron
configuration at the respective Al site cannot be effectively
described when only using Bader charges.

B CONCLUSIONS

CaAl,, NP-SrAl, as well as CaAl,, SrAl, and BaAl, have been
successfully synthesized from the elements. HP/HT-SrAl, was
prepared using HP/HT conditions in a multianvil cell. While
in most cases X-ray pure samples could be obtained, the
samples of CaAl, show both the high- and the low-temperature
phases along with CaAl, and elemental Al as impurities. The
formation of these impurities is hard to avoid as shown by the
calculations of the formation energies per atom. ICP-MS
measurements clearly show that no significant contaminations
from other elements are present. *’Al solid-state MAS NMR
spectroscopic investigations proved that the respective
compounds contain one (AEAL) or two (AEAl,) crystallo-
graphically independent Al sites. The resonances for the cubic
AEAl, (AE = Ca, Sr) compounds exhibit symmetric signals
with similar shifts, while the one for orthorhombic SrAl, varies
due to the significantly different crystal structure. For the
AEAl, compounds, a group—subgroup relation has been
established for HT- and LT-CaAl, and a site assignment in
the ’Al NMR spectra for all three compounds was possible for
the two Al sites due to their different coordination environ-
ments. Finally, quantum chemical calculations of the
quadrupolar coupling constants were conducted as well as
Bader charge analyses, proving that these binary intermetallics
can indeed be considered as aluminides.

https://doi.org/10.1021/acs.inorgchem.2c04391
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II. Investigations of New Ternary Intermetallic Compounds MAl, 7, containing

Divalent Species with M = Ca & Sr

1. Introduction / Motivation

The Gibbs triangles, shown in the beginning of the thesis (Figs. 1.1 and 1.2), gave an overview
of all existing phases in the ternary systems and showed that the corresponding systems are not
particularly well investigated, for example there are no compounds reported in the ternary
systems Sr—Al-Rh and Ba—Al-Rh, also the most phases which were found reside in the Al rich
corner, with only a few exceptions like the AE>AlIT> phases (4E = Ca, Sr, T = Pd, Pt). The
Figure 3.27 gives an overview of all the existing phases AE.ALT, in regard to their

compositions, as they were cited above in the Chapter 1.

T Co Rh Ir Ni Pd Pt
AE
Ca 1-8-2,1-9-2 3-12-4 2-9-3 1-9-1,1-8-2, 210-6,1-3-2,  1-1-1,1-1-2,
1-0.8-0.2,8-2.73-0.27 1-1-1,2-1-2 2-2-1,2-9-3,
2-16-5
Sr 1-9-2 - 2-9-3 192 2-5-4,2-1-2 1-2-1,1-2-3,
1-2-2,2-8-3
Ba 1-9-2 - - 1-9-2 1-8.5-4.5 1-2-1, 3-4-4,
6-53-22

Figure 3.27: Overview of all literature known ternary phase in the system AE—Al-T with AE = Ca, Sr, Baand T
= Co-Pt.

Whenever the literature investigated the bonding situation, the structures were described by the
formation of a polyanionic network of the Al and T atoms, in which the alkaline earth element
forms a cationic species and resides in cavities of said network. These building blocks were
supported, due to the in most cases strongest bonding interaction determined from the ICOHP
values as well the low positive charge of the Al atoms and the similar shape of the Al and T
states in the DOS, indicating covalent interactions. The AE element on the other hand had
weakly bonding interactions paired with a high Bader charge. This led to the bonding interaction
being dominantly ionic with the polyanion. The electron transfer can additionally be directly
investigated by XPS spectroscopy, showing the shift of the binding energy of the electrons to
higher or lower values in the Al 2s spectra, indicating additional or less electron density at the
Al atoms. The electron transfer can be investigated by 2’Al NMR spectroscopy, in which the

chemical shift of the Al signal, is dependent on the electronic shielding.
99



Due to these insight of the similar bonding in these different compounds, the DFG project with
the project number: 441210509 and title: “Studies concerning the electronic structure and the
electron transfer in electron poor intermetallics” was granted to investigate the electronic
transfer happening in such polar intermetallic phases.

The electron transfer of ternary compounds is more complex than in binary compounds, in
which the less electronegative element provides the electrons to the more electronegative
element. Exemplary, in CaAl; the calcium is less electronegative with an EN value of 1.00 eV
(Pauling scale), providing the electrons, and aluminum exhibits an EN value of 1.61 eV (Pauling
scale), receiving the electrons. The other case is, when a late transition metal e.g. T = Co-Pt
and Al react, the transition metal has a higher electronegativity than the Al, leading to the
electron transfer from Al to the 7" element. But what is happening in ternary compounds, which
contain an alkaline earth element, aluminum and a late transitions element (Co-Pt)? In these
compounds Al has an electronegativity between the AE and T elements. There are a few possible
scenarios: (I) the AE and Al give their valence electrons to the transition metal, (II) only the AE
atoms provide the valence electrons to both Al and 7" without any interaction of Al and 7, or
(IIT) the AE atoms provides the valence electrons to both Al and 7, with interact of these two
elements each other (sharing the electrons transferred from the AE element). The latter leads to
forming a polyanionic network with covalent bonding interactions inside the polyanion. The
literature as well as the results of this thesis indicate that the third case is happening, if the
aluminum and transition metal atoms are within range of being able to interact with each other,
they will form a polyanion in form of a network or slabs.

The investigations in the ternary systems with an alkaline earth element, aluminum alongside a
late transition metal alone led to five publications on “SrAlsPt; and Sr2AligPty — two new
strontium aluminum platinides” (Z. Naturforsch B. 2022, 77b, 367),'”> “Nominal CaAl,Pt, and
Ca;Al3Pt — two new intermetallic compounds in the ternary system Ca—Al-Pt” (Z. Anorg. Allg.
Chem. 2024, 650, €202400094),1%* “Synthesis, Magnetic and NMR spectroscopic properties of
the MAIsPts series (M = Ca, Y, La-Nd, Sm-Er)” (Dalton Trans. 2024, 53, 12176),172 “New rare
earth representatives adopting the Ce»Al 6Pto type structure” (Z. Naturforsch. 2024, 79b,595)174
and “SrAlgRh; — the first phase in the Sr/Al/Rh system and representative of the CeAlsFe: type
structure” (Z. Kristallogr. 2024, 240, 1-11)13 of which the first St—Al-Rh compound, SrAlsRho,
was synthesized and investigated via single crystal X-ray diffraction as well as electrical
resistivity measurements on single crystals on top of the bonding analysis via the LOBSTER

program package.
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This chapter will start with the two Sr containing compounds SrAlsPt3'7® and Sr2Al;¢Pto,'”3
which were found in the same sample of the nominal composition SrsAl13Pts. Single crystal
studies revealed that SrAlsPt3 and Sr2Ali6Pty crystallize isotypic to the literature known cerium

compounds in the isopointal YNisSis type structure (Pnma)'®®

and isotypic CexAlisPto type
structure (Immm).!”® No phase pure samples could be obtained, due to the simultanious
formation of both new phases. Quantum chemical calculation showed strong Al-Pt interactions
as well as weak Pt—Pt and Al-Al interactions. Due to the report on EuAlsPt;, subsequent
investigations of the existence range of the MAIsPts and M>Ali6Pto were sparked, resulting in
the synthesis of the calcium and europium variant of both compositions. The obtained trivalent
compounds adopting the same structure types will be discussed in Chapter 3.II1. The Ca and
Eu containing samples could not be synthesized X-ray pure, since binary AlsPty or the
corresponding other phase were present (for the synthesis of the MAlsPt3 M>Al 6Pty appeared
as side phase, whereas attempts to synthesize M>Al;6Pto resulted in MAlsPt; as side phase).

Following the investigations on these series, the results in the system Ca—Al-Pt,'%* where the
two new structures of CaAl,Pt; and Ca,AlsPt crystallizing in the CaBexGey (P4/nmm) and
Mg>CusSi type structure (P63/mmc) will be discussed. Both phases exhibit AI/Pt mixing,
resulting in refined compositions of CaAlz.241)Pt1.76(1) and CazAlz.09(1)Pto.o1(1). Additionally, the
literature known phase CaxAlPt; (CaxSilr: type, C2/c) was found in the same sample, which
does not exhibit mixed occupied atomic sites. No X-ray pure samples of the newly found
compounds could be obtained. The bonding analysis shows that the charge transfer happens
from the Ca atoms to the Pt atoms, which exhibit covalent bonding to the Al atoms forming like
the MAIsPt; and M>AlisPty series polyanionic networks. Subsequent to the newly found
compounds in the Ca—Al-Pt system, an extensive bonding analysis with the LOBSTER
program package was started by calculating the Lowdin charges, ICOBI values and formal
oxidation states of many literature known binary and all ternary compounds. The results show
similarities to the ICOHP and Bader charge calculations performed on the SrAlsPt; and
Sr2AlisPto compounds, in which the Ca atoms always have a positive charge, due to the transfer
of the electrons to the polyanionic network of Al and Pt, but with the calculation of the Lowdin
chargers now, the Pt exhibits a positive charge and Al a negative charge, which is in contrast to
the Bader charges and to the electronegativity. Therefore, the Dronskowski group in Aachen
extended the LOBSTER code and introduced a feature that allows the calculation of formal
oxidation states. However, this development was not final upon finishing this thesis. The ICOBI
values also show significant covalent bonding interactions between the Al-Al and Al-Pt atoms,

forming the postulated polyanionic network.
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In the last part of this chapter the single compound SrAlsRh, will be discussed. It crystallizes
in the CeAlgFe» type structure (space group Pbam) in large rod-shaped crystals. The electrical
resistivity shows metallic behavior down to a minimum around 7.5 K, which rises below the
minimum. Also, below 0.6 K a possible onset of a superconductivity transition can be observed.
The bonding analysis showed strong interactions between the Al and Rh atoms and nearly no
interactions of the Sr atoms with either the Al or Rh atoms, suggesting the formation of an

[AlsRh,]° polyanionic network.
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2. New compounds in the system Ca—Al-Pt and Sr—AIl-T with 7' = Rh, Pt; MAlsPt3,
MAl6Pty, CaAl>Pty, CaxAlsPt, STRhyAlg

During this thesis, five papers were published containing the results on the newly found
compounds in the AE-Al-T system. The title of these papers are “SrAlsPt3 and Sr2AlisPto — two
new strontium aluminum platinides™ (Z. Naturforsch B. 2022, 77b, 367), “Nominal CaAlLPt
and CaxAl3Pt — two new intermetallic compounds in the ternary system Ca—Al-Pt” (Z. Anorg.
Allg. Chem. 2024, 650, €202400094), “Synthesis, Magnetic and NMR spectroscopic properties
of the MAIsPt; series (M = Ca, Y, La-Nd, Sm-Er)” (Dalton Trans. 2024, 53, 12176), “New rare
earth representatives adopting the CexAlisPto type structure” (Z. Naturforsch. 2024, 79b, 595)
and “SrAlsRh; — the first phase in the Sr—Al-Rh system and representative of the CeAlgFe; type
structure” (Z. Kristallogr. 2025, 240, 1-11) as well as the publication in cooperation with the
Dronskowski group in Aachen (P. C. Miiller, L. Reitz, R. Dronskowkski) entitled “Differences
and similarities in the bonding situation of intermetallic phases in the Ca—Al-Pt system”

(Manuscript). The results of these publications will be summarized in this chapter.

Collaborations to disclose: J. Bonnighausen (SrAlsPt3), Dr. F. Stegemann (sample with the
nominal composition of Sr4Al13Pty from which the SrAlsPt; and Sr2AligPto single crystals were
extracted), Dr. M. K. Reimann (SrRh2Alg) provided bulk samples, E. C. J. GieBelmann
performed the analysis of the YAlsPt; via ?Al NMR. Dr. F. Miiller performed the XPS
measurements, L. Schumacher made the magnetic property measurements and the eSEM
measurements were done by Dr. M. Koch. The quantum chemical calculations were conducted
by Dr. R. S. Touzani (SrAlsPt; & Sr2Al6Pto), Prof. Dr. Y. Zhang (YAlsPt3) and PD Dr. O. Janka
(Ca—Al-Pt and SrAlsRh2) along with Dr. P. C. Miiller, L. Reitz and Prof. Dr. R. Dronskowski
(LOBSTER calculations). PD Dr. O. Janka supervised the work, and all the aforementioned

people contributed to the manuscript with their respective expertise.

Many phases in the AE-Al-T system are singular, meaning that only one of the alkaline earth
metals exist with the corresponding compound, e.g. CaAl;Pd> (YAIsNiz type, P6/mmm),”
Sr2AlsPds (own type, Pnma),” SrAlgPt; (EuzNisSis type, P4o/nmc)’™ or BasAlsPts (own type,
Cmcem)"’. To expand the compositional manifold in the AE-Al-T systems the compositions of
the singular phases were taken as starting points and attempts to synthesize the isotypic
structures with different AE metals were pursued. This led to the attempt of creating CasAlsPt4
in analogy to Ba3;AlsPts to the formation of the new compounds CaAl:Pt; and Ca,AlsPt
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alongside the literature known phase Ca>AlPt>. In analogy to changing the AE element, also the
triel element can be changed from In or Ga to Al, which was the case in the attempt to synthesize
Sr4Al13Pty as an isotypic compound to the existing SralnisPty (HosGeolr13 type, Pmmn).'7 The
reaction resulted in a mixture of different products of which two new Sr—Al-Pt phases emerged:
SrAlsPts (YNisSi3 type, Pnma) and SraAlisPto (CexAlisPto type, Immm) (Single crystals shown
in Fig. 3.28). Whereas SrAlsPt; forms needle shaped crystals, Sr2AligPto on the other hand
exhibits a block shaped habitus. Due to the two new Sr phases found and the reported existence
of the EuAlsPts (YNisSis type, Pnma) compound in 2022 by Onuki et al.”! as well as the
literature known cerium compounds CeAlsPt; (YNisSis type, Pnma)'®® and Ce,AlisPty (own
type, Immm)'7® an investigation was conducted how far the series of the two structures types
reach and whether other AE containing compounds exist. The investigation resulted in the
successful synthesis of CaAlsPt3, Ca;AlisPto and EuxAli6Pto with respect to the divalent phases,
however no phase formation with barium was observed. The isostructural compounds
containing trivalent rare earth elements will be discussed in a later chapter (Chapter 3.a.III).
The Ca and Eu phases crystallize like the Sr compounds in the corresponding YNisSi3'*® or
CexAl;6Pto type structure. Bulk samples of the Sr and Eu compounds with a slight excess of the
AE/RE element were prepared due to the evaporation of these elements in the arc furnace. The
melting beads were crushed and analyzed via powder X-ray diffraction experiments. The
Rietveld refinements are shown in Figure 3.29 and 3.30 for SrAlsPt3, EuAlsPt; and EuxAli6Pto
respectively. The Rietveld refinement of SrAlsPt; resulted in a mixture of the targeted
compound and the Sr2Al16Pto, Sr2AlsPt; and Al3Pt; as side phases. The phase composition from
the Rietveld refinement are summarized in Table 3.1 for SrAlsPt3, EuAlsPt; and EuxAlisPte. An

overall composition is summarized in Table 3.2.

Table 3.1: Phase composition of the SrAlsPt;, EuAlsPt; and EuxAlicPty samples from the Rietveld
refinement, alongside their structure type, space group and refined lattice parameters.

Sample Phase (wt.-%) Structure type (SG)  Lattice parameters (pm)

SrAlsPts SrAlsPt; (46) YNisSi3 (Pnma) a=2067.35(8), b=414.28 (2), ¢ = 739.99(3)
Sr,Ali6Pto (47) CerAli6Pty (Immm)  a=417.03(2), b =1194.22(4), ¢ = 1833.16(7)
SrAlsPt;74 (6) Eu,NisSi3 a=1085.0(2), c = 823.3(2)
ALPK'™ (1) (P4>/nmc) a=414.93(7), ¢ =502.61(9)

A13Niz (P§ml)

EuAlsPt;  EuAlsPt;® (89) YNisSi3 (Pnma) a=2059.88(3), b=413.21(7), ¢ = 736.36(1)
EuALPt% (2) MgALCu (Cmcm) a=420.52), b=1112.2(3), c =726.2(2)
ALPK'™ (1) ALNip (P3m1) a=421.8(1), c=516.6(1)
AIP?" (5) FeSi (P2:13) a=486.00(4)
AIP,?" (3) GaPt, (Pmma) a=1626.8(7), b=383.0(1), c = 533.0(2)
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EwAlPty EwAlePts (86)  CerAligPto (Immm)  a=416.69(6), b= 1190.08(1), c = 1827.64(2)

EuAlLsPt” (3) YNisSis (Pnma) a=2044.6(4), b=417.3(1), c = 730.3(2)
ALPL' (10) ALNi, (P3m1) a=420.74(1), c = 517.34(3)
AP (1) AIPd (R3) a=1597.2(1), c = 518.62(8)

The structures are already discussed in Chapter 3.1 in Figure 3.7 to Figure 3.10, showing five
independent Al positions for the MAlsPt; and M2Ali6Pto phases. With the number of side phases
and thus large number of additional different Al positions in the powdered samples, no 2’Al
NMR measurements could be conducted on these compounds. The lattice parameters of the
divalent MAlsPt3 and M>Ali6Pto compounds are summarized in Table 3.3, showing similar unit
cell parameters for the Sr compared to the Eu compounds, suggesting that the europium in this
structure has a divalent nature. The lattice parameters of the calcium phases are, as expected,
smaller when compared to the strontium containing ones due to the size of the alkaline earth
metals (Fionic(Ca*") = 112, Fionic(Sr*") = 126 pm).” From the nominal SrsAl;3Pty sample single
crystals of the SrAlsPts and Sr2AliPte phases were isolated and single crystal studies were
conducted, resulting in the two new phases and being isopointal/isotypic to the YNisSi3 and
CexAl;6Pto type respectively, which was also the case for EuzAlisPto, where the single crystal
was isolated from the attempt to synthesize the bulk sample of this compound. The single crystal
refinement parameters are listed in the corresponding papers. (Z. Naturforsch B. 2022, 77b,

367; Z. Naturforsch. 2024, 79b, 595)

SrAlsPt; and Sr2Al16Pte exhibit Sr—Al distances ranging from 322 to 342 pm and 332-341 pm,
respectively, as well as Sr—Pt distances between 328-330 pm and 334-345 pm. These found
distances are in line with the binary and ternary compounds SrAl> (KHg: type, Imma, d(Sr—Al)
= 327-360 pm),'3¢ SrAls (BaAls type, [4/mmm, d(Sr—Al) = 342 pm),"! SrPt; (MgCu, type,
d(Sr—Pt) = 274 pm),2 SrPts (CaCus type, d(Sr—Pt) = 312-347 pm),?*3 SrAl,Pt (d(Sr—Al) = 340-
343 pm, d(Sr-Pt) = 308-336 pm),5* Sr>AlgPts (d(Sr—Al) = 314-343 pm, d(Sr—Pt) = 335-352
pm),’ SrALLPt; (CaBexGe; related type, 3+2D modulated structure, d(Sr—Al) = 335-338 pm,
d(Sr-Pt) = 330-334 pm)”> and SrAlL>Pt; (CeCo3B: type, P6/mmm, d(Sr—Al) = 327 pm, d(Sr—Pt)
=344 pm),% as well as the sum of the covalent radii (Sr + Al =192 + 125 =317 pm; Sr + Pt =
192 + 129 = 321 pm).* Euw,AlicPto exhibits interatomic Eu—Al distances ranging from 330 to
332 pm and Eu-Pt distances of 332 and 342 pm. The distances are in line with the binary and
ternary compounds EuAl, (MgCu. type, d(Eu—Al) = 337 pm)?* or EuAls (BaAls type, d(Eu—
Al)=339-356 pm),2% EuPt; (MgCu. type, d(Eu—Pt) = 320 pm),2% EusAl 3Pty (HosGeolr3 type,
Pmmn, d(Eu-Al) = 326-360 pm, d(Eu-Pt) = 322-332 pm),'”® EuAloPt; (d(Eu-Al) = 306-
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313 pm, d(Eu-Pt) = 347-348 pm),®! EuALL,Pt (MgAl>Cu type, Cmcm) (d(Eu—Al) = 335-355 pm,
d(Eu-Pt) = 302-330 pm),® as well as the sum of the covalent radii of Eu + Al = 185 + 125 =
310 pm* and Eu + Pt = 185 + 129 = 314 pm.* Similar Al-Pt distances of 245-272 pm, 248-
278 pm and 247-274 pm can be found in SrAlsPts, SroAlisPte and EuxAlisPty respectively,
which are in line with the following binary and ternary compounds AIPt (FeSi type, P213) d(Al-
Pt) = 248-273 pm,2 AL,Pt (CaF2 type, Fm3m) d(Al-Pt) = 256 pm,2"7 SrAl,Pt (MgAlLCu type,
Cmcm) d(Al-Pt) = 255-257 pm,%® SrAlsPt; (Eu2NisSis type, Pdo/nmc) d(Al-Pt) = 252-
279 pm,™ SrAlLPt; (CaBexGex related type, 3+2D modulated structure) d(Al-Pt) = 249-255
pm,” SrALLPt; (CeCosB: type, P6/mmm) d(Al-Pt) = 254 pm,% EusAli3Pty (HosGeolr13 type,
Pmmn) d(Al-Pt) = 247-265 pm,'7¢ EwAloPt; (Y>.GagCos type, Cmcm) d(Al-Pt) = 256-
264 pm,®! EuALL,Pt (MgAl>Cu type, Cmcm) d(Al-Pt) = 254-258 pm,®* as well as the sum of the
covalent radii (Pt + Al = 129 + 125 = 254 pm).* In case of the homoatomic Al-Al distances also
similar ranges of 276-347 pm, 276-317 pm and 275-297 pm can be found for the three
compounds, although the europium containing structure does not exhibit Al-Al distances longer
than 300 pm like the Sr compounds. The range of the Al-Al contacts are in line with the ones
found in elemental Al (Cu type, Fm3m) of 286 pm.2*® When looking at the Pt-Pt distances,
SrAlsPt; displays d(Pt—Pt) of 301 pm, Sr2AligPte of 297 pm and EuzAlisPty of 296 pm, the
compounds show a high similarity of the Pt—Pt distances, but these are longer than the sum of
the covalent radii rcov = 129 + 129 = 258 pm* as well as the distances in elemental Pt (Cu type,
Fm3m) with 277 pm.2* The similar distances of the three compounds led to the assumption that
all three structures form a polyanionic network of Al and Pt with the Sr or Eu residing in the

hexagonal cavities.

In addition to the single crystal XRD studies EDX measurements were conducted for the
EuwAli6Pto sample, with 86 wt.-% of the phase being the main component. The measurement
points as well as the mean element value are in good agreement with the ideal composition, the
results of the EDX measurements are shown in Tabe 3.4 alongside the SEM image of the
measured area in Figure 3.31. Slight differences occur which are mostly caused by the
roughness of the sample alongside the non-perpendicular alignment of the crystal to the electron
beam.

To investigate the bonding character of the Sr compounds DFT calculations were performed,
using the single crystal data as starting points. The structure relaxation resulted in optimized
lattice parameters shown in Table 3.3, which are in good agreement with the experimental

single crystal data. The DOS of SrAlsPt; show states at and near the Fermi-level indicating a
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non-purely ionic character, this is also observed in Sr2AlisPty (Figure 3.32 and Figure 3.a.33,
left). Both compounds exhibit pseudogaps ranging from —2.5 to +2.5 eV and -3 to +1.5 for
SrAlsPt; and SroAli6Pto, respectively. In the range between —11 to —6 eV in SrAlsPt; and —11 to
—7 eV in Sr2AliPto the Al contribution is dominant, whereas Pt possesses significant
contributions to the DOS between —6 to —1 eV in SrAlsPt3 and —7 to —0.5 eV in Sr2Ali6Pto,
indicating that Pt is involved in both ionic and covalent bonding. The Sr contribution is in both
compounds low, so the Sr contribution is responsible for the metallic bonding character
alongside Al. Due to the similar shape to the Pt states, Al exhibits strong covalent Al-Pt bonding,
forming the polyanionic network. To get an even deeper insight into the bonding situation
integrated crystal orbital Hamilton populations (ICOHP) were calculated. Plots for selected Al—
Pt, Pt-Pt and Al-Al bonds are showed in Figure 3.32 for SrAlsPt; and Figure 3.33 for
Sr2AlisPte. The ICOHP values for the Sr-Al range between —0.20 and —0.29 eV and —0.17 to —
0.31 eV for SrAlsPt; and Sr2AlisPto respectively. Slightly higher values can be found for Sr—Pt
with —0.29 and —0.35 eV in SrAlsPt; and —0.30 to —0.32 eV in Sr2Al16Pto. The Pt—Al bonds show
weak antibonding and strong bonding interactions below and non-bonding states near the
Fermi-level, as observable in the -COHP-plots. The ICOHP values of Al-Pt bonds for the
compounds range from —1.60 to —2.28 eV and —1.23 to —2.27 eV. This indicates very stable
covalent bonding between the Al and Pt atoms. In the case of the homoatomic atomic
interactions, the Pt—Pt bonds are weaker with ICOHP values of —0.59 and —0.73 eV for SrAlsPt3
and Sr2AlisPto respectively and when looked in the -COHP show strong antibonding states
below the Fermi-level. The ICOHP values of the existing Al-Al bonds are —0.25 to —1.05 and
—0.11 to —0.96 eV for both phases respectively.

Figure 3.28: Single crystals of SrAlsPt; (left, needle shaped) and SroAl;Pty (right, block shaped), placed on a lube.
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Figure 3.29: Rietveld refinement of the powder X-ray diffraction pattern of SrAlsPts (top) and EuAlsPt; (bottom).
Collected data are shown in black dots, the refinement as red and the difference as blue line. Olive ticks indicate
the Bragg positions of the corresponding MAIsPt; phase (YNisSis type, Pnma), royal blue of SryAlisPto (CerAli6Pto

type, Immm), violet of Al;Pts (ALNi, type, P3m1), orange of SraAlgPt; (EuaNigSis, P4o/nmc), wine-red of AlPt
(FeSi type, P213), pink of AlPt; (GaPt, type, Pmma) and cyan ticks of EuAl,Pt (MgAlLCu type, Cmcm).
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Figure 3.30: Rietveld refinement of the powder X-ray diffraction pattern of EuyAl;¢Pts. Collected data are shown
in black dots, the refinement as red and the difference as blue line. Olive ticks indicate the Bragg positions of
EuAlsPt; (YNisSi; type, Pnma), royal blue of Eu,AlisPto (Ce2AlisPto type, Immm), violet of AlsPt, (AlsNis type,
P3m1) and wine-red ticks of AIPt (AIPd type, R3).
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Table 3.2: Phase composition from the PXRD measurements of RE4Al3Pty (RE = La-Nd, Sm, Gd), overall
composition normalized on Pts.

Sample

Main phase (wt.-%)

Side phase (wt.-%)

Over composition

CaAlsPts
SrAlsPt;
Sr2Ali6Pto
EuAlsPt;
EuAli6Pto

CaAlsPts (74)
SrAlsPts (44)
SroAl 6Pty (51)
EuAl;Pt; (89)
Ew,AliePto (86)

Al;Pt, (14), CazAli6Pty (11)

StoAlLiePto (1), AI2Pt (44), AIPt (1)

SrAlsPt; (49)

EuALPt (2), AlsPt, (1), APt (5), AlPt, (3)

EuAlsPt; (3), APt (10), AIPt (1)

Cag.syAls.oa)Pts
Sro.41)Als21)Pt3
Sr2.5yAlis.s)Pts
Euo.oAls71yPts

Eui31)Alis.s1)Pto

Table 3.3: Lattice parameters of CaAlsPt3, CaAli6Pto, SrAlsPts, SroAlisPto, EuAlsPts and EusAlj6Pto.

Compound a (pm) b (pm) ¢ (pm) V (nm®)
CaAlsPt;™” 2050.3(1) 409.0(1) 736.4(1) 0.6175
SrAlsPt;™* 2065.04(7) 413.74(1) 738.98(3) 0.6314
SrAlsPt;5¢" 2067.07(6) 414.16(2) 739.88(3) 0.6334
SrAlsPt;™* 2081.49 417.83 746.95 0.6496
EuAlsPt;™ 2059.88(3) 413.19(1) 736.35(1) 0.6267
EuAlsPt;*! 2066.2(3) 412.58(6) 738.16(11) 0.6293
CarAl Pt 414.02(1) 1181.6(2) 1830.4(3) 0.8954
SraAlj6Pte™ 416.69(2) 1193.53(6) 1832.38(9) 0.9113
SraAlj6PtySC” 417.08(1) 1194.25(5) 1833.08(8) 0.9131
St Al Pt 418.57 1207.65 1854.44 0.9374
Eus Al Pto"™ 416.67(1) 1189.76(1) 1827.87(2) 0.9061
EuAlj6PtoSc" 416.08(2) 1187.98(5) 1823.92(8) 0.9016

P powder, 5C single crystal, T DFT, * own work

Table 3.4: Energy dispersive X-ray spectroscopy results of Eu,AlisPto.

Compound Ideal Pl P2 P3 Mean
Eu: 7.4 7 7 8 7

EuAli6Pto Al: 59.3 57 60 55 58
Pt:33.3 36 33 37 35
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Figure 3.31: Scanning electron microscope image of EuxAl;sPto.
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Figure 3.32: Density of states (DOS) of SrAlsPt; (left), for selected Sr-Pt, Sr-Al, Al-Al and Pt-Pt (middle), and Pt-
Al bonds (right).

110



11 Total DOS | - : .
4l Srpos | | i
Sr-Al3
1 Al DOS — 337.2 pm R
1 . FRSLEy . Pt4-Al2
i 4 i 253.4 pm
~2.15 eV

T ] AlI5-Al5 7 |

1 b 277.0 pm | A v

| i -0.96ev | | i3

| i 1 pan [TES
253.9 pm| ==

1z ] 1 -1.98ev| &

| | sr-pu i

1 1 3359pm T =

1 4  -0.32ev .

712 T T T T ¥

0 20 40 60 -1 0 1

states (ev) ~COHP ~COHP
Figure 3.33: Density of states (DOS) of SryAl6Pto (left), for selected Sr-Pt, Sr-Al, Al-Al and Pt-Pt (middle), and
Pt-Al bonds (right).

As mentioned before, the attempt of synthesizing CazAlsPts resulted in a mixture of multiple
phases, of which CaxAlPt, (Caxlr2Si type, C12/c1) was already literature known,%* the new
phases with the nominal composition CaAl,Pt; (CaBe:Ge. type, P4/nmm) and CarAlzPt
(Mg2CusSi type, P63/mmc), were identified using SCXRD measurement of isolated crystals.
The refinement parameters are shown in the corresponding paper (Z. Anorg. Allg. Chem. 2024,
650, €202400094). The structures were already described in the chapter above and are shown
in Figure 3.13-3.17. The lattice parameters of the single crystal studies as well as from the bulk
powder samples and quantum chemical calculations are summarized in Table 3.5. The SCXRD
analysis showed that Ca;AlPt: exhibits no mixed occupancy of the Pt and Al positions, which
is not the case in the two new phases with the nominal compositions CaAl,Pt; and Ca,Al;Pt.
During the single crystal refinement mixed occupancies of the Al and Pt positions leading to a
refined composition of CaAlz2.4(1)Pti761) and CaxAlzo91)Ptoo1(1) have been observed. Bulk
samples of the nominal Ca—Al-Pt phases CaxAlPt>, Ca;Al3Pt and additionally Ca;AlPt; were
prepared by encapsulating the elements inside arc-welded Ta ampoules. The ampoules were
placed inside the induction furnace, heated to ~1500 K within 2 min, hold for 10 min at this
temperature followed by a slow cooling to ~1000 K, dwelled for 4 h with subsequent cooling
to room temperature by shutting off the induction furnace. The reactions resulted in a mixture
of different phases, for example the powder diffraction pattern of the Ca;AlPt, sample is shown
in Figure 3.34 alongside all formed phases. The sample consists of 98 wt.-% CaxAlPt, (CaxIr2Si
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type, C12/c1, a=981.03(2), b = 573.74(1), c = 772.95(2) pm),** 1 wt.-% AIPt (FeSi type, P23,
a=477.53(4) pm)** and 1 wt.-% Al>1Pts (own type, I4i/a, a = 1284.6(2), c = 1041.7(2) pm).21?
With an overall composition of Cai.97(1)Al1.061)Pt2 in the reaction mixture it shows a loss of a
small amount of calcium during the reaction as well as a small surplus of Al leading to the
assumption that the Pt could have reacted with the Ta ampoule or coated the Ta ampoule wall
and staying behind as unreacted species in the ampoule.
CaAlLPty crystallizes in the tetragonal CaBe>Ge> type structure, exhibiting five independent
crystallographic atom positions one for Ca, two for Al and two for Pt, in which the Pt position
is mixed occupied with Al and the Pt2 position is split into two sites due to an enlarged
anisotropic displacement parameter, leading to the refined compositions of CaAlz24(1)Pt1.76(1).
Interatomic distances of d(Ca—Pt) = 322-331 pm, d(Ca—Al) = 329-351 pm, d(Al-Pt) = 240-
268 pm, d(Pt—Pt) =302 pm and d(Al-Al) = 302 pm are observed. Nominal Ca;Al3Pt crystallizes
in the hexagonal Mg>CusSi type structure and exhibits three independent crystallographic atom
positions, one for each Ca, Al and Pt. Whereas the Pt position is filled with 10% Al, the Al
position possesses a mixed occupancy with Pt of 0.4% due to additional residual electron
density, resulting in a compositions of CaxAls.09(1)Pto.o1(1). The compound exhibits interatomic
distances of d(Ca—Pt) = 328 pm, d(Ca—Al) = 316-328 pm, d(Al-Pt) =270 pm and d(Al-Al) =
274-287 pm.
CaAlPt; exhibits Pt atoms, which form chains with alternating distances d(Pt-Pt) = 274 and
295 pm along the ab plane at a high z = 0 and 1/2 with an angle of 61° to each other. The chains
are connected to each other via Al atoms forming cavities in which the Ca atoms reside in. The
interatomic distances found in CaxAlPt; are d(Ca—Pt) = 306-311 pm, d(Ca—Al) = 327-351 pm,
d(Al-Pt) = 249-252 pm, d(Pt—Pt) = 274 and 295 pm, also no Al-Al bonds were observable.
All observed atomic distances in the three compounds are in agreement with the binaries and
ternary compounds CaAl, (MgCuz type, Fd3m, d(Al-Al) = 284 pm, d(Ca—Al) = 333 pm),!85
CaPt, (MgCua type, Fd3m, d(Pt-Pt) =270 pm, d(Ca—Pt) = 316 pm),?!! APt (CaF> type, Fm3m,
d(Al-Pt) = 256 pm, d(Al-Al) = 296 pm),2"7 CaAlPt (TiNiSi type, Pnma, d(Ca—Pt) = 294-
305 pm, d(Ca-Al) = 308-336 pm, d(Al-Pt) = 261-275 pm, d(Al-Al) = 311 pm),’” CarAloPt;
(Y2GaoCos type, Cmcm, d(Ca—Pt) = 343-347 pm, d(Ca—Al) = 303-318 pm, d(Al-Pt) = 257-
264 pm, d(Al-Al) = 269-293 pm),®! CaAl,Pt (MgAL>Cu type, Cmcm, d(Ca—Pt) = 284-314 pm,
d(Ca—Al) = 323-342 pm, d(Al-Pt) = 255-258 pm, d(Al-Al) = 276-290 pm),®3 CaAlsPt;
(YNisSis type, Pnma, d(Ca—Al) = 317-347 pm, d(Ca—Pt) = 322-329 pm, d(Al-Al) = 221-
335 pm, d(Al-Pt) = 234-289 pm, d(Pt-Pt) = 304 pm)'”? and Ca,AlicPty (Ce2AlicPty type,
Immm, d(Ca—Al) = 323-334 pm, d(Ca—Pt) = 329-338 pm, d(Al-Al) = 241-338 pm, d(Al-Pt) =
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240-335 pm, d(Pt-Pt) = 302 pm).!7* The relatively short AI-Pt and Al-Al distances again point

towards bonding interactions.

By using the single crystal data from the SCXRD measurements with the ideal occupancy as
starting points DFT calculations were performed. The lattice parameter after the structure
relaxations were in good agreement with the experimental ones for CaxAlPt; and Ca>AlsPt
(Table 3.5). In the case of CaALLPt> the theoretical lattice parameters exhibit a higher deviation
from the experimental parameters due to the mixed occupancy of both Pt positions with Al,
which were idealized for the quantum chemical calculations, resulting in the difference in the
theoretical and experimental lattice parameters. After the structure relaxation Bader charges
were calculated, showing positive values for Ca and Al as well as the expected negative charge
for the Pt atoms, in regard to the electronegativities of the three elements (y(Ca) = 1.00; x(Al)
= 1.61; x(Pt) = 2.28). The charge of the Pt atoms increases from —1.42 to —3.30 starting from
CaAlPt; to CaxAlsPt with CaAlLPts in the middle, which is explainable by looking at the Ca to
Pt content inside the compounds progressing from 1:1 over 1:2 to 2:1. Therefore, the Pt content
decreases with the Al content additionally increasing. Due to the charge transfer as well as the
atomic distances the compounds can be viewed as polar intermetallics with a polyanion

consisting of the Al and Pt atoms with Ca being the cationic species.
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Figure 3.a.34: Rietveld refinement of the powder X-ray diffraction pattern of Ca;AlPt,. Collected data is shown

in black dots, the refinement as red and the difference as blue line. Olive ticks indicate the Bragg positions of
CaxAlPt; (CaxlraSi type, C2/c), royal blue of AlPt (FeSi type, P213) and violet ticks of AlyPts (own type, /41/a).
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Table 3.5: Lattice parameters and unit cell volumes of Ca,AlPt,, CaAl,Pt; and CayAl3Pt from PXRD, SCXRD and
DFT calculations.

Compound source a (pm) b (pm) ¢ (pm) £(°) V (nm®)
CaAlPt, PXRD 981.03(2) 573.74(1) 772.95(2) 101.862(1) 0.4258
SCXRD 981.0(1) 573.8(1) 772.9(1) 101.847(1) 0.4258
DFT 977.9 568.7 770.2 102.11 0.4183
CaAl,Pt, PXRD 426.79(2) b 988.79(6) 90 0.1801
SCXRD 423.6(1) b 963.5(1) 90 0.1729
DFT 412.2 b 1074.3 90 0.1825
CaxAl;Pt PXRD 561.46(5) b 876.94(8) 90 0.2394
SCXRD 561.7(1) b 876.8(1) 90 0.2396
DFT 556.6 b 869.3 90 0.2332

In cooperation with Dr. P. C. Miiller, L. Reitz and Prof. Dr. R. Dronskowski, research on the
electronic transfer and bonding characterization were conducted within the binary Ca—Al, Ca—
Pt and Al-Pt systems as well as the ternary Ca—Al-Pt system using the LOBSTER program
package, leading to the preparation of a manuscript. An overview of the interatomic distances
along the bonding interactions are summarized in Table 3.6. The preliminary results will be
discussed in the following paragraph alongside a comparison with the quantum chemical
calculations of the Sr—Al-Pt and Ca—Al-Pt compounds of the paragraph above. When looking
at the binary compounds CaAl;, CaAls4, CaPt; and CaPts, Lowdin charges and ICOBIs are
calculated, as it is expected, the Ca atoms have always a positive charge between +1.54, +1.66,
+1.17 and +1.44, due to Ca being the less electronegative element and the corresponding Al or
Pt atom exhibiting negative charges of —0.77, —0.60/—0.25, —0.58 and —0.38/-0.23 for CaAl,
CaAly, CaPty and CaPts, respectively. Also, the ICOBI values show that there are no or barely
any covalent interactions between Ca and Al (0.05, 0.02-0.04) or Ca and Pt atoms (0.04, 0.02-
0.05), but between Al and Al (0.43, 0.22-0.81) as well as Pt and Pt (0.11, 0.03-0.13) atoms weak
covalent bonding can be observed. Going from the alkaline earth compounds to the binaries of
the polyanion building elements Al and Pt for the ternary phases, the ICOBIs calculated for
AlsPty, AIPt and Al>Pt show, again, bonding interactions between Al-Al atoms (0.23-0.31, 0.18,
0.27) and as already discussed above in the ternary A E—Al-Pt compounds, interactions between
Al and Pt atoms (0.15-0.30, 0.17-0.25, 0.26) are present, but no or barely any between the Pt
atoms (0.04, 0.04, 0.02) themselves. These are in the expected range, but when looking at the
Lowdin charges counterintuitive values are calculated, with Pt being positively charged,
therefore give electrons and Al having negative charges (receiving electrons), even though Pt
has a significant higher electron negativity than Al. This situation is currently addressed by the

Dronskowski group and attempts have been made to establish the calculation of oxidation
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states. Preliminary tests show, that these produce more reliable results compared to the Lowdin
charges. A similar trend is observable in the ternary compounds (CaAlPt, CaAl,Pt, CaAl>Pts,
CaAlsPt;, CaxAlPty, CarAlsPt, CaAloPt;, CazAlisPts, CazAli6Pto), the Ca exhibits always a
positive Lowdin charge. The charge of the Al atoms is always negative and for Pt, the charge is
positive for Al rich compounds (CaAl:Pt (+0.20), CaAl,Pt> (+0.06 to +0.20), CaAlsPt; (+0.26
to +0.28), CaxAl3Pt (+0.23), CaAloPts (+0.44 to +0.45), CarAlisPts (+0.38) and CazAli6Pto
(+0.28 to +0.39)) or negative for Al poor compounds (CaAlPt (—0.17) and Ca,AlPt; (-0.45)).
The ICOBI values for the Ca—Al and Ca—Pt are in all cases insignificantly small, indicating
rather ionic interactions, which is also the case for nearly all Pt—Pt interactions, resulting in non-
bonding interactions. In comparison to that, the [ICOBI values of the Al-Al and Al-Pt are in the

same range with high values, suggesting high covalency in the bonding interactions.

Table 3.6: Lowdin charges, ICOBI and interatomic distances of binary and ternary Ca—Al-Pt
compounds.

compound atom Lowdin charge atom pair  distance /pm ICOBI(M-M)
CaAlPt Ca +1.26 Ca—Ca 347 0.01
Ca-Al 314 0.04
Ca—Pt 296 0.05
Al —-1.08 Al-Al 311 0.26
Al-Pt 257 0.29
Al-Pt 260 0.33
Al-Pt 266 0.43
Pt -0.17 Pt-Pt 410 0.02
CaAl,Pt Ca +1.47 Ca—Ca 381 0.00
Ca-Al 320 0.05
Ca—Pt 287 0.04
Al —0.84 Al-Al 279 0.42
Al-Al 292 0.34
Al-Al 340 0.31
Al-Pt 255 0.32
Al-Pt 258 0.29
Pt +0.22 Pt-Pt >500 -
CaAl,Pt, Ca +1.46 Ca—Ca 413 0.00
Ca-Al2 316 0.03
Ca-All 318 0.07
Ca—-Pt2 338 0.01
Ca-Ptl 338 0.03
All —0.66 All-All 292 0.30
All-Ptl 253 0.28
Al2 -1.06 Al2-Ptl 250 0.45
Al2-Pt2 250 0.34
Ptl +0.06 Pt1-Pt1 413 0.01
Pt2 +0.20 Pt2-Pt2 292 0.08
CaAlsPt; Ca +1.49 Ca—Ca 409 0.00
Ca-AlS 317 0.03
Ca-Pt3 320 0.03
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compound atom Lowdin charge atom pair  distance /pm ICOBI(M-M)

All —0.43 All-All 281 0.35
All-Al4 306 0.22

All-AI5S 278 0.32

All-Ptl 253 0.37

All-Pt2 261 0.32

All-Pt2 265 0.27

All-Pt2 266 0.28

Al2 —0.56 Al2-AI3 283 0.31
Al2-AI3 289 0.32

Al2-Al4 293 0.28

Al2-Ptl1 261 0.32

Al2-Pt3 256 0.31

Al2-Pt3 262 0.22

Al3 —0.55 Al3-Al4 286 0.27
Al3-Pt2 254 0.19

Al3-Pt3 250 0.32

Al3-Pt3 256 0.25

Al4 —0.38 Al4-AlS 282 0.34
Al4-Ptl 264 0.23

Al4-Pt2 272 0.18

Al4-Pt3 250 0.25

AlS —0.40 Al5-AlS 275 0.27
Al5-Ptl 246 0.24

Al5-Pt2 253 0.22

Ptl +0.28 Pt1-Pt2 306 0.02
Pt2 +0.28 Pt2-Pt2 407 0.02
Pt3 +0.26 Pt3-Pt3 409 0.02
Ca,AlPt, Ca +1.16 Ca—Ca 357 0.01
Ca-Al 326 0.07

Ca-Pt 304 0.02

Al —-1.43 Al-Pt 250 0.36
Al-Pt 252 0.36

Pt —0.45 Pt-Pt 270 0.30
Pt—Pt 304 0.03

CaxAl;Pt Ca +1.44 Ca—Ca 336 0.01
Ca-Al 313 0.05

Ca-Pt 325 0.03

Al —-1.03 Al-Al 272 0.37
Al-Al 285 0.52

Al-Pt 268 0.28

Pt +0.23 Pt-Al 434 0.04
CaxAloPts Ca +1.62 Ca—Ca 427 0.01
Ca-Al 303 0.03

Ca—-Pt 343 0.02

All —-0.59 All-All 289 0.34
All-All 292 0.32

All-Al2 280 0.31

All-Al3 280 0.33

All-Al4 275 0.33

Al2 —0.40 Al2-AI2 269 0.37
AI2-AI3 284 0.33

Al2-Al4 274 0.35
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compound atom Lowdin charge atom pair  distance /pm ICOBI(M-M)

Al3 -0.49 Al3-Al3 274 0.35
Al4 -0.44 - - -

Pt1 +0.45 Pt1-All 257 0.30

Pt1-All 263 0.22

Pt1-Al2 263 0.20

Pt1-Al3 256 0.26

Pt2 +0.44 Pt2—All 264 0.22

Pt2—-Al3 258 0.26

Pt2-Al4 256 0.26
CaAl;sPts Cal +1.59 - - -
Ca2 +1.59 - - -

All -0.45 All-Al4 289 0.30

All-Al5 289 0.20

All-Al6 281 0.30

All-Al7 286 0.32

All-Al9 286 0.32

All1-Ptl 250 0.26

Al1-Pt2 250 0.26

Al1-Pt3 251 0.26

Al2 -0.45 AlI2-Al4 289 0.30

AI2-Al5 289 0.30

Al2-Al6 289 0.30

AI2-Al7 286 0.32

AI2-Al18 286 0.33

Al2—Ptl 250 0.26

AI2—Pt2 251 0.26

AI2—Pt3 250 0.33

Al3 -0.45 Al3-Al4 281 0.30

Al3-Al5 281 0.30

Al3-Al6 281 0.31

AI3-AlI8 286 0.33

AI3-Al19 286 0.32

Al3-Pt1 250 0.26

Al3—Pt2 251 0.33

Al3-Pt3 251 0.26

Al4 -0.23 Al4-Al4 289 0.30

Al4-Al5 289 0.30

Al4-Al6 290 0.30

Al4-Pt1 265 0.22

Al4-Pt2 264 0.22

Al4-Pt3 255 0.26

Al5 -0.23 Al5-Al5 289 0.30

Al5-Al6 291 0.30

Al5—Ptl 264 0.22

Al5—Pt2 264 0.22

Al5-Pt3 264 0.22

Al6 —0.18 Al6-Al6 292 0.30

Al6-Ptl1 255 0.27

Al6-Pt2 272 0.18

Al6-Pt3 272 0.18

Al7 —0.48 Al7-Al8 264 0.43

Al7-Al19 264 0.43
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compound atom Lowdin charge atom pair  distance /pm ICOBI(M-M)

Al7-Pt2 257 0.26

Al8 —0.49 AlB-Al9 264 0.43

Al8-Ptl 258 0.25

Al9 —0.48 Al9-Pt3 257 0.26
Ptl +0.38 - - -
Pt2 +0.38 - - -
Pt3 +0.38 - - -

CaxAli6Pty Ca +1.55 Ca—Ca 413 0.00

Ca-Al 330 0.04

Ca—Pt 328 0.03

All —0.36 All-All 282 0.34

All-Al2 329 0.13

All-AI3 286 0.27

All-AlS 274 0.36

All-Ptl 248 0.43

All-Pt2 252 0.26

All-Pt3 253 0.27

Al2 -0.35 Al2-Al2 294 0.24

AI2-AI3 281 0.31

Al2-Al4 289 0.31

AI2-ALS 294 0.19

Al2-Ptl 253 0.26

Al2-Pt2 271 0.25

Al2-Pt3 269 0.18

Al2-Pt4 250 0.25

Al3 —0.48 Al3-AI3 299 0.29

Al3-Ptl 250 0.21

Al3-Ptl 266 0.19

Al4 -0.42 Al4-Al4 319 0.17

Al4-Pt1 257 0.31

Al4-Pt4 261 0.21

AlS -0.20 Al5-AIS 285 0.27

Al5-Pt2 264 0.19

Al5-Pt3 263 0.24

Ptl +0.28 Pt1-Pt3 300 0.03
Pt2 +0.35 - - -
Pt3 +0.39 - - -
Pt4 +0.32 - - -

In Figure 3.35 a plot of all bonding interactions sorted by the interatomic distance are
plotted against the ICOBI value, showing that the Al-Pt have a narrow size
distribution, but a relatively large distribution of the ICOBI values, which are besides
the Al-Al the strongest. The Al-Al distances have a larger distance distribution along
the largest range of ICOBI values, with short bonds being significantly more covalent

bonding than larger interatomic distances. When taking a look at the Pt—Pt, Ca—Al and
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Ca—Pt bonding interactions, most distances are larger than in AlI-Al with ICOBIs
extremely low or 0, resulting in non-covalent / ionic bonding interactions or no
bonding at all. The distribution of the single bonds indicates a clear dependency of the
strength of the bond with the distance between the atoms.

By comparing the ICOHP and Bader charges of the SrAlsPt; and SroAlisPty with the
ICOBI values and Lowdin charges of the isotype Ca compounds, a similar trend is
present, the atomic charges for the cationic element are +1.33, +1.32 and +1.49, +1.55
for SrAlsPt3, SroAligPty and CaAlsPts, CaxAlisPty, respectively. As already discussed,
the Lowdin charges for Pt and Al are counterintuitive with values of Al: —0.38 to —
0.56, —0.20 to —0.48 ¢ and Pt: +0.26 to +0.28, +0.28 to +0.39. The Bader charges of
the two elements are —3.02 to —3.35, -2.71 to —3.43 (Pt) and +1.52 to +1.80, +1.53 to
+1.82 (Al) for the MAIsPt; and the M>Ali6Pto phases, respectively, showing the
expected trend. The ICOHP values are calculated as Sr—Al =—-0.20 to —0.29 and —0.17
to —0.31 eV, Sr—Pt =-0.29 to —0.35 and —0.30 to —0.32 eV, A-Pt = —1.60 to —2.28 and
—1.23 to —2.27 eV, Pt-Pt = —-0.59 and —0.73 eV and Al-Al =-0.25 to —1.05 and -0.11
to —0.96 eV for SrAlsPt; and Sr2AlisPto, respectively. The ICOBI values are Ca—Al:
0.03 and 0.04, Ca—Pt: 0.03 and 0.03, Al-Pt: 0.18 to 0.37 and 0.18 to 0.43, Pt—Pt: 0.02
and 0.03, Al-Al: 0.22 to 0.35 and 0.13 to 0.36 eV per bond. The ICOBI values are
significantly lower than the ICOHP values but show the same trend of weak AE—Al
and AE-Pt interactions and strong Al-Al and Al-Pt bonding interactions. The Pt—Pt
interactions indicate a higher bonding character in the ICOHP calculations than

suggested in the ICOBI calculations.
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Figure 3.35: Bond length plotted versus the ICOBI per bond of the compounds in the Ca—Al-Pt system.
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SrAlsRh2 — the First Phase in the Sr—Al-Rh System and New Representative of the
CeAlgFe2 Type Structure

Collaborations to disclose: In this part the work published in the Zeitschrift fiir Kristallographie
(2025, 240, 1-11) under the title given above is summarized. Mrs. Dr. E. Svanidze along with
Mr. Dr. Mitja Krnel, Mr. Dr. Nazar Zaremba and Mr. Dr. Markus Konig performed the
temperature dependent electrical resistivity measurements on the SrAlsRh, single crystal and

PD Dr. O. Janka along with the aforementioned worked on the manuscript.

During the attempt to synthesize SrAlsRhy, in analogy to the existing Ir compounds SrAlslr>
and EuAlsIr,,2? an unknown phase was found. Indexing of the powder diffraction pattern
revealed an orthorhombic crystal system with space group Pbam, so single crystal X-ray
diffraction experiments were carried out leading to the new CeAlgFe, type representative
SrAlsRhy. The refinement data along with the atomic parameters as well as the interatomic
distances are summarized in the publication with the same name as the title above (Z.
Kristallogr. 2025, 240, 1-11; DOI: 10.1515/zkri-2024-0115). A picture of a single crystal is
shown in Figure 3.36. The new compound was attempted to synthesize phase pure but resulted
in a mixture of big lath shaped crystal of the SrAlsRh, phase (CeAlgFe> type, Pbam, a =
1477.55(2), b = 1270.92(2), ¢ = 412.959(7) pm, 75 wt.-%) along AIRh (CsCl type, Pm3m, a =
296.897(5) pm, 18 wt.-%),213 SrAl4 (BaAls type, I4/mmm, a = 443.08(6), ¢ = 1118.2(2) pm, 1
wt.-%),1°! a structure derived from MosZnggAuio (Cui2.3(Cuo26Cro.74)4(Cuo23Alo.77)22Cr14Also
type, F43m, a=1864.0(2) pm)?'* in which the Mo were replaced by Sr, Zn by Al and Au by Rh
atoms, Al>1Pts (own type, I41/a, a = 1295.1(2), ¢ = 1070.1(3) pm, 6 wt.-%)?!* and at least one
unknown phase. The platinum inside the samples most likely originated from the recycled
rhodium, which contains Pt as impurity, suggesting that the unknown phase could also contain
Pt.

Some of the bigger crystals were sent to Mrs. Dr. Eteri Svanidze (MPI CPFS Dresden) for
temperature-dependent electrical resistivity measurements. The results of the resistivity
measurements are shown in Figure 3.36 bottom left. Between 15 and 300 K the resistivity
decreases linearly to the decreasing temperature, below 15 K an increase in the electrical
resistivity is observable, hinting to a small amount of magnetic impurity. Additionally, a sharp
drop below 0.8 K is visible, suggesting a superconducting state, which gets suppressed by
applying an external magnetic field as seen with the red measurement with an applied magnetic

field of 9 T.

121



Regarding the crystal chemistry, the interatomic distances found in SrAlgRh> are d(Sr—Al) =
320-341 pm, d(Al-Al) = 270-329 pm, d(Rh—Al) = 238-266 pm and d(Rh—Rh) = 295 pm, no
Sr—Sr and Sr—Rh distances below 350 pm were observed. The Sr—Al distances are in line with
the binary and ternary compounds SrAls (BaAls type, [4/mmm): d(Sr—Al) = 341 pm,'°! SrsAlg
(ow type, R3m): d(Sr—Al) = 330-346 pm,2'5 SrsAl; (BasGas type, P213): d(Sr-Al) = 334-
342 pm,21® Sr,AlsPds (own type, Pnma): d(Sr—Al) = 337-347 pm’? and slightly larger than the
ones found in SrAlolrs (Y2GaoCos type, Cmem): d(Sr—Al) = 309-314 pm®! and smaller than
Sr2AlPd: (CaxGePd; type, Fdd2): d(Sr—Al) = 345-369 pm.5®

The Al-Al distances ranges from 270-329 pm, similar distances can be found in SrAl4 (BaAl4
type, 14/mmm): d(Al-Al) = 265-315 pm,'! SrsAly (ow type, R3m): d(Al-Al) = 271-346 pm,?'5
SrgAly (BagGay type, P213): d(Al-Al) = 263-270 pm,?'® AloRh; (AloCos type, P121/cl): d(Al-
Al) = 273-347 pm,2'7 Ali3Rhs (AlisFes type, C12/ml): d(Al-Al) = 254-349 pm,2'® AlsRh,
(AlsCoz type, P6s/mmc): d(Al-Al) = 272-325 pm,>'® AIRh (CsCl type, Pm3m): d(Al-Al) =
299 pm,213 as well as in the following ternary compounds, CasAli2Rhs (Gd3Ali2Rus type,
P63/mmc): d(Al-Al) = 274-326 pm,®! EuszAli2Rhs (Gd3Ali2Rus type, P63/mmc): d(Al-Al) =
275-331 pm,®! SroAlolrs (Y2GaoCos type, Cmem): d(Al-Al) = 278-349 pm,®! SroAlsPds (own
type, Pnma): d(Al-Al) = 270-311 pm’? and SrAlsCo> (BaAloFe, type, P6/mmm): d(Al-Al) =
285-290 pm.>* The Rh—Rh distances are smaller than found in Ali3Rhs (AlisFes type, C2/m):
d(Rh-Rh) = 306-332 pm,??* AIRh (CsCl type, Pm3m): d(Rh—Rh) = 299 pm?2'3 and larger than
in AlsRh; (AlsCoz type, P63/mmc): d(Rh—Rh) = 284 pm.2!® The Al-Rh distances are all in line
compared to the binary compounds AloRhz: d(Al-Rh) =245-260 pm, Ali3Rhs: d(Al-Rh) =253-
335 pm,*2® AlsRhy: d(Al-Rh) = 239-277 pm,?"® AIRh: d(Al-Rh) = 259 pm?!3 and ternary
compounds CasAl;2Rhs (Gd3Ali2Rus type, P63/mmc): d(Al-Rh) = 238-270 pm,®! EusAl;2Rh4
(Gd3Al12Rus type, P63/mmc): d(Al-Rh) = 240-270 pm.®! When compared to the isotypic
EuAlsRhy (CeAlgFes type, Pbam, d(Eu—Al) = 317-339 pm, d(Al-Al) =269-323 pm, d(Al-Rh)
= 237-267 pm, d(Rh-Rh) = 294 pm)?S the distances are in a good agreement, suggesting that
the Eu is divalent due to the same Eu—Al compared to the Sr—Al distances.

With the single crystal data as starting point, DFT and subsequent LOBSTER calculations were
performed, the structure relaxation changes the unit cell parameters by less than one percent.
Loéwdin charges and bond orders were subsequently calculated using the LOBSTER program
package, resulting in high Lowdin charges for the Sr atoms of +1.75 and high Lowdin charges
for the Al atoms in the coordination environment of the Sr of —0.30 to —0.36, whereas the Rh
and the Al with only Al and Rh in the coordination environment show nearly no charge. Lowdin
charges of —0.13 and —0.14 are calculated for two Al positions in the fourfold capped distorted
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cube, which possesses Sr atoms in their coordination environment, suggesting that the charge
transfer in the structure happens solely from the Sr to the Al atoms in its coordination vicinity.
To get insight into the bond order, ICOBIs were calculated and show values below 0.05,
indicating ionic interactions between the Sr and Al atoms. In case of the Rh—Al and Al-Al
bonding, ICOBI values of 0.20-0.35 and 0.23-0.57 are shown, indicating covalent bonding
between the Al-Al and Al-Rh, leading to the polyanionic network of the [AlsRh2]°~ with the
St’" occupying the pentagonal prismatic vacancies.

Additionally, to the quantum chemical calculations and resistivity measurements, energy
dispersive X-ray spectroscopy (EDX) inside a scanning electron microscope were performed
on both the single crystal and bulk material, which are shown in Figure 3.36 top. The EDX
results are in a good agreement with Sr content being 9 at.-%, Al 69/70 at.-% and Rh 22/21 at.-
% for SC and bulk sample respectively, compared to the ideal composition of Sr = 9.1 at.-%,
Al=72.7 at.-% and Rh = 18.2 at.-%. Although small deviations from the ideal composition are
visible, these can be easily explained by the non-perpendicular orientation of the samples with

the electron beam.
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Figure 3.36: Scanning electron microscope image of the powder (top left) and a single crystal of SrAlsRh; (top
right) used for energy dispersive X-ray spectroscopy as well as the anisotropic electrical resistivity measurements
(bottom left) alongside the prepared single crystal with the conducting lines (bottom right). The electrical
resistance was measured with (red dots) and without (black dots) an applied external magnetic field of 9 T.
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Abstract: During attempts to synthesize new platinides in
the ternary system Sr—Al-Pt, single crystals of SrAlsPt; and
Sr,AlcPty were obtained from a reaction of the elements
with the nominal composition Sr,Al;sPts. Both ortho-
rhombic structures were refined based on single crystal
x-ray diffraction data (SrAlsPt;: Pnma, Wyckoff sequence ¢,
a=2065.04(7), b= 413.74(1), c = 738.98(3) pm, wR2 = 0.0310,
867 F* values, 56 variables; Sr,AlgPte: Immm, Wyckoff
sequence I'fihga, a = 416.69(2), b = 1193.53(6), c = 1832.38(9)
pm, wR2 = 0.0517, 671 F* values, 49 variables); full atomic
ordering was observed in both cases. In order to analyze
the bonding situation of these new platinides, quantum-
chemical calculations were conducted. According to density
functional theory both compounds are polar intermetallics
with high negative charges on the Pt atoms and covalently
bonded [AlsPt;]/[Al;¢Pty] networks showing strong Pt-Al
alongside of weak Al-Al and Pt—Pt bonding.

Keywords: aluminum; intermetallics; platinum; quantum
chemistry; strontium.

Dedicated to Professor Martin Lerch on the Occasion of his 60th
Birthday.

1 Introduction

Within the last years, the knowledge about the crystal
chemistry of ternary transition metal aluminum in-
termetallics of the alkaline earth elements has significantly
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increased since these compounds are especially suitable
for investigations of the bonding situation in intermetallic
compounds. Due to the absent Curie-paramagnetism, e. g.
%A1 MAS-NMR investigations are possible [1] which can be
combined with x-ray photoelectron spectroscopy and
quantum-chemical calculations.

Especially for the late and heavy transition metal
Pt, hardly any compounds had been reported before.
BasAl,Pt, (Cmecm, own structure type [2]), BaAl,Pt (Cmcm,
MgCuAl, type [3]) and BagAl,oPty; (P63/mcm, own structure
type [4]) for example, have thus far been the sole examples
for barium aluminum platinides. For the lighter homo-
logues Ni and Pd only two compounds, BaAlgNi, (P6/mmm,
BaFe,Al; type [5]) and BaAlgsPd,s; (I4/mcm, coloring
variant of the CeNisSi, type [6]), have been observed.

For calcium as alkaline earth element, a slightly greater
number of compounds has been reported. The equiatomic
compounds CaAlPd (Pbcm, own type [7, 8]) and CaAlPt
(Pnma, TiNiSi type [9]), but also Ca,AlPd, and Ca,AlPt, (both
C2/c, Ca,lr,Si type [10]) as well as CaAlsPd; (P6/mmm, CaCus
derivative [11]), CaAl,Pt (Cmcm, MgCuAl, type [3]) and
CasAl;sPty (modulated monoclinic structure, Sc,Al;sPtg
type [12]) are well documented. For T = Ni finally, CaAloNi
(P6s/mmc, own type [13, 14]) and CaAlgNi, (Pbam, CaFe,Alg
type [15, 16]) have been reported as ordered compounds.

For strontium, also a very limited number of com-
pounds has been reported to date. SrAlgNi, (P6/mmm,
BaFe,Aly type [5]) is the sole Ni representative, while
for palladium Sr,AlPd, (Fdd2, Ca,Pd,Ge type [17]) and
Sr,Al;Pd,, (Pnma, own type [18]) were included in previous
studies. Figure 1 depicts the ternary system Sr—Al-Pt,
where the data for the binary compounds were taken from
the Pearson database [19]. As ternary representatives,
SrAlLPt (Cmcm, MgCuAl, type [3]), SrALPt, (modulated
tetragonal structure, own structure type [20]), SrAl,Pts
(P6/mmm, CeCosB, type [17]) and Sr,AlgPt; (site occupation
variant of the Eu,NigSis type [21]) are listed.

Here we report on the new strontium aluminum plati-
nides SrAl;Pt; and SrAljxPty. Both crystallize in the
orthorhombic crystal system with space groups Pnma and
Immm and have been obtained from a reaction with the
nominal composition Sr,Al;3Pte. The title compounds
are isostructural to CeAls;Pt; and Ce,Al Pty — thus far the
sole aluminum compounds with these structure types.
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Figure 1: The ternary system Sr—Al-Pt. The data for the depicted
compounds has been taken from the Pearson database [18] or the
papers cited in the Introduction.

Recently, however, the series of gallium platinides MGasPt;
(M = Ca-Ba, Eu [22, 23]) adopting the CeAlsPt; structure
type has been completed. As shown by Péttgen and co-
workers [22], CeAl;Pt; has to be regarded as a site occu-
pation variant of the YNisSi; type structure, and the two
structures are therefore rather isopointal than iso-
structural. The Ni positions are occupied by Al/Ga atoms
while on the Si sites the Pt atoms are found. In the case of
Sr,AlPto, isotypism with Ce,Al;¢Pty [24] was observed, the
sole representative of this structure type thus far, however,
Th,Al5Ni;p has been reported [25] with the same space
group and Wyckoff sequence and could therefore also be
regarded as a site occupation variant of the Ce,Al¢Pts type
structure.

2 Experimental
2.1 Synthesis

Initially, a sample with the nominal composition Sr,Al;;Pty was pre-
pared from which lath- and block-shaped single crystals were isolated.
Single crystal x-ray diffraction experiments led to the refined com-
positions SrAlsPt; and Sr,Al¢Pty, respectively. Subsequently, addi-
tional synthetic attempts were made using the composition obtained
from the refined single crystal diffraction data. Sublimed strontium
(Sigma-Aldrich), platinum pieces (Agosi AG) and aluminum turnings
(Koch Chemicals), all with stated purities above 99% were used for the
reported syntheses. Samples were prepared on a 300 mg scale. The Sr
pieces were stored under an argon atmosphere; surface contamina-
tions on the pieces were removed mechanically under sodium dried
cyclohexane prior to the reaction. For all reactions, the elements were
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arc-welded [26] in tantalum tubes in an argon atmosphere of about
800 mbar. The argon gas was purified over a titanium sponge (873 K),
molecular sieves and silica gel prior to the use. The sealed tantalum
ampoules were placed in the water-cooled sample chamber of a high-
frequency furnace (Hiittinger, TIG 5/300) [27]. Water-cooling was used
to prevent reactions of the Ta ampoules. The Ta-container was heated
up to ~1500 K within 2 min, dwelled at that temperature for 10 min
followed by slow cooling to ~1000 K. The cooling was achieved by
reducing the power output of the generator, leading to a cooling rate of
about 15 K min . After an annealing step of 4 h at this temperature, the
samples were cooled naturally by shutting off the power supply. The
temperature was controlled by a pyrometer (Sensortherm, Metis
MS09) with a stated accuracy of +50 K. The sample with the nominal
composition of Sr, ,3Al;Pt; was additionally annealed at 923 K for 7 d.
All samples could easily be separated from the container material and
no reactions with the tantalum ampoules could be observed.

2.2 X-ray diffraction

The phase purity of the polycrystalline samples was checked by
powder x-ray diffraction (PXRD) patterns using the Guinier method on
an Enraf-Nonius FR552 camera, equipped with an imaging plate de-
tector (Fujifilm BAS-1800) and using CuKa, radiation. a-Quartz
(a = 491.30, ¢ = 540.46 pm) was utilized as internal standard.

PXRD patterns of the powdered samples were recorded at room
temperature on a D8-A25-advance diffractometer (Bruker, Karlsruhe,
Germany) in Bragg-Brentano 0-6-geometry (goniometer radius
280 mm) with CuKa-radiation (A = 154.0596 pm). A 12 pm Ni foil
working as K; filter and a variable divergence slit were mounted at the
primary beam side. An LYNXEYE detector with 192 channels was used
at the secondary beam side. Experiments were carried out in a 20 range
of 6 to 130° with a step size of 0.013° and a total scan time of 1 h. The
recorded data was evaluated using the Bruker TOPAS 5.0 software [28],
with the observed reflections being treated via single-line fits.

Lath- and block-shaped crystallites of SrAlsPt; (Figure 2, left) and
Sr,Al 6Pty (Figure 2, right) were extracted from a crushed sample with a
nominal composition of Sr,Al;sPty and investigated at room temper-
ature on a Bruker X8 APEX2, Nonius k-CCD diffractometer, operating
with graphite monochromatized MoKa (A = 0.71073 A) radiation. Nu-
merical absorption corrections using the Bruker SadABS data package
[29] was applied to the data set. The structures were solved and refined
using SurereLir [30] and Jana2006 [31, 32].

CCDC 2123496 and 2141827 contain the supplementary crystallo-
graphic data for this paper. The data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/structures.

Figure 2: Light microscopic image from the crystallites of SrAlsPt;
(left, 120 x 20 x20 pm) and Sr,Al¢Pt (right, 75 x 40 x 40 pm).
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2.3 Quantum-chemical calculations

The first-principles calculation were carried out with Quantum
ESPRESSO (33, 34] for the structural relaxation of SrAlsPt; and
Sr,Al Pty using PAW pseudopotentials [35] from the PSLibrary
version 1.0.0 [36]. The kinetic energy cut-off for the plane waves was
set to 100 Ry, while the cut-off for the charge density and potential was
set to 400 Ry. The structural relaxation stopped when a total energy
convergence of 10°® Ry and a force convergence of 10~ Ry/a, was
reached. The Marzari-Vanderbilt cold smearing [37] and a Gaussian
spreading of 0.01 Ry were chosen to account for the Brillouin-zone
integration. The k-mesh was divided by 2 x 14 x 8 in SrAlsPt; and
14 x 6 x 4 in Sr,Al;¢Pty using the Monkhorst-Pack algorithm [38].
Exchange and correlation in this density functional theory (DFT)
based method were treated with the generalized gradient approxi-
mation (GGA) functional as parameterized by Perdew, Burke and
Ernzerhof (PBE-GGA) [39]. Quantum ESPRESSO was also used to
generate the all-electron and valence electron densities, which were
then used to calculate the Bader charges according to the methods
described by Henkelman et al. [40-42] and Yu and Trinkle [43] with
the critic2 program [44, 45]. The chemical bonding analysis was car-
ried out using the tight-binding, linear muffin-tin orbitals with the
atomic spheres approximation (TB-LMTO-ASA) [46, 47] as imple-
mented in the TB-LMTO 4.7 program [48]. Exchange and correlation
were treated with the GGA functional as parameterized by Perdew
et al. [49]. The k-mesh was 4 x 22 x 12, which led to 252 k-points in
SrAlsPt; and 22 x 22 x 22, which led to 1530 k-points in Sr,Al;¢Pto in the
irreducible Brillouin zone (IBZ). The radii of the automatically
generated Wigner-Seitz cells for Sr, Pt and Al were 2.32 A, 1.48-1.53 A
and 1.39-1.56 A in SrAlsPt; and 2.37 A, 1.50-1.53 A and 1.42-1.54 A in
S1,Al 6Pty. In the LMTO calculations no empty spheres were needed
for SrAlsPt;, but some were included for Sr,Al;¢Pty. The bonding
analysis was carried out by calculation of the density-of-states (DOS)
and the crystal orbital Hamilton population (COHP) [50] and its in-
tegrals (ICOHP). The ICOHP can be seen as a semi-quantitative bonding
energy which measures covalent contribution in solids. Because —
COHP values are plotted, negative —COHP are antibonding states,
positive ones are bonding states and non-bonding states have -COHP
values of zero. The Fermi level was set to 0 eV as reference.

3 Results
3.1 Powder x-ray diffraction

Initially, a sample with the nominal composition Sr,Al;3Pty
was prepared from which single crystals of SrAlsPt; and
S1,Al;cPty were extracted and investigated via single
crystal x-ray diffraction experiments (vide infra). A Riet-
veld refinement of the powder diffraction pattern collected
on nominal Sr,Al;5Pt, revealed the presence of 73(1) at.-%
SrAlsPts, 7(1) at.-% Sr,Al; Pty along with 12(1) at.-% Al,Pt
and 8(1) at.-% AlPt (Figure 3, top). Subsequently, a sample
with the composition SrAlsPt; was synthesized. Here, 44(1)
at.-% SrAlsPts, 1(1) at.-% Sr,Al;cPty along with 44(1) at.-%
Al,Pt and 11(1) at.-% AlPt were observed (Figure 3, middle).
With an excess of Sr (Sry o3Al5Pt;), the formation of the
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binary phases could be suppressed and 74(1) at.-%
SrAlsPt; and 26(1) at.-% Sr.Al;,Pty were found upon
refinement (Figure 3, bottom). Lattice parameters from the
refinements are listed in Table 1.

3.2 Single crystal x-ray diffraction and
structure refinement

Lath-shaped single crystals (Figure 2, left) were isolated
from a sample with a nominal composition of Sr,Al;5Pty
and mounted onto a Bruker X8 APEX2 single crystal
diffractometer. Careful analysis of the obtained data
revealed an orthorhombic lattice, and space group Pnma
was found to be correct. The structure was solved using the
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Figure 3: Rietveld refinements of PXRD data obtained from samples
with the nominal compositions Sry ¢3AlsPt; (top), SrAlsPt; (middle)
and Sr,Al;3Pto (bottom). Black dots represent the experimental data,
the red line the sum of the calculated data and the blue line the
difference between experimental and calculated data. The dashes
correspond to the Bragg positions of SrAlsPt; (green), Sr,Aly¢Pto
(orange), Al,Pt (purple) and AlPt (blue).
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Table 1: Lattice parameters (Guinier powder, single crystal and literature data), and unit cell volumes of SrAlsPts, Sr,Al;¢Ptg and selected

structurally related compounds.

Compound a (pm) b (pm) c(pm) V(nm?) Ref.
SrAlsPts 5¢ 2065.04(7) 413.74(1) 738.98(3) 0.6314 *
SrAlsPt; 2067.07(6) 414.16(2) 739.88(3) 0.6334 *
SrAlsPt; 2 2067.32(6) 414.27(3) 740.13(4) 0.6339 *
SrAl;Pt; P? 2067.40(5) 414.30(1) 740.12(2) 0.6340 *
SrAlsPt; T 2081.49 417.83 746.95 0.6496 *
CaGa;Pt; t 2082.5(4) 406.05(8) 739.2(1) 0.6251 [22]
SrGasPt; " 2092.3(1) 413.16(2) 740.88(3) 0.6404 [23]
BaGasPts 2104.8(2) 420.15(4) 747.7(1) 0.6612 [22]
BaGasPt, 2104.3(2) 420.11(5) 747.80(8) 0.6611 [23]
EuGasPt; " 2085.5(5) 412.75(9) 738.7(1) 0.6359 [22]
Sr,Al;6Pts 5¢ 416.69(2) 1193.53(6) 1832.38(9) 0.9113 *
Sr,Al; 6Pt ! 407.49(4) 1200.53(8) 1842.54(11) 0.9009 *
SroAl Pty P 417.08(1) 1194.25(5) 1833.08(8) 0.9131 *
SroAl 6Pty 7 417.28(3) 1193.73(5) 1833.18(8) 0.9131 *
Sr,Al;¢Pto °FT 418.57 1207.65 1854.44 0.9374 *
CesAl; 6Pty - 415.97(9) 1191.0(3) 1818.6(4) 0.9010 [24]
Th,AlysNige 399(4) 1118(4) 1734(4) 0.7735 [25]

*this work; ‘literature data; "powder data ("*nominal sample composition SrAlsPt,, "*nominal sample composition Sry o3AlsPts, Pnominal
sample composition Sr,Al;3Pts); SCsingle crystal data; "Tquantum-chemical data.

charge flipping algorithm of SuperrLip [30], and a least
squares refinement on F? using the program Jana2006 [31,
32] was carried out. All atomic positions were refined with
anisotropic displacement parameters and as a check for
correct compositions, the occupancy parameters were
refined in a separate series of least-square refinements. All
sites were fully occupied within three standard deviations
leading to the composition of SrAl;Pts; final difference
Fourier syntheses were contourless. From the Pearson
database [19], isotypism with CeAlsPt; [51] was deduced.
For the block-shaped crystals (Figure 2, right) found in the
same sample, an orthorhombic body-centered cell with
space group Immm was observed. The structure was again
solved and refined using SuperrLip [30] and Jana2006
[31, 32]. All atomic positions were refined with anisotropic
displacement parameters and all sites are fully occupied
within three standard deviations leading to the composi-
tion Sr,Al;¢Pty. Again, final difference Fourier syntheses
were contourless. The Pearson database [19] revealed iso-
typism with Ce,Al Pty [24]. Details of the structure deter-
mination, atomic parameters and interatomic distances
can be found in Tables 2-6.

3.2 Crystal chemistry

SrAl;Pt; crystallizes in the orthorhombic crystal system
with space group Pnma (a = 2065.0(2), b = 413.74(4),
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Table 2: Crystallographic data and structure refinement for SrAlsPt;
(YNisSis type, space group Pnma, Z = 4) and Sr,Al;4Pto (Ce,Al;6Pty
type, space group Immm, Z = 2).

Sum formula SrAl;Pt; Sr,Al; 6Pty

Formula weight, g mol™?  807.8 2362.7

Lattice parameters See Table 1 See Table 1

Calcd. density, g cm™> 8.50 8.61

Crystal size, pm? 150 x 20 x 20 75 % 40 x 40

Diffractometer Bruker X8 APEX2  Bruker X8 APEX2

Wavelength; A, pm 0.71073 0.71073

Absorption correction Multi-scan Multi-scan
Bruker SadABS Bruker SadABS
2016 [29] 2016 [29]

Abs. coefficient, mm™! 75.2 75.3

F000), e 1348 1972

@ range, deg 1.97-27.99 2.04-27.83

Range hkl -26, +27; £5; £9 -2, +5;-12, +15;

+24

Total no. reflections 10,040 4230

Independent 867 671

reflections/R;,.

Reflections /> 3 a(N)/R, 815 650

Data/parameters B867/56 671/49

Goodness of fit on F* 0.960 1.510

R1/wR2 for !> 3 a(/)
R1/wR2 (all data)

0.0121/0.0310
0.0137/0.0317

0.0199/0.0517
0.0215/0.0526

Extinction coefficient 175(7) 121(15)

Extinction scheme Lorentzian Lorentzian isotropic
isotropic [63] [63]

Larg. diff. peak/hole, e A3 +0.72/-0.94 +2.37/-1.41
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Table 3: Atomic coordinates and displacement parameters (in pm?) of SrAl;Pt; (YNisSi; type, space group Pnma, all atoms on Wyckoff

positions 4c: x, 1/4, 2).

Atom X z Uy, Uys Uz Uya Ueg?
Sr 0.35981(3) 0.88319(8) 68(3) 76(3) 61(3) 6(2) 68(2)
Pt1 0.07088(1) 0.66813(3) 61(1) 67(1) 45(1) 2(1) 58(1)
Pt2 0.08399(1) 0.07338(4) 60(1) 63(1) 56(1) -9(1) 60(1)
Pt3 0.26361(1) 0.38829(3) 68(1) 60(1) 59(1) 5(1) 62(1)
All 0.00830(9) 0.3697(3) 87(9) 55(9) 65(9) 7(7) 69(5)
Al2 0.19989(9) 0.6943(3) 79(9) 54(9) 49(9) -17(7) 61(5)
Al3 0.20901(9) 0.0795(3) 70(9) 72(9) 54(9) 13(7) 65(5)
Al4 0.38358(9) 0.3522(3) 84(9) 76(10) 103(10) -21(7) 88(5)
Al5 0.48200(9) 0.6132(3) 55(9) 73(9) 60(9) —4(7) 63(5)

The isotropic displacement parameter Ueq is defined as: Ueq = 1/3 (Uyy + Uzz + Us3) (pm?); Uy, = U3 = 0. Standard deviations are given in

parentheses.

Table 4: Atomic coordinates and displacement parameters (in pmz) of Sr,Al; 6Pty (Ce,Al; 4Pts type, space group Immm).

*

Atom X y z Uiy [ Usz Uzs Ueq
Sr 0 0 0.22870(8) 63(6) 21(6) 32(7) 0 39(4)
Pt1 0 0.31032(3) 0.34237(2) 36(2) 6(2) 12(2) 3(14) 18(1)
Pt2 1/2 0 0.37870(3) 26(2) 7(3) 19(3) 0 15(2)
Pt3 0 0.25284(3) 1/2 63(3) 47(3) 11(3) 0 40(2)
Pt4 0 0 0 133(4) 78(4) 24(4) 0 78(2)
All 0 0.1175(3) 0.3931(2) 37(13) 11(14) 33(16) -13(12) 27(8)
Al2 0 0.1704(3) 0.0796(2) 41(14) 36(15) 40(16) 14(12) 39(9)
Al3 0 0.3064(3) 0.2053(2) 49(13) 24(15) 21(15) -5(12) 31(8)
Alg 1/2 0 0.0866(3) 50(20) 60(20) 60(20) 0 56(13)
Al5 0 0.3844(4) 0 53(19) 20(20) 20(20) 0 31(12)

“The isotropic displacement parameter Ueq is defined as: Ueq = 1/3 (U1 + Uzz + Us3) (pm?); Uy, = Uy5 = 0. Standard deviations are given in

parentheses.

¢=738.98(8) pm, 0P36, ¢’) and is isostructural with the thus
far sole aluminum representative CeAlsPt; [51]. Both
aluminum compounds as well as the reported gallium
compounds MGasPt; (M = Ca—Ba, Eu) cannot be considered
isostructural but rather isopointal to the prototypic YNisSi3
structure, especially since the [NisSi;]*~ polyanion exhibits
a variation of the site occupation compared to the respec-
tive platinides.

The crystal structure of SrAlsPt; is depicted in a pro-
jection along the b axis in Figure 4. The Sr atoms are
surrounded by six Pt and six Al atoms in the shape of a
slightly distorted hexagonal prism with an alternating
arrangement of the atoms within the hexagon but
congruent arrangement of top and bottom face (Figure 5).
These Sr@AlgPt prisms are connected over the hexagonal
faces to form strands along [010]. Within the prism, the
interatomic Sr—Al distances range between 322 and 342 pm,
while the Sr-Pt distances are between 328 and 330 pm.

Sr,Al ¢Pts also crystallizes in the orthorhombic crystal
system, however, with the body-centered space group

Immm (a=416.69(7), b =1193.53(1), ¢ = 1832.38(3) pm, 0I54,
I*fihga), isostructural to Ce,Al;sPts [24]. The crystal struc-
ture projected along the a axis is depicted in Figure 6. Like
in SrAlsPts, the Sr atoms are surrounded in the shape of a
hexagonal prism by six Pt and six Al atoms (Figure 7). Here,
these Sr@PtgAlg prisms form strands along [100]. Within
the prism, the interatomic Sr—Al distances are in the range
between 332 and 341 pm, the Sr—Pt distances are 334 and
345 pm long. In both compounds, both distances are in line
with the ones found in binary intermetallics e. g. SrAl,
(KHg; type, 327-360 pm [52, 53]), SrAl, (BaAl, type, 342 pm
[54]), SrPt, (MgCu, type, 274 pm [55]) or SrPt; (CaCus
type, 312 & 347 pm [55]) as well as with the sum of the
covalent radii (Sr + Al = 192 + 125 = 317 pm;
Sr + Pt = 192 + 129 = 321 pm [56]). The known ternary
compounds in this system, SrAl,Pt (Sr—Al: 340343 pm;
Sr—Pt: 308-336 pm) [3], Sr;AlgPt; (Sr—Al: 314-343 pm;
Sr—Pt: 335-352 pm) [21], SrAl,Pt, (Sr—Al: 335-338 pm; Sr—Pt:
330-334 pm) [20] or SrALPt; (Sr—Al: 327 pm; Sr—Pt: 344 pm)
[17], also exhibit similar distances.
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Table 5: Interatomic distances (pm) in of SrAl;Pt; (YNisSi; type,
space group Pnma). All distances of the first coordination spheres
are listed. Standard deviations are equal or smaller than 0.2 pm.

Sr 1 Al5 321.7 All 1 Pt1 255.6
2 Pt1 328.1 2 Pt1 265.2

2 Pt3 328.2 1 Pt2 268.9

2 Pt2 329.7 2 Al5 281.3

2 Al2 332.9 2 All 284.7

2 Al3 336.6 1 Alg 305.3

2 All 342.2 Al2 1 Pt3 261.6

1 Al3 343.6 2 Pt3 262.7

1 Al4 350.1 1 Pt1 267.1

1 Al1 357.0 1 Al3 285.4

1 Al2 358.5 2 Al3 292.3

Pt1 1 Al5 244.5 2 Al4 293.5
1 Al1 255.6 Al3 1 Pt3 254.6

2 Al 264.8 2 Pt3 256.8

2 All 265.2 1 Pt2 258.3

1 Al2 267.1 1 Al2 285.4

1 Pt2 300.7 2 Al2 292.3

P2 2 Al5 249.5 2 Al4 328.0
1 Al5 251.7 Al4 1 Pt3 249.2

1 Al3 258.3 2 Pt1 264.8

1 All 268.9 2 Pt2 272.1

2 Al4 2721 1 Al5 280.2

1 Pt1 300.7 2 Al2 293.5

Pt3 1 Al4 249.2 1 All 305.3
1 Al3 254.6 2 Al3 328.0

2 Al3 256.8 Al5 1 Pt1 244.5

1 Al2 261.6 2 Pt2 249.5

2 Al2 262.7 1 Pt2 251.7

1 Al4 280.2 2 Al5 276.3

2 All 281.3

Within the [AL:Pt;]>" polyanion, three platinum and five
aluminum sites are observed (Figure 5) while the [Al;sPto]*
polyanion has four platinum and five aluminum sites
(Figure 7). In both networks, hexagonal cavities are
observed in which the Sr cations are located. In SrAl;Pt;, the
Pt atoms exhibit a coordination number of seven, with
highly asymmetrical coordination spheres and interatomic
distances between 245 and 272 pm. In S1,Al;¢Pty, Ptl ex-
hibits a sevenfold coordination environment, while Pt2 to
Pt4 exhibit coordination numbers of eight with Pt-Al dis-
tances in the range from 248 to 278 pm. These distances are
in line with those in binary (AIPt: 248-273 pm [57]; ALPt:
256 pm [58]) and ternary intermetallics (SrAlPt: 255-257 pm
[3]; SrzAlgPts: 252-279 pm [21]; SrALPty: 249-255 pm [20];
SrAlLPt;: 254 pm [17]) as well as with the sum of the covalent
radii (Pt + Al = 129 + 125 = 254 pm [56]). In both compounds,
the homoatomic distances (SrAlsPts: Pt—Pt: 301 pm; Al-Al:
276347 pm; Sr,Al ¢Pto: Pt—Pt: 297 pm; Al-Al: 276-317 pm)
are significantly longer compared to the sum of the covalent
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Table 6: Interatomic distances (pm) in of SrAl;6Pto (CesAl 6Pty
type, space group !Immm). All distances of the first coordination
spheres are listed. Standard deviations are equal or smaller than
0.2 pm.

Sr 2 All 3323 Al2 1 Pt4 250.3
2 Al4 333.5 2 Pt1 253.8
4 Al3 333.8 2 Pt3 270.3
4 Pt1 334.2 1 Al3 281.8
2 Al2 340.6 2 Algy 291.4
2 Pt2 344.9 1 Al2 291.7
Pt1 4 All 248.1 1 Al5 294.1
1 Al3 251.2 Al3 1 Pt1 251.2
2 Al2 253.8 2 Pt1 265.4
2 Al4 261.2 2 Pt2 277.7
2 Al3 265.4 2 Al2 281.8
1 Pt3 296.6 2 All 290.2
Pt2 4 All 252.5 2 Al3 297.2
2 Al5 261.6 Al4 2 Pt1 261.2
2 Al3 277.7 2 Pt4 261.9
Pt3 2 All 253.8 4 Al2 291.4
2 Al5 265.0 Al5 2 Pt2 261.6
4 Al2 270.3 2 Pt3 265.0
2 Pt1 296.9 1 Al5 275.9
Pt4 4 Al2 250.3 4 All 286.0
4 Al4 261.9 2 Al2 294.1
All 1 Pt1 248.1
2 Pt2 252.5
1 Pt3 253.8
1 All 280.5
2 Al5 286.0
2 Al3 290.2

radii as well as the distances found in elemental Pt (277 pm
[59]). The Al-Al distances, however, agree with what is
observed in elemental Al (286 pm [60]), therefore suggest-
ing partial bonding contributions.

3.3 Quantum-chemical calculations

The results of the DFT calculations regarding the struc-
tural optimization, Bader charges and covalent bonding
situation are discussed in this paragraph. The experi-
mental data of the single crystals was used as a starting
point for the DFT-GGA-PBE calculations. The optimized
lattice parameters for SrAlsPt; are au,e, = 2081.49 pm,
biheo = 417.83 pm and Cy,e = 746.95 pm, and the ones for
S1,Al 6Pty are dimeo = 418.57 pm, bineo = 1207.65 pm and
Ctheo = 1854.44 pm. Both sets are in very good agreement
with the experimental XRD results (Table 1). The bond
lengths after structural relaxation can be found in Tables 7
and 8. In general, the bond lengths are slightly larger than
those found in the experiments as often observed with
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Figure 4: Unit cell of SrAl;Pt;, projected along the b axis. Sr, Pt and Al atoms are shown in blue, black and grey circles. The shortest Pt—Al

bonds are emphasized.

(4c, .m.)

(4c, .m.)

Figure 5: Coordination environments surrounding the Sr, Pt and Al atoms in the structure of SrAlsPts. Sr, Pt and Al atoms are shown as blue,
black and grey circles. Wyckoff sites, site symmetries and interatomic distances (in pm) are given.

the GGA functional, but still in good agreement. The ab-
solute Pearson electronegativities of Sr, Pt and Al are 2.0,
5.6 and 3.23 eV, respectively, and hence one would expect
a relatively high positive charge on Sr to balance
the negative charge of the polyanionic [AlsPt;]% and

[Al,¢Pts]*" networks. To check this hypothesis, Bader
charges were calculated. Bader charges according to the
methods of Henkelman et al., and of Yu and Trinkle are
+1.33/+1.33, -3.02/-3.03 to -3.35/-3.36 and +1.52/+1.54
to +1.80/+1.79 for Sr, Pt and Al in SrAlsPt; and +1.32/
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Figure 6: Unit cell of Sr,Al,¢Pto, projected along the a axis. Sr, Ptand
Al atoms are shown in blue, black and grey circles. The shortest
Pt—Al bonds are emphasized.

+1.31, —2.71/-2.71 to —3.82/-3.78 and +1.53/+1.55 to +1.82/
+1.80, respectively in Sr,Al;¢Pty (Tables 9 and 10). The
Bader charges of Sr and Al in SrAl;Pt; and Sr,Al,¢Pty are
comparable of those in SrAl,Pt; (Sr: +1.38, Al: +1.73) [17].
The higher charge of Pt in SrAlsPt; (-3.02 to -3.35) and

262

Al Al2
(81, m..)

Al3
8, m..)

(@g 207

Pt2
(4j, mm2)
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Sr,Al 6Pty (-2.71to —3.82) compared to SrAl,Pt; (-1.64) [17]
is simply due to the higher content of Al per formula unit.
Interestingly, the negative charge on Pt shows a higher
inhomogeneity in Sr,Al;¢Pty (Ae = 1.11) compared with
SrAlsPt; (Ae = 0.33) and might be due to the different Pt to
Sr + Al ratio and the resulting modified bonding situation.

A look onto the DOSs of SrAlsPt; (Figure 8, left) and
Sr,Al;¢Pto (Figure 9, left) reveals that both are not purely
ionic compounds. SrAlsPt; and Sr,Alj¢Pte, similar to
SrAl,Pt; [17], are metals because of the presence of states at
and near the Fermi level. The presence of pseudo-gaps near
and at the Fermi level from -2.5 to +2.5 eV for SrAl;Pt; and
from -3 to +1.5 eV for Sr,Al;¢Pty with no clear maximum of
the DOS at the Fermi level indicates electronically stable
compounds with both ionic and covalent interactions
[61, 62]. Sr contributes little to the DOS in both compounds,
while Al contributes most significantly in the range be-
tween —11 to —6 eV and +2 eV and above in SrAl;Pt;, and in
the area of —11 to about —7 eV in Sr,Al;¢Pty. The Pt states in
SrAlsPt; dominate the DOS from -6 to -1 eV, while in
Sr,Al 6Pty these states dominate from -7 to —0.5 eV. For this
reason, Pt is significantly involved in ionic and covalent
bonding in both compounds as its states are localized near
a certain energy level, while Sr and Al contribute mainly to
the metallic bonding in these compounds. Due to the
similar shapes of the Pt and Al DOS in the range from -11
to -5 eV and -3 to at least +6 eV in both compounds, a

Pt3
(4h, m2m)

Pt4
(2a, mmm)

Al4
(4, mm2)

Figure 7: Coordination environments surrounding die Sr, Pt and Al atoms in the structure of Sr,Al,¢Pts. Sr, Pt and Al atoms are shown as blue,
black and grey circles. Wyckoff sites, site symmetries and interatomic distances (in pm) are given.
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Table 7: Interactions, counts, their distances after structure relax-
ation and their corresponding ICOHPs in SrAlsPts.

S. Engel et al.: SrAlsPt; and SryAly4Pto, — two new strontium aluminum platinides —— 9

Table 8: Interactions, counts, their distances after structure relax-
ation and their corresponding ICOHPs in Sr,Al,4Pts.

Interaction Count Distance (pm) ICOHP (eV) Interaction Count Distance (pm) ICOHP (eV)
Sr-Al5 1 325.2 -0.28 Sr-All 2 336.4 -0.26
Sr—Al2 2 336.5 -0.26 Sr-Al3 4 337.2 -0.31
Sr-Al3 2 341.0 -0.29 Sr-Al4 2 337.4 -0.27
Sr-Al1 2 345.6 -0.24  Sr-Al2 2 345.9 -0.25
Sr-Al3 1 346.2 -0.22 Sr-Al3 2 372.8 -0.17
Sr-Al4 1 353.4 -0.24 Sr-Pt1 4 335.9 -0.32
Sr-Al1l 1 358.6 -0.20 Sr-Pt2 2 347.8 -0.30
Sr-Al2 1 361.5 -0.20 Pt1-Al1 1 252.2 -1.89
Sr—Pt1 2 329.8 -0.35 Pt1-Al3 1 253.6 -2.27
Sr—Pt3 2 331.3 -0.29 Pt1-Al2 2 257.0 -1.88
Sr—Pt2 2 331.7 -0.35 Pt1-Al4 1 265.3 -1.64
Pt1-Al5 1 247.5 -2.28 Pt1-Al3 2 266.7 -1.67
Pt1-Al1 1 257.7 -2.09 Pt2-Al1 4 254.4 -1.79
Pt1-Al4 2 267.1 -1.71  Pt2-Al5 2 264.6 -1.44
Pt1-Al1 2 267.7 -1.79  Pt2-Al3 2 279.9 -1.23
Pt1-Al2 1 269.3 -1.74 Pt3-Al1 2 253.9 -1.98
Pt2-Al5 2 251.9 -2.27  Pt3-Al5 2 264.8 -1.70
Pt2-Al5 1 254.2 -1.81 Pt3-Al2 4 273.1 -1.53
Pt2-Al3 1 260.6 -1.82 Pt3-Al4 2 342.4 -0.21
Pt2-Al1 1 270.5 -1.72  Pt4-Al2 4 253.4 -2.15
Pt2-Al4 2 276.0 -1.65 Pt4-Al4 4 263.1 -1.86
Pt3-Al4 1 252.0 -2.27 Al1-All 1 284.3 -0.80
Pt3-Al3 1 257.5 -1.81 Al1-Al5 2 288.3 -0.65
Pt3-Al3 2 259.1 -1.82 Al1-Al3 2 291.6 -0.68
Pt3-Al2 1 264.3 -1.72  Al1-Al2 2 333.9 -0.11
Pt3-Al2 2 265.1 -1.65 Al2-Al3 1 284.4 -0.79
Al1-Al5 2 284.2 -0.99 Al2-Al2 1 293.4 -0.63
Al1-Al1l 2 287.4 -1.00 Al2-Al4 2 294.4 -0.75
Al1-Al4 1 306.5 -0.67 Al2-Al5 1 297.3 -0.52
Al2-Al3 1 287.3 -0.82 Al3-AI3 2 301.1 -0.66
Al2-Al3 2 294.8 -0.83 Al4-Als 1 319.0 -0.48
Al2-Al4 2 296.7 -0.79  Al5-Al5 1 277.3 -0.96
Al3-Ala 2 331.2 -0.25 Pt1-Pt3 1 303.4 -0.59
Al4-Al5 1 283.0 -1.05

Al5-Al5 2 278.5 -0.98

Pt1-Pt2 1 307.4 -0.59

strong covalently bonded Pt- Al network is expected, while
the interactions of Sr with Pt and Al appear to be rather
weak. To investigate this further, the integrated crystal
orbital Hamilton population (ICOHP, Table 7 and 8) was
calculated. The ICOHPs of these bonds are indeed low
ranging between -0.20 and -0.29 eV (Sr—Al) and -0.29
and —0.35 eV (Sr-Pt) in SrAlsPt;, and —0.17 to —0.31 eV
(Sr—Al) and —0.30 to -0.32 eV (Sr—Pt) in Sr,Al,¢Pts. Similar
weak covalent interactions of the Sr—Al and Sr-Pt bonds
were also found in SrALPt; (-0.33 and -0.40 eV, respec-
tively) [17].

Table 9: Bader effective charges of the atomic species in SrAlsPt;.

Atom Henkelman et al. (e) Yu and Tinkle (e)
Sr +1.33 +1.33
Pt1 -3.15 -3.16
Pt2 -3.02 -3.03
Pt3 -3.35 -3.36
All +1.65 +1.64
Al2 +1.52 +1.54
Al3 +1.58 +1.60
Al4 +1.65 +1.66
Al5 +1.80 +1.79
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Table 10: Bader effective charges of the atomic species in strong antibonding interactions below the Fermi level
SroAli6Pto. which weaken this bond. In contrast to SrALPt;, Al-Al
bonds can be observed in SrAlsPt; and Sr,Al;¢Pte. The
ICOHPs of these bonds have a range of —0.25 to —1.05 eV in
Sr +1.32 +1.31  SrAlsPt; and of —0.11 to —0.96 eV in Sr,Al,¢Pt, and indicate
i -3.29 -3.30 " that the covalent bonding between the Al atoms is weak in

Atom Henkelman et al. (e) Yu and Tinkle (e)

g:; j?i :3;? both compounds. Far stronger covalent bonds in SrAlsPt;
Pt4 _3.43 _3.44 and SrAlicPts can be found between the Pt and Al atoms.
Al +1.82 +1.80 The ICOHPs of the Pt—Al bonds are in the range from —-1.60
Al2 +1.74 +1.74 to -2.28 eV in SrAlsPt; and from -1.23 to -2.27 eV in
A3 +1.53 +1.55  Sr,Al¢Pts, suggesting strong covalent interactions vali-
Als i e dating the picture of a Pt—Al network in both intermetallic
Al5 +1.71 +1.70

compounds. The —~COHP-plots of the strongest Pt—Al co-
valent bonds are shown in Figure 8, right and Figure 9,
right. Although there are only weak antibonding in-

AKkin to SrAl,Pt;, there are Pt—Pt bonds in SrAl;Pt; and  teractions below the Fermi level found for the Pt1-Al5 and
Sr,Ali¢Pte. The covalent interactions of the Pt1-Pt2 Pt3-Al4 bonds in SrAlsPt;, all but one Pt-Al bond types
(SrAlsPt;) and Pt1-Pt3 (Sr,AlcPty) bonds, however, are show non-bonding states at the Fermi level and its vicinity,
quite weak as the ICOHPs are only -0.59 and -0.73 eV, which is an indicator of a very stable covalent bond.
respectively, as compared to the Pt—Pt bonds in SrALLPt; In the case of the Pt4-Al2 bond present in Sr,Al;¢Pts,
(286.1 pm, —1.39 eV) [17]. The COHP plots of the Pt-Ptbonds the ~-COHP-plot shows a small maximum at the Fermi level,
(Figure 8, center and Figure 9, center) reveal that there are  possibly a minor hint for an electronic instability.

DOS SrAlsPt, COHP SrAlsPt;
6
1 Total DOS | Sr-Al3 |
Sr DOS 341.0 pm
: Pt DOS . “0.29ev | 1
5 Al DOS i i
g . _ I
g \
; j 6
) i k I
i J sren i Pt3-Al4
. = & 3298pm | 252.0 pm
i :_-:PU-PQ“ -0.35 eV ) Pt1-Al5 3
pr 247.5 pm
1 307.4pm B=—mmp | 1 _2.28eV
0.59eV F —— :
. < Pt2-AlS
i A i 251.9 pm
E Al4-A5 | ke
" 283.0 pm a
] -1.05ev | |
0 20 40 60 80-2 -1 0 1 22 =1 D 1 2
states (eV) _COHP _COHP

Figure 8: (Left) Density of states (DOS) of SrAlsPt3; (middle) —COHP plots for the Sr-Al3, Sr—Pt1, Al4-Al5 and Pt1-Pt2 bonds; (right) -COHP
plots of the Pt1-Al5, Pt2-Al5 and Pt3-Al4 bonds.
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COHP srzAllsptg

Total DOS . s
SrDOS | | 4
Pt DOS Sr-Al3
Al DOS | A 337.2pm | A
4 -0.31ev | _ Pt4-Al2
2 ] _ ¥ 253.4 pm
3 2.15eV
U{l‘ Pt1-Pt3 i Pt1-Al3
H 303.6 pm ’2\'757'/?)'5 253.6 pm
3 -~ .O0pm | 7 2.27 eV
|| e “0.96ev | | .
—_—
i — | Pt3-All
— 253.9 pm
. 1 -1.98ev
5 -l
Sr-pt1 Pt2-AlL
1  335.9pm . 254.4 pm
o -0.32 eV . -1.79 eV
| Y i
" 40 | 60 1 0 1 ) 0 1
states (eV1) —COHP -COHP

Figure 9: (Left) Density of states (DOS) of Sr,Al;4Pto; (middle) —COHP plots for the Sr-Al3, Sr—Pt1, Al5-Al5 and Pt1-Pt3 bonds; (right) ~-COHP

plots of the Pt1-Al3, Pt2—-Al1, Pt3-All and Pt4—-Al2 bonds.

4 Conclusions

SrAl;Pt; and Sr,Al 6Pty are two new representatives within
the Sr-Pt-Al system and crystallize isostructural to
CeAlsPt; and Ce,Al¢Pty, respectively. They have been
synthesized alongside of each other from the elements in
metal ampoules. SrAlsPt; can be considered as a site
occupation variant of the YNisSi; type structure. Both
structures have been determined based on single crystal
x-ray diffraction studies. Attempts to synthesize phase
pure samples were not successful yet. Quantum-chemical
calculations have shown that the structures are based on
negatively charged Pt and positively charged Sr and Al
atoms. Between Pt and Al, significant covalent interactions
are observed, leading to polyanionic [AlsPt;]*" and
[AL;¢Pto]® networks with Sr®* cations located in their cav-
ities. Interestingly, in both cases a weak Pt-Pt interaction
can be observed along with Al-Al interactions owing to the
Al rich compositions.
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Single crystals of CaAl,Pt,, Ca,Al;Pt and Ca,AlPt, were initially
observed in an attempt to synthesize Ca;Al,Pt,. Their structures
were determined using single-crystal X-ray diffraction experi-
ments. While nominal CaAl,Pt, (CaBe,Ge, type, P4/nmm, a=
426.79(2), c=988.79(6) pm, wR,=0.0679, 246 F* values and 18
variables) and Ca,Al;Pt (Mg,Cu,Si type, P6;/mmc, a=>561.46(5),
c=876.94(8) pm, WR,=0.0664, 214 F* values and 13 variables)
exhibit Al/Pt mixing, for Ca,AlPt, (Ca,lr,Si type, C2/c, a=
981.03(2) b=573.74(1), c=772.95(2) pm, f=101.862(1)° wR,=
0.0307, 2246 F* values and 25 variables) no mixing was

1. Introduction

Ternary intermetallic compounds containing an alkaline earth
element along with an electronegative transition metal (e.g. Ir,
Pt, Au) and aluminum have been studied quite vigorously in
the last decade. In contrast to most of their rare-earth
containing counterparts (exceptions are Sc, Y, La and Lu), they
exhibit no localized unpaired f-electrons which enables for
example NMR spectroscopic studies"? and simplifies quantum-
chemical calculations for bonding and charge distribution
analysis. A drawback, however, are the significantly different
sizes of the Ca, Sr or Ba atoms (174, 192, 198 pm) or cations
(106, 127, 143 pm)® which dramatically influence the existence
of certain compositions and their respective crystal chemistry.
Only a few isostructural series are known in the ternary
AE—Al-Pt system, e.g. the orthorhombic MgCuAl, type com-
pounds AFALPt with AE=Ca, Sr and Ba" while the majority of
compounds reported in the Pearson database® are singular
(structural) entries. Examples are monoclinic Ca,AlPt, (Ca,lr,Si
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observed. Subsequently, the nominal compositions were tar-
geted with synthetic attempts from the elements using arc-
melting and annealing techniques. For CaAl,Pt, and Ca,Al;Pt
always multi-phase mixtures were observed while Ca,AlPt,
could be obtained as almost X-ray pure material. Quantum-
chemical calculations were used to investigate the charge
transfer in these compounds rendering them polar intermetal-
lics with a designated [AL,Pt]*" polyanion and Ca’' cations in
the cavities of the polyanions.

type, C2/c),* hexagonal SrAl,Pt; (CeCo,B, type, P6/mmm)”" and
BagAls;Pt,, (own type, P6y/mcm),® tetragonal Sr,AlgPt; (anti-
Eu,NigSi; type, P4,/nmc)” modulated SrALPt," and
Ca,Al,sPts"" or orthorhombic CaAlPt (TiNiSi type, Pnma)"*"
Ca,Al,Pt; (Y,Co,Ga, type, Cmcm)™ CaAlsPt; (YNisSi; type,
Pnma),"* SrAlsPt; (YNisSiy type, Pnma)"® Ca,Al,sPt, (Ce,Al sPt,
type, Immm),"” Sr,Al,(Pt, (Ce,Al,Pty type, Immm)"® and finally
Ba,Al,Pt, (own type, Cmcm)."®

Synthesizing isostructural compounds of the different
alkaline earth elements is, as mentioned before, challenging
due to the different atomic sizes. Easier, however, is the
preparation of the Ca/Yb and Sr/Eu pairs. Here, for example,
EuALPt* and YbALPt" in analogy to SrALPt and CaAl,Pt could
be obtained and EuAlPt;*” as well as Eu,Al,.Pt)"” were
reported besides the Sr compounds. Furthermore, it was shown
that Yb,Al,;Pt,?" is isostructural to the Ca representative;
interestingly, also the europium compound is known® while
the strontium representative has not been reported thus far.

During attempts to synthesize Ca;Al,Pt, in analogy to
Ba,Al,Pt,, two new compounds were observed and character-
ized by means of single crystal X-ray diffraction experiments.
CaAl,Pt,, which adopts the tetragonal CaBe,Ge, type structure
(P4/nmm) and Ca,Al;Pt, which crystallizes in the hexagonal
Mg,CusSi type (P6;/mmc). Furthermore, the initial reaction
mixture contained single crystals of the already reported
Ca,AlPt, (Ca,lr,Si type, C2/c). We report on the structural
investigations on these three compounds, on the attempts to
obtain phase pure bulk samples and the analysis of the charge
transfer using quantum-chemical calculations.

Z. Anorg. Allg. Chem. 2024, 650, €202400094 (1 of 8)
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Experimental

Synthesis

Initially, Ca,Al,Pt, was prepared in analogy to Ba;ALPt," subse-
quent syntheses were conducted on stoichiometry for Ca,AlPt,
CaAl,Pt; and Ca,Al;Pt. All samples were prepared from the elements
using calcium pieces (Onyxmet), platinum pieces (Agosi AG) and
aluminum turnings (Onyxmet), all with stated purities above 99 %.
Samples were prepared on a 300 mg scale. The Ca pieces were
stored in an argon filled drybox; surface contaminations on the
pieces were removed mechanically prior to the reaction. For the
reaction, the elements were arc-welded” in tantalum tubes in an
argon atmosphere of about 800 mbar with the different molar
ratios given above. The argon gas was purified over a titanium
sponge (873 K), molecular sieves and silica gel prior to the use. The
sealed tantalum ampoules were placed in the water-cooled sample
chamber of an induction furnace (Trumpf Huttinger, TruHeat HF
5010).2" Water-cooling was used to prevent reactions of the Ta
ampoules with the sample chamber. The Ta containers were heated
to ~1500 K within 2 minutes, dwelled at that temperature for
10 min followed by slow cooling to ~1000 K. The cooling was
achieved by reducing the power output of the generator, leading
to a cooling rate of about 100 Kmin~'. After an annealing step of
4 h at this temperature, the samples were cooled naturally by
shutting off the power supply. All samples could easily be
separated from the container material afterwards and no reactions
with the tantalum ampoules could be observed. The samples were
metallic, ground powders are grey.

Powder and Single Crystal X-ray Diffraction

The polycrystalline samples were analyzed by powder X-ray
diffraction (PXRD) experiments. The PXRD patterns of the pulverized
samples were recorded at room temperature on a D8-A25 Advance
diffractometer (Bruker, Karlsruhe, Germany) in Bragg-Brentano 6-6
geometry (goniometer radius 280 mm) with non-monochromatized
CuKa radiation (A=154.0596 pm). A 12 um Ni foil working as Kf
filter and a variable divergence slit were mounted at the primary
beam side. A LYNXEYE detector with 192 channels was used at the
secondary beam side. Experiments were carried out in a 260 range
of 6 to 130° with a step size of 0.013° and a total scanning time of
1 h. The recorded data was evaluated using the Bruker Topas 5.0
software,”” using the fundamental parameter approach and the
Rietveld method.***”

From the annealed crushed samples, single crystals of nominal
Ca,AlPt,, CaAl,Pt, and Ca,Al;Pt were isolated and investigated at
room temperature on a Bruker X8 APEX2, Nonius x-CCD diffrac-
tometer, operating with graphite monochromated MoKa (A=
0.71073 A) radiation. Multi-scan absorption corrections using the
Bruker SadABS data package™ were applied to the data sets. The
data were solved and refined using SUPERFLIP*® and JANA2006.5%%
Details on the structure refinement, atomic coordinates as well as
interatomic distances are compiled in Tables 1-4. Structural draw-
ing were generated with Diamond 4% and edited with Adobe
Illustrator CS6.

CSDs 2331503-2331505 contain the supplementary crystallographic
data for this paper. The data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/structures.

Energy-Dispersive X-ray Spectroscopy (EDX)

The single crystals of nominal Ca,AlPt, CaALPt, and Ca,AlPt,
investigated on the diffractometer, were semiquantitatively ana-
lyzed on an SEM FEl Quanta 400 (FEl, Hilsboro, United States)
scanning electron microscope equipped with an EDAX Genesis
V6.04 EDX detector (EDAX, Unterschleissheim, Germany) using CaO,
Pt and Al,O; as standards. The point measurements on the surfaces
of all three crystals clearly showed that all three elements are
present, and no tantalum (container material) could be observed.
However, the deviations from the weighed and refined composi-
tions are quite significant which can be explained by the irregular
crystallite faces, the not perfect perpendicular orientation of the
crystal towards the beam and coverage of beeswax on the crystal
surface. This leads to a significantly decreased amount of Al in the
EDX spectra measured.

Quantum-Chemical Calculations

Electronic structure calculations of nominal Ca,AlPt, CaAl,Pt, and
Ca,Al,Pt were performed using the projector augmented wave
method (PAW) of Blochl®*® coded in the Vienna ab initio
simulation package (VASP).*®*” VASP calculations employed the
potentials PAW_PBE Ca_sv 065ep2000, PAW_PBE Pt_pv 12Dec2005
and PAW_PBE Al 04Jan2001. The cutoff energy for the plane wave
calculations was set to 800 eV and the Brillouin zone integration
was carried out using a k-point mesh with a spacing of ~0.02 for
all compounds.

Table 1. Lattice parameters and unit cell volumes of Ca,AlPt, (C2/c, Z=4, Ca,Ir,Si type), CaAl,Pt, (P4/nmm, Z=2, CaBe,Ge, type) and
Ca,Al;Pt (P6:/mmc, Z=2, Mg,Cu,Si type) determined by powder X-ray diffraction and single crystal diffraction.

Compound a (pm) b (pm) ¢ (pm) £ V (nm?)
Ca,AlPt,

Single crystal 981.03(2) 573.74(1) 772.95(2) 101.862(1) 0.4258
Powder 981.0(1) 573.8(1) 772.9(1) 101.847(1) 0.4258
DFT 977.9 568.7 770.2 102.11 0.4183
CaAl,Pt,

Single crystal 426.79(2) a 988.79(6) 20 0.1801

Powder 423.6(1) a 963.5(1) 90 0.1729
DFT 412.2 a 1074.3 90 0.1825
Ca,Al;Pt

Single crystal 561.46(5) a 876.94(8) 90 0.2394
Powder 561.7(1) a 876.8(1) 90 0.2396
DFT 556.6 a 869.3 90 0.2332
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Table 2. Crystallographic data and structure refinement for nominal Ca,AlPt, (C2/c, Z=4, Ca,Ir.Si type), CaAl,Pt, (P4/nmm, Z =2, CaBe,Ge, %
type) and nominal Ca,AlPt (P6,/mmc, Z= 2, Mg,Cu,Si type). £
=
Nominal composition Ca,AlPt, CaAl,Pt, Ca,Al;Pt zg
Refined composition Ca,AlPt, CaAly 40Pty 76 CazAl; o Ptoginy g
CCDC number 2331504 2331503 2331505 %
Lattice parameters see Table 1 %
Molar mass, g mol ' 497.3 4439 3411 z
Density calc,, g cm® 7.76 8.18 473 g
Crystal size, pm 55x45x30 40x25x%20 45x35x30 %
Detector distance, mm 40 40 40 Z
Exposure time, s 20 20 20 g
Range in hk! —21,+20; £12; £ 16 +6; +6,—5; +15-10 +8; +£8; £13 B
e O dEG 4.14-50.09 412-33.15 4.19-33.74 £
Linear absorption coeff.,, mm™' 68.0 70.0 29.2 2
No. of reflections 27558 2449 4761 2
Ri/Ru 0.0368/0.0157 0.0431/0.0257 0.0315/0.0113 F
No. of independent reflections 2246 246 214 %
Reflections used [/ = 3a(] 2198 222 206 ¥
F(000), e 836 378 303 g
R\/WR; for { > 3 o)) 0.0164/0.0304 0.0274/0.0671 0.0193/0.0659 §
R,/wWR, for all data 0.0170/0.0307 0.0313/0.0679 0.0204/0.0664 ;
Data/parameters 2246/25 246/18 214/13 &
Goodness-of-fit on F2 207 1.85 2.59 g
Extinction coefficient 340(20) 21(16) 430(70) £
Diff. Fourier residues/e” A~ +3.38/-1.71 +3.10/-2.97 +2.61/-0.66 q
Table 3. Atom positions and equivalent isotropic displacement parameters (pm?) for Ca,AlPt, (C2/c, Z=4, Ca,Ir,Si type), nominal CaAl,Pt, b
(P4/nmm, Z=2, CaBe,Ge, type) and nominal Ca,Al;Pt (P6,/mmc, Z= 2, Mg,CusSi type). U,, is defined as one third of the trace of the £
orthogonalized Uj tensor. g
Atom Wyckoff X y z Ugg site g
Position (pm?) occ. g
CaAlPt, H
Ca 8f 0.64998(5) 0.63116(7) 0.14872(7) 71(1) 1 :
Pt 8f 0.87101(1) 0.63388(1) 0.49584(1) 47(1) 1 )
Al 4e 0 0.3927(2) 3/4 60(2) 1
CaAly 241\ Pty 7611 %
Ca 2c 1/4 1/4 0.7562(3) 142(7) 1 %
Pt1 2a 3/4 1/4 0 120(2) 0.80(1)
All’ 2a 3/4 1/4 0 120(2) 0.20(1)
Pt2 2c 1/4 1/4 0.3560(14) 101(9) 0.69(5) >
Pt2’ 2c 1/4 1/4 0.3814(10) 101(9) 0.31(5)
Al 2b 3/4 1/4 1/2 125(11) 1
Al2 2c 1/4 1/4 0.1109(10) 170(20) 1
CayAl; g0 Plosrn
Ca 4f 2/3 1/3 0.0571(1) 80(4) 1
Pt1 2a 0 0 0 66(2) 0.90(1)
Al 2a 0 0 0 66(2) 0.10(1)
Pt2 6h 0.1629(1) 2x 1/4 75(6) 0.01(1)
Al2 6h 0.1629(1) 2x 1/4 75(6) 0.99(1)

The calculations are done starting from the experimental crystal
data and the whole cell undergoes unconstrained geometry
relaxing of the structure parameters and coordinates. At high
precision integration of the Brillouin-zone (BZ) (Ca,AlPt;: 9x15x11;
CaAl,Pty: 15x15x9; Ca,Al;Pt: 13x13x9) the charge density issued
from the accurate calculations was analyzed using the AIM (atoms
in molecules theory) approach®™ developed by Bader who devised
an intuitive way of splitting molecules into atoms as based purely
on the electronic charge density. The charge density reaches a

minimum between atoms defining thus a region separating atoms
from each other. In the case of a family of compounds such an
analysis can be useful to establish trends. Core electrons are
included for an accurate account of the charge density. The analysis
is done using a fast algorithm operating on a charge density grid.
The obtained charges are listed in Table 5.
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g
Table 4. Interatomic distances (pm) for Ca,AlPt, (C2/c, Z=4, Ca,Ir,Si type), nominal CaAl,Pt, (P4/nmm, Z=2, CaBe,Ge, type) and nominal %
Ca,Al;Pt (P6;/mmc, Z=2, Mg,Cu,Si type). All distances of the first coordination spheres are listed. All standard uncertainties were less than g
0.2 pm. g
Ca,AlPt, L
Ca 1 Pt 305.6 Al 2 Pt 249.5 Pt 1 Al 2495 ]
1 Pt 306.2 2 Pt 252.1 1 Al 252.0 %
1 Pt 307.6 1 Pt 2735 T
2 Pt 308.4 1 Pt 295.0 g
1 Pt 3105 g
1 Al 3273 =
1 Al 336.4 s
1 Al 347.1 5
CaAl,Pt, g
Ca 4 Pt2 3215 Al 4 Pt2’ 243.5 Pt1/AI1’ 4 Al2 239.9 E
4 Pt1/A11 321.9 4 Pt2 256.5 4 Pt1/AlI1’ 301.8
4 A2 329.2 4 Al 301.8 E
4 Pt2’ 3311 Pt2 1 Pt2’ 25.1 9
4 Al 331.3 Al2 4 Pt1/AI 239.9 1 Al2 242.2 2’
1 Pt2’ 267.5 4 Al 256.5 E
1 Pt2 2424 :
Pt2’ 1 Pt2 25.1 g
4 Al 256.5 s
1 Al2 2422 £
k!
Ca,Al;Pt E
Ca 3 Al2/Pt2 316.3 Pt1/AIN 6 Pt2/A12 2705 Pt2/AI12 2 Pt1/AN 2705 £
6 Al2/Pt2 327.8 2 Pt2/AI2 274.3 .';
3 Pt1/AI 328.0 2 Pt2/AI12 287.1 f
1 Ca 3383 :
3 Ca 339.3 7
LELT 25 L ) E 0 G T Tl O type) were discovered. In addition, Ca,AlPt, was observed and %
Ca Al Pt Ref. subsequently resynthesized. :
Ca,AlPt, +130 +1.30 —1.95 *
Ca,AlPt, +1.10 +0.62 —142 [6]
CaAl,Pt, +1.36 +1.76/+1.74 —3.08/-1.76 * 2.2. Powder X-ray Diffraction I
Ca,AlLLPt +1.20 +0.30 —3.30 * 2
* this work. A sample with a nominal starting composition of Ca,Al,Pt, was
prepared, in analogy to BasAl,Pt,"™® from which single crystals 1
of monoclinic Ca,AlPt, tetragonal CaAl,Pt, and hexagonal
Ca,Al;Pt were extracted and investigated via single crystal X-ray
2. Results diffraction experiments (vide infra). The powder X-ray diffraction

2.1. Ternary System Ca—Al-Pt

The known phases in the ternary system Ca—Al-Pt are shown in
Figure 1. A number of binary phases have been reported in the
three systems Ca—Al, Ca—Pt and Al-Pt. A rule of thumb states,
that in ternary systems where numerous binary phases are
known, also numerous ternary phases should exist. Thus far, the
equiatomic CaAlPt, CaAl,Pt, Ca,AlPt, and the Al-rich Ca,Al,Pt;
have been reported. CaAlPt crystallizes in the orthorhombic
TiNiSi type structure (Pnma),">'® while CaAl,Pt adopts the also
orthorhombic MgCuAl, type structure (Cmcm)™ and Ca,Al Pt,
crystalizes in the Y,Co;Ga, type (Cmcm)." Finally, monoclinic
Ca,AlIPt, (C2/c, Ca,lr,Si type) has also been reported.® During
attempts to synthesize Ca,Al,Pt, tetragonal CaAl,Pt, (P4/nmm,
CaBe,Ge, type) and hexagonal Ca,Al,Pt (P6;/mmc, Mg,Cu,Si

pattern indicates the formation of a multi-phase mixture.
Ca,AlPt,, CaAl,Pt,, Ca,Al;Pt as well as CaAl,Pt and in addition, at
least one yet unidentified side phase, are present in the sample.
Subsequently, new samples with the respective nominal
compositions Ca,AlPt,, CaAl,Pt, and Ca,Al;Pt were prepared.
Ca,AlPt, was obtained as nearly phase pure sample. The
Rietveld refinement of the powder X-ray data is shown in
Figure 2. The desired phase Ca,AlPt, was obtained with
99(1) wt.—%, with an additional 1(1) wt—% of cubic AIPt (P2,3,
FeSi type®). For CaAl,Pt, and Ca,Al,Pt, no phase pure samples
could be obtained. For the first, in addition to the targeted
compound, also AlPt; and Al,,Pt; as well as a yet unidentified
phase could be observed in the powder diffraction patterns.
The samples of nominal Ca,Al;Pt indicate the formation of the
desired phase as well as CaAl,Pt and an unknown compound.
Attempts to identify the two unknown compounds in the
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Figure 1, Overview of the binary and ternary phases known in the
system Ca—Al-Pt. Data are taken from the Pearson database”™ and
the references cited in the introduction. New reported phases are
shown in green, the resynthesized phase in orange.
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Figure 2. Rietveld refinement of the powder X-ray diffraction
pattern of Ca,AlPt,. Collected data are shown as black dots, the
refinement as red, the difference as blue line. Green ticks indicate
the Bragg positions of Ca,AlPt,, orange ticks the ones of AlPt.

samples of nominal CaAl,Pt, and Ca,Al;Pt via single-crystal X-
ray diffraction experiments have not been successful thus far.

2.3. Single Crystal X-ray Diffraction and Structure
Refinement

From the sample with the nominal composition CasAl,Pt,,
numerous single crystals were selected and analyzed. Careful
analysis of the data of the first single crystal X-ray diffraction
experiment revealed a C-centered monoclinic lattice and space
group C2/c was found to be correct for Ca,AlPt,. The Ca,lr,Si
type structure could be assigned, in accordance to the report in
literature.® For what turned out to be CaAlyyu\Ptisen @
tetragonal metric was observed and space group P4/nmm along
with the CaBe,Ge, type structure was deduced. Finally,

CayAls go)Ptooiy crystallizes in the hexagonal crystal system with
space group P6;/mmc and adopts the Mg,Cu,Si type structure,
a coloring variant of the hexagonal Laves phase MgZn,.

All structures were solved using the charge flipping
algorithm of SuperrLIP® and least squares refinements on F
using the program JANA2006°%*" were carried out. All atomic
positions were refined with anisotropic displacement parame-
ters and as a check for correct compositions, the occupancy
parameters were refined in a separate series of least-square
refinements.

While for Ca,AlPt, no mixed occupancies were observed,
nominal Ca,Al;Pt shows mixing of Pt and Al on the 2a and 6h
site leading to a refined composition of Ca,Al; ) Ptyg). It has
to be noted, that the mixing on the 6h site refines to 0.99(1) Al
and 0.01(1) Pt, however, when refining solely as Al, this position
refines to a site occupancy of 1.04(1), clearly indicating a mixing
with Pt. Due to the significant differences in electron density
between Al and Pt only around 1% Pt is refined on this site.
Also, the R-values show that a mixing is appropriate since they
decrease from 0.0213/0.0714 to 0.0204/0.0664 for R,/wR, for all
data.

Nominal CaAl,Pt, exhibits Pt and Al mixing on the 2a site. In
addition, significant residual electron density near the Pt2
position (2¢) can be observed with a distance of ~66 pm.
Therefore, this site has been refined as a split site with a
constrained overall occupation of 1 and constrained displace-
ment parameters but the possibility to freely refine the z
parameter. This leads to a composition of CaAl,,4)Pt; 761 The
final difference Fourier syntheses for all three structures were
contour less. Details of the structure determination, atomic
parameters and interatomic distances can be found in Tables 1-
4. CSDs 2331503-2331505 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

2.4. Crystal Chemistry

In the following paragraph, the three structure types will be
briefly introduced, a detailed structure description, however,
can be found in the respective original papers. The unit cells are
depicted in Figure 3. We will begin with nominal CaAl,Pt, which
crystallizes in the tetragonal crystal system with space group
P4/nmm, isostructural to CaBe,Ge,"™ The structure can be
derived from BaAl, via a klassengleiche transition of index 2
leading to a split of the two crystallographically independent Al
sites in BaAl,""'""* Therefore, five crystallographic atom posi-
tions (2a, 2b and 3x2c) can be found in the CaBe,Ge, type.™”
The Ca position is also occupied by Ca atoms in nominal
CaAl,Pt,, while the Al1 and Al2 atoms occupy the Be positions
of the prototype. The Ge atoms of the prototype are finally
replaced by Pt atoms. The refinement, however, indicates that
Pt1 position in nominal CaAl,Pt, is not fully occupied by Pt. A
freely refined occupancy factor led to a reduced site occupa-
tion. Therefore, a mixed occupied site with Al was introduced
(Figure 3, segmented black/white spheres) as this has been
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CaAl,Pt,
P4/nmm

P6,/mmc

Ca,AlPt,
C2/c

Figure 3. Unit cells of (top left) CaAl,Pt, (CaBe,Ge, type, P4A/nmm) depicted roughly along the b axis; (top right) Ca,Al;Pt (Mg,Cu,Si type,
P65/mmc) and (bottom) Ca,AlPt, along the b and roughly along the c axis. Ca, Al and Pt atoms are shown in green, white and black circles.
Partially occupied sites are shown as segmented or grey circles (see text).

observed in BaAl, related compounds.*” The Pt2 position
exhibits a significantly enhanced anisotropic displacement
parameter as well as residual electron density nearby (d
~60 pm). A refinement of the occupancy parameter of the Pt2
site led to a significant improve in the R-values, however, the
additional electron density did not vanish. Therefore, the Pt2
site was refined as a split position with both the ADPs and the
overall composition fixed (Figure 3, grey spheres). This leads to
a refined composition of CaAl, ,4)Pt; 76(1). It is interesting to note
that SrAl,Pt, also exists and crystallizes in a (3+2)D incom-
mensurately modulated structure® related to the CaBe,Ge,
type. However, even upon close inspection, no superstructure
reflections are visible for CaAl,Pt,, And also, the defects
observed in modulated SrPt,g:3[Jo.6,5n, are not applicable
here.”™ The interatomic distances in CaAl,44/Pt; 761 (d(Ca—Pt) =
322-331 pm; d(Ca—Al) =329-351 pm; d(Al-Pt) =240-268 pm; d-
(Pt—Pt) =302 pm; d(Al-Al)=302 pm) are in agreement with
other binaries like Al,Pt (CaF, type, d(Al-Pt) =256 pm; d(Al-Al)-
=296 pm),“*? CaAl, (MgCu, type, d(Al-Al)=284 pm; d(Ca—Al)=
333 pm)"*” or CaPt, (MgCu, type, d(Pt—Pt)=270 pm; d(Ca—Pt)=

316 pm)™® or ternaries like CaAlPt (d(Ca—Pt)=294-305 pm;
d(Ca—Al)=308-336 pm;  d(Al-Pt)=261-275 pm;  d(Al-Al)=
311 pm),""*"¥ Ca,Al4Pt; (d(Ca—Pt) =343-347 pm; d(Ca—Al)=303-
318 pm; d(Al-Pt)=257-264 pm; d(Al-Al)=269-293 pm)"* or
CaAlL,Pt (d(Ca—Pt)=284-314 pm; d(Ca—Al)=323-342 pm; d-
(Al-Pt) =255-258 pm; d(Al-Al) 276-290=pm).”) The relatively
short Al—Pt distances point towards bonding interactions.
Nominal Ca,Al;Pt (Figure 3, top right) crystallizes in the
hexagonal Mg,CusSi type, an ordering variant of the hexagonal
Laves phase MgZn,. Two structural reviews on Laves phases
addressing the ordering variants have been published
recently.***% |t is interesting to note, that the Al phases usually
exhibit a M,Al,T composition (M=Sc, Y, La—Nd, Sm, Gd—Lu; T=
Ru, Rh, In,"*? while the isostructural gallides have a M,GaT,
stoichiometry (M=Y, La—Nd, Sm, Gd—Er; T=Rh).*¥ With the early
transition metal Ti, the M,AL;Ti series (M=Y, Gd—Tm, Lu) adopts
the rhombohedral Mg,Ni;Si type structure.** Since the Mg,Ni,Si
type is a coloring variant of MgZn,, the structure description is
straightforward. The Zn1 site (6 h) is occupied by Al atoms while
the Pt atoms reside on the Zn2 site (2a). The Ca atoms can be
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finally found on the Mg position (4f) of the prototype. As for
the rare-earth compounds REAI,T with RE=Sc, Y, La—Nd, Sm,
Gd—Lu and T=Ru, Rh, Ir,°" mixing of the Al and the transition
metal atoms can take place. In nominal Ca,Al;Pt, nearly 10% Al
can be found on the Pt site (2a) while 1% Pt can be observed
on the Al site (6h). This leads to a refined composition of
CayAl; g9 Poginy. The interatomic distances in CayAl; go\Ptosi)
(d(Ca—Pt)=328 pm; d(Ca—Al)=316 & 328pm; d(Al-Pt)=
270 pm; d(Al-Al)=274 & 287 pm) are in agreement with the
compounds named before. And again, the relatively short Al-Al
and Al—Pt distances point towards bonding interactions.
Ca,AlPt, (Figure 3, bottom) finally crystallizes in the mono-
clinic crystal system and adopts the Ca,lr,Si type structure. In
the crystal structure, the Pt atoms form chains with alternating
distances (d(Pt—Pt)=274 & 295 pm) running within the ab
plane. The Pt chains are found on z=0 and 1/2 with an angle of
61° to each other. The Al atoms connect these Pt chains
forming cavities for the Ca atoms. The atomic arrangement is
similar to the one observed in the Ca,Pd,Ge type structure,”
however, the distinct difference are the alternating Pt—Pt
distances in the chains. In contrast to the two structures
mentioned before, no mixing of Al and Pt was observed. The
interatomic distances in Ca,AlPt, (d(Ca—Pt)=306-311 pm; d-
(Ca—Al)=327-351 pm; d(Al-Pt) =249-252 pm; d(Pt—Pt)=274 &
295 pm) are again in agreement with the compounds named in
the discussion about nominal CaAl,Pt,. In contrast to the two
structure types named before, no Al-Al bonding was observed.

2.5. Quantum-Chemical Calculations

Quantum-mechanical calculations were performed on the DFT
level using the experimental lattice parameters and atomic
positions as starting points. The idealized structures, with
respect to mixed occupancies, were used. In the cases of
Ca,AlPt, and Ca,Al;Pt the unit cell parameters after structural
relaxation are in good agreement with the experimentally
observed lattice parameters. For CaAl,Pt,, however, significant
deviations are observed. This can be probably related to the
fact that the starting lattice parameters of ideal CaAl,Pt, are in
fact the ones of CaAl, 4Pt 750 Which exhibits severe mixing of
Al and Pt, which was removed for the quantum-chemical
calculations. After structural relaxation (Table 1), self-consistent
runs were conducted and subsequent high precision integra-
tions of the Brillouin-zone (BZ) (Ca,AlPt: 9x15x11; CaAlLPt;:
15x15%9; Ca,Al;Pt: 13x13%9) were used for the calculation of
the Bader charges [21], the obtained Bader charges are listed in
Table 5. It should be noted, that Doverbratt and coworkers
already calculated Bader charges for Ca,AlPt,” which differ to
the values reported in this work, most likely due to the use of
different functionals. However, the overall trend is the same.
When looking at the trends of the Bader charges, the Ca and Al
atoms exhibit positive charges while the Pt atoms are formally
anionic. This is in line with the Pauling electronegativities
(x(Ca)=1.00; x(Al)=1.61; y(Pt)=2.28) of the constituent ele-
ments. When going from Ca,AlPt, (40 at.—% Ca; 40 at—% Pt)
over CaAlPt, (20 at-% Ca; 40 at.—% Pt) to Ca,Al;Pt (33.3 at—%

Ca; 16.7 at.—% Pt) the absolute values of the overall charge of
the Pt atoms increases significantly from —1.42 to —3.30. This
can also be easily explained by the fact that the Pt content
decreases, hence the ratio of electronegative Pt to the less
electronegative Ca and Al shifts, leading to an increased charge
transfer. Overall, all three compounds should therefore be
regarded as polar intermetallic compounds with Ca cations
compensated by [AIthy]’s’ polyanions.

3. Conclusion

With tetragonal CaAl,Pt, (CaBe,Ge, type) and hexagonal
Ca,Al;Pt (MgZn,/Mg,CusSi type), two new intermetallic com-
pounds have been found in the ternary system Ca—Al-Pt upon
attempts to synthesize Ca,Al,Pt, in analogy to Ba;Al,Pt,. In
addition, the already reported monoclinic Ca,AlPt, (Ca,lr,Si
type) was observed. Single crystal X-ray diffraction experiments
showed that the latter compound has a defined composition,
while nominal CaAlPt, and Ca,Al;Pt exhibit significant Al/Pt
mixing. The refined compositions of the investigated single
crystals are CaAl; 40Pty 760 and CayAl; go\Ptog)- Attempts to
synthesize bulk samples of Ca,AlPt, were successful, however,
all syntheses of CaAl,Pt, and Ca,Al;Pt led to the formation of
multi-phase mixtures. Quantum-chemical calculations indicate
that all three compounds are polar intermetallics with a
designated charge transfer from the Ca/Al onto the Pt atoms
while at the same time, distinct Al-Pt and homoatomic Al-Al/
Pt—Pt bonding takes place. Therefore, the structures can be
understood as [AIXPty]"’ polyanions with the Ca cations residing
in cavities of the respective networks.
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Abstract: Large lath-shaped single crystals of SrAlgRh, were
grown during attempts to synthesize SrAl,Rh;, in analogy
to SrAlyr,. Single crystal experiments determined the
structure to be isostructural to the CeAlgFe, type crystal-
lizing in the orthorhombic crystal system with space group
Pbam (a = 1269.74(4), b = 147543(5), ¢ = 412.55(1) pm,
WR2 = 0.0398, 2088 F* values and 70 variables). SrAlgRh, is the
first reported compound in the ternary system Sr—Al-Rh. No
mixing on any atomic position was observed. Attempts to
synthesize SrAlgRh; in bulk led to a multiphase mixture ac-
cording to powder X-ray diffraction experiments. However,
here also growth of large single crystals was possible. Sub-
sequently, electrical resistivity measured on a single crystal
of SrAlgRh, revealed an onset of superconductivity around
T, = 0.8 K. Finally, quantum-chemical calculations gave an
insight into the chemical bonding and the charge distribu-
tion, showing that the compound consists of a [Althz]S'
polyanion with the Sr®* residing in the pentagonal cavities.

Keywords: strontium; rhodium; aluminum; intermetallics;
physical properties; single crystal

1 Introduction

Ternary intermetallic compounds with an element of low
electronegativity, e.g. an alkaline earth metal (AE = Ca—Ba), a
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highly electronegative electron-rich transition metal (T'= Rh,
Ir, Pd, Pt, Ag, Au) and aluminum are only poorly investigated
with only 81 entries in the Pearson’s Crystal Data database’
when compared to the overwhelming number of compounds
observed in the RE-Al-T (RE = Sc, Y, La-Nd, Sm-Lu;
T = Rh, Ir, Pd, Pt, Ag, Au) systems with close to 800 entries
in Pearson’s database. The lack of interest in alkaline earth
compounds might come from the fact that these compounds
typically do not show pronounced magnetic behavior like
magnetic order due to the closed fshell. This, however, is
not necessarily a downside but can also be an advantage.
For example, specific analytic techniques like ’Al NMR
can be performed on these dia- or Pauli-paramagnetic com-
pounds, giving insight into the coordination environment of
magnetically independent Al positions as well as their
respective distortions.” ™ Also, quantum chemical calcula-
tions become vastly easier due the absence of felectrons.

In the case of the Sr-Al-T system with T = Co, Rh, Ir,
Ni, Pd, Pt only nine compounds plus the newly found
SrAlgRh, exist with SrAlyCo, and SrAlgNi; being the only two
compounds with the same structure type (BaAlgFe, type,
P6/mmm).”* The other six compounds are Sr,AlgIrs (Y,GagCos
type, Cmcm),”® Sr,AlsPd, (own type, Pnma),"* Sr,AlPd,
(Ca,GePd, type, Fdd2)," Sr,AlyPt, (Eu,SisNis type, Pdy/nmc),
SrALPt (MgAl,Cu, Cmcm)” and SrALPt; (CeB,Cos,
P6/mmm).” Figure 1 shows all existing phases in the ternary
system Sr—Al-T. It is interesting to note, that all known
compounds are located in the middle and the Al-rich corner,
with no compounds with high Sr or T content reported so far.

SrAlgRh;, is the first compound in the Sr-Al-Rh system
adopting the orthorhombic CeAlgFe, type structure
(Pbam, oP44, hsgsala).18 The isotypic Eu compound EuAlgRh,
was reported in 2023 by He et al.'? Besides these compounds
the isostructural series only exhibits compounds with the 3d
elements iron and cobalt namely REAlgFe, (RE = La-Pr,
Eu),"82%2! MAI4Co, (M = Ca, La—Nd, Sm, Yh)*2?’ and the sole
representative with nickel being CaAlgNi, 2% In case of Ga
and In, more compounds are known to literature, with
all MXgT, compounds forming in the CeAlgFe, type
structure summarized in Table 1. Additionally, CeAlsPd,
was reported — it crystallizes in its own structure type in the
monoclinic crystal system, space group C2/m.*

3 Open Access. © 2024 the author(s), published by De Gruyter. [[(c<) EXNEN This work is licensed under the Creative Commons Attribution 4.0 International License.
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Figure 1: Overview of the ternary phases known in the Sr-Al-T system
(T = Co, Rh, Ir, Ni, Pd, Pt). Data is taken from the Pearson’s crystal
database.' References are cited above in the introduction. Since ternary
phases of six transition metals are plotted, the binary compounds are
omitted for clarity.
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Figure 2: Powder X-ray diffraction pattern of the attempt to synthesize
SrAlgRh;. Experimental data is shown as black dots, simulated diffraction
pattern from refinement as red line, the difference is shown as continuous
blue line, the Bragg positions for SrAlgRh, and AIRh are shown as green
and orange ticks. The unidentified side phase is marked with asterisks.

The synthesis of isostructural AE compounds is rather
difficult due to the significantly different sizes of the alkaline
earth metals, but in the case of the rare earth to AE metals
distinctive isostructural atom pairs are known. Due to their
similar ionic sizes® of Sr** (Fignic = 126 pm) and Eu’*
(Fionic = 125 pm) as well as Ca®' (Fionic = 112 pm) and Yb*'
(Fionic = 114 pm), in many cases isostructural compounds
exist — for example, SrAl;Pt; and EuAlsPt; (YNisSiz type,
Pnma),** SrAl,Ir, and EuAl,Ir; (own type, P4/ncc),* SrAl Pt
and EuALPt, CaALPt and YbALPt®' as well as Ca,Al,sPts and
Yb,Al;sPtg (ScoAlysPty type, P2,/m). ¢

During the attempts to synthesize SrAl,Rh, (which could,
in principle be analogous to SrAlyIr,™), lath-shaped crystals
were observed. A new compound SrAlgRh, (Pbam) crystal-
lizing in the CeAlgFe, type structure, as characterized by
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Table 1: Lattice parameters (powder, single crystal, DFT and literature
data), and unit cell volumes of compounds with the CeAlgFe; type
structure (space group Pbam, Z = 4).

Compound a (pm) b (pm) c(pm) Vv(nm®) Ref.
SrAlgRh, 1270.96(2)  1477.56(2) 412.95(1)  0.7755 2
SrAlgRh, *C 1269.74(4)  1475.43(5)  412.55(1)  0.7729 @
SrAlgRh; T 1265.82 1472.85 41110 0.7656 2
CaAlzCo, 1246.6 14411 402.8 07236 »
CaAlgNi, 1253.2 1450.0 3975  0.7223 2
LaAlsFe, 1265 1436 427 07757 1
LaAlgCo;, 1298 1432 417 07751 2
CeAlgFe, 1251 1448 407  0.7373 e
CeAlgCo, 1241 1430 412 07312 2
PrAlsCo, 1237 1443 401 0.7158 %
PrAlgFe, 1252.16 1445.45 4044 07319 2
NdAlzCo, 124517 1436.21 40055  0.7163 »
SmAlgCoy 1231 1444 397 0.7057 %
EuAlgRh, 1469.5 1263.3 4114 0.7636 19
EuAlgFe, 1253.0 1450.3 4036 07334 0
YbAlgCo, 1238.30 1440.04 396.08  0.7063 7
LaGagFe, 1247 1412 4102 07223 ¥
LaGagRu, 1264.7 1473.3 417 0.7671 40
CeGagFe, 1241 1439 4075  0.7277 3
CeGagRuy 1260.3 1470.7 409.7  0.7594 40
CeGagCo, 1240.0 1433.1 4059 07213 4
PrGagFe, 1247.0 1429.0 408.0  0.7270 a
PrGagRu; 1260.7 14711 408.0  0.7567 40
PrGagCoo 1239.2 1429.9 4055  0.7185 al
NdGagFe, 1242.2 1427.0 4079 07231 a
NdGagRu, 1258.1 1469.8 4071 07528 40
SmGagFe, 1229.0 14253 4079 07145 #
EuGagCo, 1237.8 1441 4047 07219 @
EuGagRh, 1465.77 1256.77 41073 0.7566 42
EuGaglr, 1262.37 1469.78 41486  0.7697 4
YbGagCo, 1240.2 1442.2 39845  0.7127 a4
SringRh, 1387.4 1617.0 43826  0.9832 4
Sringlr, 1384.7 1611.3 439.62  0.9809 46
EulngRh, 1381.7 1611.8 43644  0.9720 a7
Eulnglr, 1384.68 1611.77 43885  0.9794 42

3this work; b, literature data; *, powder data; 5, single crystal data; °, after
structural optimization.

single crystal X-ray diffraction experiments, was thus
discovered. In addition, quantum-chemical calculations
were performed in order to examine the bonding situation.
Electrical resistivity measurements on a single crystal spec-
imen reveal onset of superconductivity around T = 0.8 K.

2 Experimental
2.1 Synthesis

The samples of nominal SrAl;Rh, and SrAlgRh, both were
prepared from the elements using strontium pieces
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(Onyxmet), rhodium pieces (Agosi AG) and aluminum pieces
(Onyxmet), all with stated purities above 99.5%. Samples
were prepared on a 100-150 mg scale. Strontium was stored
under argon atmosphere in a dry box (MBraun, Garching,
Germany). In all cases, the starting materials were trans-
ferred into an Ta ampoule, which was subsequently sealed in
a custom-build arc-melting apparatus®’ under 800 mbar
argon pressure using the ideal ratios of Sr:Al:Rh (1:4:2 or
1:8:2). The argon gas was purified over a titanium sponge
(873 K), molecular sieves, activated carbon, and silica gel
prior to use. To react the starting materials, the Ta ampoule
was enclosed in silica glass and placed into a muffle furnace
at 1273 K for 96 h; no reaction with the Ta container was
observed. All samples are metallic, ground powders (particle
size >100 pm) are grey and stable in air over a period of
several months.

2.2 X-ray diffraction

The pulverized samples of nominal SrAlgRh, and SrAl,;Rh, were
investigated at room temperature on a D8-A25-Advance
diffractometer (Bruker, Karlsruhe, Germany) in Bragg-
Brentano 6-6-geometry (goniometer radius 280 mm) with
non-monochromatic Cu Kgradiation (A 154.0596 pm).
Diffraction patterns were recorded between 6 and 130° 26 with
a step size of 0.013° and a total scan time of 1 h. A 12 um Ni foil
working as Kp filter and a variable divergence slit were
mounted at the primary beam side. A LYNXEYE detector
with 192 channels was used at the secondary beam side. The
recorded data was evaluated using the Bruker TOPAS 5.0 soft-
ware,*® with the observed reflections being treated via single-
line fits. The refined lattice parameters are given in Table 1.

Lath-shaped crystals of SrAlgRh, were obtained from
both attempts, nominal SrAl,Rh, and SrAlgRh,. The crystals
were glued to silica fibers using beeswax. An intensity data
set of a suitable crystal was collected at room temperature
using a Bruker x 8 APEX2 diffractometer (Bruker, Karlsruhe,
Germany). A multi-scan absorption correction using
SadABS*® was applied to the data set. All relevant crystallo-
graphic data, deposition and details of the data collection
and evaluation are listed in Tables 2—4.

CSD 2343482 contains the supplementary crystallo-
graphic data for this paper. The data can be obtained free of
charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/structures.

2.3 Scanning electron microscopy

The powdered bulk sample and single crystals of an
on-stoichiometry synthesis of SrAlgRh, were attached to a
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Table 2: Crystallographic data and structure refinement for SrAlgRh,
(CeAlgFe, type structure, space group Pbam, Z = 4).

Sum formula SrAlgRh,

Formula weight, g mol™ 509.3

Lattice parameters Table 1

Calcd. Density, g cm™ 4.38

Crystal size, um® 200 x 30 x 30

Diffractometer Bruker x 8 APEX2

Wavelength; A, pm 71.073

Absorption correction Multi-scan
Bruker Sapass

Abs. coefficient, mm™' 78.7

F000), e 2222

0 range, deg 2.12-36.36

Range hk/ +21,+24;+6

Total no. reflections 20824

Independent reflections/Rin: 2088/0.0289

Reflections I > 3 a(I)/R, 1937/0.0133

Data/parameters 2088/70

Goodness of fit on F* 1.29

R1/wR2 for I> 3 o(l) 0.0159/0.0391

R1/wR2 (all data) 0.0179/0.0398

Extinction coefficient 7680(110)

Extinction scheme Lorentzian isotropic*®

Larg. diff. peak/hole, e A~ +1.58/-1.13

Table 3: Atomic coordinates and displacement parameters (in pm?) of
SrAlgRh; (CeAlgFe; type structure, space group Pbam, Z = 4). The isotropic
displacement parameter Ueq is defined as: Ueq = 1/3(Uyy + Uz + Us3)
(pmz); Uq3 = Up3 = 0. Standard deviations are given in parentheses.

Atom  Wyckoff position X y z Ueq
Sr 4g  0.34106(1) 0.31858(1) 0 75(7)
Rh1 4g  0.03480(1) 0.40459(1) 0 42(5
Rh2 4g  0.15220(1) 0.09659(1) 0  45(6)
Al1 2a 0 0 0 89(3)
Al2 2d 0 172 172 74(3)
Al3 4h  0.23889(4) 0.17287(4) 172  82(2)
Al4 4h  0.45227(4) 0.18157(3) 1/2  73(7)
Al5 4h  0.16139(4) 0.37977(4) 172 79(2)
Ale 4g  0.33987(4) 0.04388(4) 0 104(2)
Al7 4g  0.09641(4) 0.25243(3) 0 86(2
Al8 4h  0.16933(5) -0.00973(4) 172 78(2)
Al9 4h  0.02619(4) 0.13239(4) 172 68(2)

sticky carbon tape and semi quantitatively analyzed in a
JEOL 7000 F (JEOL, Freising, Germany) scanning electron
microscope (SEM) equipped with an EDAX Genesis 2000
energy-dispersive X-ray spectroscopy (EDX) detector (EDAX,
Unterschleissheim, Germany). The standard deviations
are +2 at.% due to the irregular shape of the powder. The
results are listed in Table 5.
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Table 4: Interatomic distances (pm) in of SrAlgRh; (CeAlgFe; type structure, space group Pham, Z = 4). All distances of the first coordination spheres are

listed. Standard deviations are equal or smaller than 0.2 pm.

Sr 2 Al5 320.5 Al3 2
2 Al9 321.0 1

2 Al4 3215 1

2 Al3 3249 1

1 Al7 325.5 2

2 Al 327.0 2

1 Al 335.2 1

1 Al7 340.8 2

Rh1 1 A7 2377 Al4 2
2 Al2 2536 1

1 Ale 2589 1

1 Ale 259.9 1

2 Al4 264.0 1

2 Al5 264.1 2

1 Rh1 295.0 2

Rh2 1 Al 240.2 2
1 Al7 240.6 Al5 2

1 Ale 250.7 1

2 Al3 259.5 1

2 Alg 260.0 1

2 Al9 266.3 2

All 2 Rh2 240.2 2
4 Al9 286.0 2

4 A8 2983 1

2 Sr 335.2 Ale 1

Al2 4 Rh1 253.6 1
2 Al5 271.0 1

2 Al4 274.7 2

4 Ale 296.8 2

2

2

2

Rh2 259.5 Al7 1 Rh1 237.7
Al 271.2 1 Rh2 240.6
Al9 276.6 2 Al9 286.1
A8 283.5 2 Al5 291.0
Al7 298.4 2 Al4 292.5
Al6 308.6 2 Al3 298.4
Al5 320.7 1 Sr 3255
Sr 324.9 1 Sr 340.8
Rh1 264.0 Al 2 Rh2 260.0
A3 2n.2 1 Al5 269.8
Al2 274.7 1 Al9 2715
AlS 280.5 1 Al3 283.5
Al9 290.1 2 Al 2983
A7 292.5 1 Al9 307.2
Sr 3215 2 Ale 309.3
Al6 3228 2 Sr 327.0
Rh1 264.1 Al9 2 Rh2 266.3
A3 269.8 1 Al3 276.6
Al2 271.0 1 Alg 277.5
Ald 280.5 2 All 286.0
Al7 291.0 2 Al7 286.1
Ale 3181 1 Al4 290.1
Sr 3205 1 Alg 307.2
A3 320.7 2 Sr 321.0
Rh2 250.7

Rh1 258.9

Rh1 259.9

A2 296.8

A3 308.6

Alg 309.3

AlS 318.1

Al4 322.8

2.4 Electrical resistivity measurements

The ac electrical resistivity measurements in a temperature
range from T = 04K to T = 300 K were carried out using a
Quantum Design Physical Property Measurement System for
magnetic fields up to uoH = 9 T. Given the microscopic size of
the crystals, electrical contacts were created with the help of
focused-ion-beam patterning. The current was applied along
the c-axis of the single crystal, given the fixed position of the
crystal with respect to voltage and current pairs. An example
of the micro-scale device is shown in the inset of Figure 6a.

2.5 Quantum-chemical calculations

Electronic structure calculations of SrAlgRh, were per-
formed using the projector augmented wave method
(PAW) of BléchI*®* coded in the Vienna ab initio simulation
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Table 5: SEM-EDX data of SrAlgRh,, measured on powder and single
crystals. The maximum deviations are +2 at.%.

Sample Sr (at.%) Al (at.%) Rh (at.%)
Ideal composition 9.1 72.7 18.2
Powder 9 69 22
Single crystal 9 70 21

package (VASP).**%® VASP calculations employed the
potentials PAW_PBE Sr_sv 07Sep2000, PAW_PBE Al
04Jan2001 and PAW_PBE Rh_pv 25Jan2005. The cutoff energy
for the plane wave calculations was set to 800 eV and the
Brillouin zone integration was carried out using a k-point
mesh with a spacing of ~0.02 (5 x 5 x 15) using the Monkhorst
Pack algorithm.*" The exchange-correlation effects were
accounted for within the generalized gradient approxima-
tion GGA according to Perdew, Burke and Ernzerhof™>
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The calculations were conducted starting from the exper-
imental single crystal data and the whole cell underwent
unconstrained geometry relaxation of the structural
parameters.

Based on the optimized structure, the electronic
structure of SrAlgRh, was projected from the plane-wave
base onto a local orbital basis set using the LOBSTER
(Local Orbital Basis Suite Towards Electronic-Structure
Reconstruction) program package.*~¢° Based on these pro-
jections, the local density-of-states-matrices can be accessed
enabling the calculation of Léwdin-related gross populations
as well as atomic charges.®! In addition, the recently intro-
duced crystal-orbital-bond-index (COBI) can be derived.®
The COBI can be rationalized as the solid-state pendant to
the molecular bond index as introduced by Wiberg and
Mayer.®** When integrating the COBI values (then called
ICOBI) they correspond to the covalent bond orders within
the context of solid-state materials.

3 Results
3.1 Powder X-ray diffraction

Powder X-ray diffraction measurements of the initial
attempts to synthesize SrAl,Rh; yielded the title compound
inlow amounts alongside numerous side phases. Attempts to
target SrAlgRh, with a stoichiometric starting composition
led to the title compound being the main product (80.7 mass
%) alongside AIRh (19.3 mass%) and at least one unidentified
side product (Figure 2).

3.2 Single crystal X-ray diffraction and
structure refinement

Careful analysis of the obtained single crystal X-ray
diffraction data on needle shaped crystals (Figure 3)
obtained from attempts to synthesize SrAl;Rh, revealed
an orthorhombic lattice with space group Pbam. The struc-
ture was solved using the charge flipping algorithm of
SueerrLe® and a least squares refinement on F* using the
program Jana 2006°%%” was carried out. All atomic positions
were refined with anisotropic displacement parameters
and as a check for correct compositions, the occupancy
parameters were refined in a separate series of least-square
refinements. All sites were fully occupied within three
standard deviations leading to a refined composition of
SrAlgRh, in contrast to the targeted composition. Final
difference Fourier syntheses were contour less. From the
Pearson database," isotypism with CeAlgFe,% was deduced.
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Figure 3: Images of a SrAlgRh; single crystal taken by a) light microscope
and b) electron microscope.

Details of the structure determination, atomic parameters
and interatomic distances can be found in Tables 2-4.

(CSD2343482 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

3.3 Crystal chemistry

SrAlgRh, crystallizes in the CeAlgFe, type structure in the
orthorhombic crystal system with space group Pbam (oP44,
thS da). Similar to MAl5Pt3u and MgAlmPtgsg (M = Ca, Sr, Y,
La-Nd, Sm-Er), it forms a polyanionic network with sepa-
rated cavities hosting the Sr atoms. In contrast to the
aforementioned compounds, the cavities in the case of
SrAlgRh, are pentagonal (not hexagonal) prisms and are
formed only from Al atoms (Sr@Alyy; Figure 4, green high-
light). The atomic positions alongside their interatomic dis-
tances are shown in Figure 5. Both crystallographically
independent Rh atoms are surrounded by nine Al atoms in
the shape of a threefold capped trigonal prism (Rh@Al,;
Figure 4, light and dark blue regions). Furthermore, Rh1 has
another Rh1 in its coordination environment with a distance
of 295 pm. In addition to the one Sr and two Rh positions,
the structure exhibits nine independent Al positions. All and
Al7 (Figure 4, light and medium orange highlights) exhibit
similar coordination environments consisting of two Sr,
two Rh and eight Al atoms, which form a fourfold capped
distorted cube. Al2 is surrounded by eight Al atoms, forming
a distorted square prism capped on four sides with Rh atoms.
Al6 (Figure 4, yellow color) possesses a coordination number
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Figure 4: Unit cell of SrAlgRh; as projection along [001]. Sr, Al and Rh
atoms are shown in green, white and black circles, respectively. The
coordination environments are highlighted, see text for explanation.

of 13, consisting of 10 Al atoms forming a pentagonal prism
which is threefold capped with rhodium. Al3 to Al5 and Al8
all have a coordination number of 12 and a coordination
environment of two Rh, two Sr and eight Al forming highly
distorted cuboctahedra. The interatomic distances in
SrAlgRh, are d(Sr—Al) = 320-341 pm, d(Al-Al) = 270-329 pm,

AlG (4g ..m)

Al7 (4g ..m)

Al8 (4h, .m)
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d(Rh-Al) =238-266 pm and d(Rh-Rh) = 295 pm. No Sr-Sr and
Sr-Rh distances below 350 pm are observed. A comparison
with selected reference compounds is given in Table 6.

3.4 Scanning electron microscopy

Powdered parts of the sample with the nominal composition
SrAlgRh, and single crystals of the same sample were
investigated by SEM-EDX. The average of three point
measurements are given in Table 5 and are in good agree-
ment with the ideal composition (9.1 at.-% Sr, 18.2 at-% Al,
72.7 at-% Rh). The deviations can be explained by the
irregular sample surface and the imperfect orientation of
the powder towards the beam. No impurity elements
heavier than sodium (detection limit of the instrument)
were detected in the single crystal measurements.

3.5 Electrical resistivity measurements

The results of the temperature dependent measurements
of the electrical resistivity of a single crystal specimen of
SrAlgRh, are shown in Figure 6. In zero magnetic field,
the sample shows a linear decrease of the resistivity with
decreasing temperature in the range between 15 and 300 K
(black curve). This is indicative of a normal metallic
behavior. Below around 15K, the resistivity shows an
upturn, which is likely indicating a small amount of
magnetic impurity (on a ppm level) also known as impurity

Figure 5: Coordination environments
surrounding the Sr, Al and Rh atoms in the
crystal structure of SrAlgRh;. Sr, Al and Rh
atoms are shown as green, black and white
circles, respectively. Wyckoff positions, site
symmetries and interatomic distances (in pm)

AI9 (4h, ..m) are given.
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Table 6: Interatomic distances in SrAlgRh; and selected reference compounds.

Interaction Distance in SrAlgRh; (pm) Reference compound Distance in reference (pm)
Sr-Al 320-341 SrAl, (BaAl, type, I4/mmm) 3417°
SrsAlg (own type, R3m) 330-346""
SrgAl; (BagGas type, P2,3) 334-34272
Sr,AlsPd, (own type, Pnma) 337-347"
SraAlglr; (Y,GasCos type, Cmem) 309-314"
Sr,AIPd, (Ca,GePd, type, Fdd2) 345-369"°
Rh-Rh 295 Al;sRhy 306-332"
AIRh (CsCl type, Pm3m) 2997
AlsRh; (AlsCo; type, P6s/mmc) 28476
Rh-Al 238-266 AlgRh; (AlgCo, type, P24/0) 245-260"7
Al13Rh (Aly3Fe, type, C2/m) 253-3357
AlsRh; (AlsCo, type, P6s/mmc) 239-2777¢
AIRh (CsCl type, Pm3m) 2597°
CasAly,Rh, (GdsAl;,Ru, type, P6s/mmc) 238-270"
EusAl12Rhy (GdsAlioRu, type, P6s/mmc) 240-2707
Al-Al 270-329 SrAl, (BaAl, type, I4/mmm) 265-3157°
SrsAl (own type, R3m) 271-346""
SrgAl; (BagGay type, P2,3) 263-270"
AlsRh; (AloCo, type, P24/c) 273-34777
Al13Rh, (Al,sFe, type, C2/m) 254-3497
AlsRh; (AlsCo, type, P63/mmc) 272-325"°
AIRh (CsCl type, Pm3m) 2997°
CasAly;Rhy (GdsAl;;Ru, type, P6s/mmc) 274-326"
EusAl15Rh, (GdsAly,Ruy type, P6s/mmc) 275-33172
SraAlgIr; (Y,GasCos type, Cmam) 278-349"
Sr,AlsPd, (own type, Pnma) 270-311"
SrAlyCo; (BaAlgFe, type, P6/mmm) 285-290'?

Kondo screening.”® In zero magnetic field, the resistance
drops sharply below 0.8 K, possibly suggesting an onset of
superconductivity in SrAlgRh,. With an applied magnetic
field of 9 T, the drop disappears (red curve), while the upturn
is slightly shifted vertically.

3.6 Quantum-chemical calculations

Quantum-chemical calculations were performed on the DFT
level using the experimentally determined crystal structure
as the starting point. The unit cell parameters after struc-
tural relaxation change only slightly (Ax = -0.31%,
Ay = -0.18 %, Az = -0.35 %) and are therefore in fair agree-
ment with the experimentally observed ones (Table 1). Based
on the recently introduced approaches to calculate Lowdin
charges and bond indices using the LOBSTER tool, the
transfer of valence electrons as well as chemical bonding via
ICOBI can be rationalized rather easily. Before going into
more detail, the three scenarios that can occur should be
briefly noted. For strong covalent bonds, ICOBI values can
reach values up to one while contrasting, values near zero

will indicate no (for large distances) or rather ionic
interactions (for appropriate distances).®*” For metallic
materials, that exhibit a delocalization of their bonding,*
multi-center bonding is observed. This is rationalized by
effectively existent ICOBI values somewhere in between
0 and 1. For MgAl,Cu (own type, space group Cmcm), an
appropriate example when analyzing and comparing the
bonding in SrAlgRh,, a rather high positive Lowdin charge
can be observed for the Mg atoms (+1.37), being the ones with
the lowest EN and therefore an electron donor. In contrast to
the electronegativities, however, Cu also possesses a positive
charge (+0.67) while Al is the anion (-1.02).*' The ICOBI
values indicate rather ionic interactions between Cu and Mg
(ICOBI = 0.03-0.01) while the Cu-Al interactions are stronger
(ICOBI = 0.18-0.16), in line with what is expected for metallic
bonding. The Al-Al interactions, however, are significantly
stronger with ICOBI values between 0.57-0.53 and 0.57-0.39
depending on the respective Al-Al interaction.®

Due to the complex nature of the SrAlgRh;, structure, not
every individual contact will be discussed in detail, but an
overall impression of the Lowdin charges and the bonding
situation should be given. Figure 7 depicts the Lowdin
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Figure 6: Temperature dependence of the electrical resistivity of a single
crystal of SrAlgRh,. Electrical resistivity p, measured with (red) and without
(black) applied magnetic field of 9 T. a) Temperature range from 300 to
0.4 K. Picture of the prepared micro-scale device is shown in the inset.
b) Low temperature regime between 50 and 0.4 K.

1COBI 0.35-0.32

Rh-Al553.266 pm
ICOBI 0.27-0.20

ICOBI 0.07
Al-Aly70
ICOBI 0.57

272 pm

Al-Al371295 pm
ICOBI031-0.23
Al-Alygg pm
ICOBI 0.42
Al-Al3g pm
ICOBI0.28

Figure 7: Crystal structure of SrAlgRh; alongside the Lowdin charges for
the individual atomic positions as well as interatomic contacts (color
coded) that are discussed in the text. The respective distances and their
ICOBI values are given.
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charges for all crystallographically independent positions.
The first interesting aspect is that the Sr atoms show an
Lowdin charge of +1.75, indicating an almost full transfer of
their valence electrons in line with what has been reported
in the literature for other s-element containing metals.?*®?
The second aspect is, that the Rh atoms almost show no
charge transfer based on their Lowdin charges (Rh1 and Rh2
both +0.03). This, however, is in line with what has been
observed in e.g. ScRhSi, (Rh: —0.02) or ZrsRh,In, (Rh: +0.08).5!
The Al atoms finally also show some interesting effects: (I)
Al2 (-0.04) and Al6 (+0.07) show Lowdin charges close to
zero while (IT) All (-0.13) and Al7 (-0.14) show significantly
lower values compared to the remaining Al atoms Al3-Al5,
Al8 and Al9 with Lowdin charges > —-0.30.

When looking at the crystal chemical environments, a
rational for these observed charges can be constructed. Al2
and Al6, which show Lowdin charges close to zero, are only
coordinated by Al and Rh atoms with no Sr—Al contacts
below 350 pm. It seems, that therefore no distinct charge
transfer takes place. All and Al7 show almost similar coor-
dination environments (vide supra) in the shape of a fourfold
capped distorted cube according to Al@AlgRh,Sr,. In both
cases, the Al-Rh distances are significantly shorter
compared to the other Al-Rh interactions in SrAlgRh, while
the Sr—Al distances are amongst the longest when consid-
ering distances <350 pm. It seems that therefore a charge
transfer onto All and Al7 is hampered significantly, resulting
in intermediate Lowdin charges of —0.13 for Al1 and -0.14 for
Al7. The remaining Al atoms (Al3-Al5, Al8 and Al9) all exhibit
two Sr—Al contacts that are rather “short” (~325 pm) and
two Al-Rh contacts that are on the opposite side of the
coordination environment. In addition, seven or eight Al-Al
contacts are observed. In all cases, the Lowdin charges are
between —0.30 and —0.36.

When addressing the bonding situation by analyzing the
ICOBI values also several interesting things can be observed.
First of all, no Sr-Rh interactions below 400 pm can be
observed, clearly indicative of no interactions between the
two atoms. The Sr—Al distances are between 320 and 339 pm
with ICOBI values smaller than 0.05. This clearly shows
that these interactions are of ionic nature.*’® The Rh-Rh
interaction (295 pm) also shows a low ICOBI values of 0.07,
however, here no bonding interaction has to be attributed
due both atoms being the same element. For the Al-Rh
interactions stronger (ICOBI 0.35-0.32) and weaker ones
(ICOBI 0.27-0.20) are observed. The stronger ones can he
assigned to the short Al-Rh interactions in the Rh coordi-
nation environments while the weaker ones stem from the
longer bond distances. Finally, for the homoatomic Al-Al
interactions, ICOBI values of up to 0.57 can be observed for
the shortest Al-Al interactions present in the structure.
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Similar ICOBI values were reported for Al-Al interactions in
BaAl,, LasAly; or MgCuAlz.81 The longer Al-Al interactions
exhibit smaller ICOBI values between 0.31 and 0.23, which
may be indicative of multicenter bonding. One of the longest
Al-Al interactions that still shows bonding contributions is
around 320 pm yet exhibits an ICOBI value of 0.28. Finally,
one of the distances in the Al6 coordination environment
should be discussed. When looking at the coordination
environment, all Al-Al distances but the Al6-Al2 ones are
above 300 pm (Figure 5). The latter is rather long (297 pm
from single crystal, 289 pm from DFT), however, the ICOBI
value is 0.42 and, therefore, the second strongest interaction
is Al-Al

Overall, Léwdin charges and ICOBI values clearly
show, that the structure of SrAlzRh; can be explained by sré*
cations which show ionic interactions with the Al atoms
of the [AlgRh,]*" polyanionic network. Within this network,
Al-Al bonding with significant covalent character can be
observed The Al-Rh interaction shows lower covalency
which might be attributed to multicenter bonding, in line
with the metallic nature of SrAlgRhs.

4 Conclusions

SrAlgRh; is a new representative with the orthorhombic
CeAlgFe, structure type (space group Pbma). It is the
first intermetallic compound in the system Sr—Al-Rh. The
structure was determined using single crystal diffraction.
Attempts to synthesize bulk samples were not yet successful,
with the most prominent side products being AIRh alongside
at least one more unidentified phase. The measured
electrical resistivity shows metallic behavior down to low
temperatures and an onset of a superconductivity around
0.8 K. Quantum-chemical calculations show interactions
between Al and Rh to be dominant, leading to the assump-
tion that an [AlgRh,]* polyanionic network is present.
It possesses pentagonal prismatic cavities in which the Sr®
resides.
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IV. Investigations of New Ternary Intermetallic Compounds MAl, 7, containing
Divalent Species with M = Eu

1. Introduction

Intermetallic europium compounds exhibit in many cases isotypic structures to the Sr
containing compounds, which is caused by the similar ionic radii of both elements with
Fionic(Eu?") = 125 pm and Fionic(Sr*") = 126 pm.” Known isotypic pairs are, e.g. EuAloCo?*! and
SrAlyCoz (BaAloFe; type, P6/mmm),* EwxAlPd:%” and Sr,AlPd: (CaxGePd: type, Fdd2),%
EuALPt and SrAlL,Pt (MgALCu type, Cmcm),®3 EuzAlolr;¥® and SroAlolrs (Y2GagCos type,
Cmcm),®! but also isotypic structures are known, which only exist with Eu and Ca, where no Sr
compound is known like EuzAl2Rhs and CaszAlizRhs (GdsAli2Rus type, P63/mmc),%!
EwAlisPte”? and CaxAlisPts (average REo.67AlsPt: type, average structure P63/mmc).”! A reason
for the existence of Ca and Eu compound can be, that ionic size of trivalent europium (7ionic =
107 pm) is smaller than the divalent and closer to the size of Ca ions (Fionic = 112 pm).”®

In the next section, a new divalent europium compound will be described as well as the
quaternary (pseudo-ternary) solid solutions Eu2Al;sPts <7, with 7= Pd, Ir and Au.

EusAli3Pto was discovered during investigation in the ternary system Eu—Al-Pt. The compound
crystallizes in the orthorhombic Ho4Geolri3 type structure with space group Pmmn and exhibits
isotypism with the existing cerium compound.??? Quantum chemical calculations on EusAl;3Pto
led to the classification of the structure as polar intermetallic material, which exhibits like the
alkaline earth compounds in the chapter before, a polyanionic network consisting of the Al and
Pt atoms, whereas the Eu atoms reside in hexagonal prismatic cavities.

The EwAlisPts was reported to exhibit a temperature dependent valence change at low
temperatures (45 K), in which the valence of the europium atoms changes from divalent to
trivalent and vice versa.??® A recent study also showed that the transition temperature can be
tuned by partially substituting the Al atoms with Ga atoms. The solid solution
Eux(Ali-xGayx)15Pte withx =0, 0.05, 0.1, 0.2, 0.3 and 1 showed that small amounts of substitution
(x = 0.1) suppress the valence change completely, even though the valence electron count does
not differ.??* In that regard a study was performed by us in which not the Al positions are
substituted but the Pt positions. The substitution led to the X-ray pure solid solution
EwAli5(PtixPdy)s, Eu2Alis(PtiIry)s and EuzAlis(Pti—xAux)s with x = 1/6, the powder X-ray
diffraction showed that only 1/6 of the Pt atoms could be substituted. The magnetic
measurements of the X-ray pure samples (by PXRD and SEM/EDX analysis) resulted in a

change of the transition temperature. The Pd substituted solid solution exhibits a slightly lower
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transition temperature of 42 K (compared to 45 K), whereas in the case of the Ir substitution
the transition temperature could be increased to 52 K, an overview of the change of the
transition temperature depending on the substitution element in shown in Figure 3.37. As for
the Au containing solid solution, due to the increased valence electron count, the valence

transition was suppressed.

E UZAI 1 5( I:)-|:5/6 T‘I /6 )6

T Au Pd Pt Ir
Ae- +1 +0 0 —1
i i i ! : .
Tes <10/K 42 K 45 K 52 K
Temperature valence phase transition

Figure 3.37: Overview of the substitution element of the solid solution of EusAl;s(PtssT16)s alongside their
electron difference and change of the transition temperature.
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2. EusAli3Pto — a coloring variant of the Ho4lr13Geg type structure

Collaborations to disclose: In this chapter the work with the same title as the headline is
summarized. The results have already been published in Z. Naturforsch. 2023, 78b, 147. Dr. N.
Zaremba provided bulk samples of EusAli3Pto, Dr. R. S. Touzani performed the quantum
chemical calculations, Dr. Y. Prots and PD Dr. O. Janka along with the aforementioned worked

on the manuscript.

Explorative investigations in the Eu—Al-Pt system led to the discovery of the new phase
EusAli3Pto, during the attempt to synthesize EuAl4Pt; in analogy to the existing phase EuAlslr:
(own type, P4/ncc).2'? Needle shaped single crystals (Figure 3.38) were isolated from the
nominal EuAl4Pt; sample. Single crystal X-ray diffraction measurements resulted in the
discovery of the EusAli3Pty phase, crystallizing in the orthorhombic crystal system with space
group Pmmn in the Ho4Geolri3 type structure. The refinement parameters are listed in the
publication (Z. Naturforsch. 2023, 78b, 147). The structure is shown and described in the
beginning of Chapter 3.a in Figure 3.11-3.12. To semi-quantify the element composition of
the EusAlisPto single crystal, energy dispersive X-ray spectroscopy measurement were
performed, the results are summarized in Table 3.7, which show a good agreement with the
europium content, but the Al content is too high whereas the Pt content is too low, which can
be explained be the orientation of the single crystal being not perpendicular to the electron beam

(Fig. 3.2.38).

EusAli3Pty exhibits like the isotypic cerium compound CesAli3Pty three RE, six Pt and eight Al
positions. The compound exhibits Eu—Al distances of 326-360 pm, Eu—Pt of 322-332 pm, Al-
Al of 277-284 pm, Al-Pt of 247-265 pm and Pt-Pt distances of 282-285 pm.

The Eu—Al distances are in line with the binary and ternary compounds EuAl, (MgCu. type,
Fd3m) d(Eu-Al) = 337 pm,2* EuAls (BaAls type, I4/mmm) d(Eu-Al) = 347 pm,225 EuAlsPt;
(YNisSi3 type, Pnma) d(Eu-Al) = 327-342, 320-350 pm,” 172 Eu,AlicPty (Ce2Ali6Pto type,
Immm) d(Eu-Al) = 330-338 pm'™* and EuALPt (MgAL:Cu type, Cmcm) d(Eu-Al) = 335-
337 pm.® The Eu-Pt distances in the structure are shorter than the ones found in EuPt, (MgCua
type, Fd3m) with d(Eu-Pt) = 337 pm?% and are in line with the ternary compounds EuAlsPts,
EwAli6Pto and EuAlbPt with: d(Eu-Pt) = 320-325, 320-328 pm, 332-342 pm and 302-330 pm,
respectively. In the case of the polyanionic network consisting of the Al and Pt atoms, the Al-

Al distances are shorter than in elemental Al (Cu type, Fm3m, 286 pm)?*® and AIPt (CsCl type,
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Pm3m)? with 302 pm, but in line with the ternary compounds EuAlsPt; d(Al-Al) = 261-
328 pm,* 172 Euy Ali6Pto d(Al-Al) = 275-331 pm!'"* and EuAL,Pt d(Al-Al) = 279-285 pm.5?
The Pt-Pt distances are longer than in elemental Pt (Cu type, Fm3m, 274 pm)2* and shorter
compared to the ones in EuAlsPt3 (308, 302 pm),”" 172 EuzAl 6Pty (296 pm)!’* and AlPt (FeSi
type, P213, 299 pm).2% The Al-Pt are in line with the following compounds EuAlsPt; d(Al-Pt)
= 235-276, 246-272 pm,”" 172 EuAli6Pto d(Al-Pt) = 258-333 pm,'7* AIPt d(Al-Pt) = 248-
273 pm?* and EuAL:Pt d(Al-Pt) = 254-258 pm.%3

To investigate the bonding characteristics of this compound, quantum chemical calculations
were performed by creating a non-magnetic and a ferromagnetic model for the structure. DFT
calculations were performed with the single crystal data as starting point, optimizing the
structure to a =415.46, b = 1155.37, ¢ = 2010.79 pm for the non-magnetic and a =416.34, b =
1155.20, ¢ = 2005.88 pm for the ferromagnetic model with both models being near the
experimental unit cell parameters. From the DFT data Bader charges were calculated according
to the Henkelman et al. and the Yu and Trinkle methods showing values of +1.36 to +1.38/+1.35
to 1.37 for Eu, —2.51 to —3.46/-2.52 to —3.48 for Pt and +1.24 to +1.71/+1.27 to +1.72 for Al
Additionally, DOS and ICOHPs were calculated, the —-COHP-plots of selected Eu—Al, Eu—Pt,
Al-Al, Al-Pt and Pt-Pt are shown in Figure 3.2.39. The -COHP-plot of the Al-Pt bonds show
a small number of antibonding states above the Fermi level, at the Fermi level non-bonding and
slightly bonding states are present with the stronger bonding states being below the Fermi level,
hinting to a covalent bonding character between the Pt and Al atoms exhibiting [COHP values
0of —0.98 to —2.02 eV. In the case of the homoatomic bonds for Al-Al and Pt-Pt express ICOHP
values of —0.11 to —0.76 eV and —0.67 to —0.74 eV, respectively, indicating rather weak covalent
bonding. When looking at the corresponding -COHP-plots the Pt—Pt bonds exhibit strong
antibonding states below the Fermi level leading to a destabilization of the bonding, whereas
the Al-Al bonds do not show any strong bonding or antibonding states. As for the Eu—Al and
Eu—Pt bonds, these possess ICOHP values ranging from —0.08 to —0.39 eV and —0.36 to —
0.58 eV, these values are expected taken the atomic distances into account. The ~-COHP-plots
show no antibonding states for Eu-Al and a few antibonding states for Eu-Pt below the fermi
level. Due to the strong bonding between the Al and Pt atoms, a formation of the [Ali3Pto]>

polyanion is indicated.
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Figure 3.38: Single crystal of EusAlisPte glued on a glass fiber for

SCXRD and EDX measurements.

Table 3.7: Energy dispersive X-ray spectroscopy data of the

EusAli3Pto single crystal. Standard deviations are 42 at.-%.

Compound Eu Al Pt
Ideal composition 15.4 50.0 34.6
EusAli3Pto 14 56 30
6
i X Eu2-A i 1x Pt6-Al1
- 254.9 pm
44 .
] 1 4 2xAI3-A8
24 2x Eul-Al5| 284.8 pm
= 343.5 pm -0.28 eV
o -0.34 eV 7
w O ni_f N TxAZ-AT
I N £ . } 279.9 pm
2x Eu3-Pt2 &< 2x Eu2-Pt4 2
" 2{539pm [§ 3207pm | - 076V
046 eV L= . 2x Pt1-Pt4
T e ] 290.5 pm
-4+ 4x Eu3-Al6 $3 - -0.67 eV
1337.7 pm | -
0.34 eV
61 : . 2x Pt5-Al2
ﬁ 4x Eu1-Pt3 i 253.2 pm
327.5 pm -1.98 eV
-8 -0.58 eV 1 > 2x Pt2-Al6
i i 260.9 pm
> 167eV
=101 i : 1x Pt3-Al5
i | -0.54 eV 59.4 pm
12 -2.02eV
- T T T T T T T T T T T T T T T T T T T
-08-04 0 04 08 12 -16 -08 0 08 16 24 0 1 2
—-COHP —~COHP —COHP

Figure 3.39: -COHP-plots of the spin-polarized ferromagnetic model of EusAl;isPto, for selected Eu—Pt, Eu—Al

(left), AI-Al/Pt—Pt (middle), and Pt—Al bonds (right).
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Overall, it can be said that the europium containing compounds are similar to the alkaline earth
phases, especially to the Sr compounds a high resemblance is present. When taking the
structural motifs into account, the newly found Sr and Eu compounds MAlsPts, M>Al 6Pty and
EusAlisPto show the formation of a polyanionic network consisting of the Al and Pt atoms,
which form exclusive or condensed hexagonal prismatic cavities in which the Sr or Eu in form
of the cationic species reside. In these structures, strong covalent AI-Pt and Al-Al bonds are
present, whereas the bonding interactions of the Sr or the Eu with the network is rather of ionic
character. Even though the electron count is so different, the Sr and Eu compounds exhibit the
same structure, indicating that the main factor for the formation of the structure is the size of
the cation, which would also be the reason why no barium compounds exist with this structure
motif, due to the significant larger size of Ba compared to Sr and Eu. Although Ce does not
exhibit the same oxidation state, many structures were first discovered with the cerium
compound, for example the CezAlisPty, CeAlsPts and CesAl13Pto, which is caused by the
excessive research done on cerium compounds in the past. So, to find new phases, compositions
with existing cerium can be used as a starting point, due to the size of cerium ions with
Fionic(Ce>") = 114 pm being between that of divalent and trivalent Eu ions rionic(Eu?*) = 125 pm

and Fionic(Bu*") = 107 pm.”

162



DE GRUYTER

Z. Naturforsch. 2023; 78(3-4)b: 147-156

Stefan Engel, Nazar Zaremba, Yurii Prots, Rachid S. Touzani and Oliver Janka*

Eu,Al;3Pty - a coloring variant of the Ho,Ir3Geg

type structure

https://doi.org/10.1515/znb-2023-0300
Received January 6, 2023; accepted January 9, 2023;
published online March 8, 2023

Abstract: Investigations in the ternary system Eu-Al-Pt led
to the discovery of EuyAl;3Ptg, @ new representative exhibiting
a coloring variant of the Ho,lr;sGes type structure. The
orthorhombic structure was refined based on single crystal
Xray diffraction data (Pmmn, Wyckoff sequence e’h’d’,
a =415.38(1), b = 1149.73(2), ¢ = 1994.73(5) pm, wR2 = 0.0622, 1901
F*values, 88 variables) and full atomic ordering was observed
for all atoms. The structure features a complex [Al;3Pty]®
network with the Eu atoms occupying hexagonal prismatic
cavities. The bonding situation of this new platinide was
investigated via quantum-chemical calculations. According
to Density Functional Theory (DFT) the title compound has
to be described as a polar intermetallic material with a cova-
lently bonded [AlPty] polyanion showing strong Pt-Al
alongside weak Al-Al and Pt-Pt bonding and Eu cations in the
cavities.

Keywords: aluminum; europium; intermetallics; platinum;
quantum chemistry.

Dedicated to Professor Gerhard Mller on the occasion of his 70th birthday.

1 Introduction

Europium intermetallics are a fascinating class of compounds
from various points of view. First, the Eu atoms in interme-
tallic compounds exhibit, in contrast to ionic compounds,
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usually a divalent oxidation state with a half-filled 4f shell.
The structure makes this valence state quite stable which is
isoelectronic with Gd*'. Therefore, the Eu®' cations exhibit an
effective magnetic moment of i = 7.94 i, which is prone to
ferro- or antiferromagnetic ordering phenomena. EuAlPt
for example shows ferromagnetic ordering below T¢ = 54.0(1)
K [1], the isostructural indium representative orders at
Tc = 325(1) K [2], while e.g. Eu,GaysPtg [3] and EusIngPt; [4]
order antiferromagnetically at Ty = 13.1(1) and 11.6(5) K,
respectively. However, due to the second possible oxidation
state, which is Eu®, purely trivalent europium intermetallics
can be observed, too. The occurrence of these, however, is
rather rare. For the binary compounds these are EuRh, [5],
Eulr, [5], EuNis [5], Eu,Niy7 [5], EuPd, [5] and EuPts [5]. As for
the ternary intermetallics, EuRuyB, [6], EuRuB, [6], EuCo,Si,
[7—10], EuRllzsiz [8], EUZCO12P7 [11] and ﬁnally EUZAlglr3 [12]
have been reported.

An even rarer phenomenon is a so-called valence phase
transition that can occur in these materials. Here, the valence
changes from Eu* to Eu®, due to external stimuli such as
temperature or pressure. Intermetallic EuPd,Si; (Tirans ~ 200 K)
[13] and EuyAljsPtg (Twans ~ 45 K) [3] exhibit temperature
dependent valence phase transitions, while EuCo,As; [14, 15]
exhibits a pressure dependent shift of its Eu valence. Finally, in
EuPtP two new pressure induced valence ordered structures
were observed [16]. Besides europium, also cerium (Ce*': [Xe]
4f'; ce™: [Xe] 4f") and ytterbium (Yb*": [Xe] 4% Yb*: [Xe] 41"
can exhibit these kinds of phenomena. YbAl; [17] and YbALPd,
[18] as well as the solid solutions CeNi;_.Co,Sn (x = 0.4;
Tirans ~ 95 K) [19] and Yb,In;_,Cug (x = 0.6; Tirans ~ 55 K) [20-22]
show temperature induced valence phase transitions.

Here, we report on a new Eu intermetallic in the Eu-Al-Pt
system (Figure 1), EuyAljsPty. Its crystal structure has been
determined by single crystal X-ray diffraction. Quantum-
chemical calculations indicate that the title compound is a
platinide with polar Pt—Al bonding.

2 Experimental
2.1 Synthesis

EuyAlysPty was prepared from the elements using europium ingots
(Onyxmet), platinum pieces (Agosi AG) and aluminum turnings (Koch
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Figure 1: The ternary system Eu-Pt-Al. The data for the depicted
compounds has been taken from the Pearson database [23] or the papers
cited in the Introduction.

Chemicals), all with stated purities above 99%. Samples were prepared
on a 300 mg scale. The Eu pieces were stored under an argon atmo-
sphere; surface contaminations on the pieces were removed mechani-
cally under sodium dried cyclohexane prior to the reaction. For the
reaction, the elements were arc-welded [24] in tantalum tubes in an
argon atmosphere of about 800 mbar in a ratio of 1:4:2 (Eu:Al:Pt). The
argon gas was purified over a titanium sponge (873 K), molecular sieves
and silica gel prior to use. The sealed tantalum ampoules were placed
in the water-cooled sample chamber of a high-frequency furnace
(Huttinger, TIG 5/300) [25]. The water-cooling was used to prevent
reactions of the Ta ampoules with the sample chamber. The Ta-container
was heated up to ~1500 K within 2 min, kept at that temperature for
10 min followed by slow cooling to ~1000 K. The cooling was achieved by
reducing the power output of the generator, leading to a cooling rate of
about 15 K min~., After an annealing step of 4 h at this temperature, the
samples were cooled by shutting off the power supply. The temperature
was controlled by a pyrometer (Sensortherm, Metis MS09) with a stated
accuracy of +50 K. All samples could easily be separated from the
container material and no reactions with the tantalum ampoules could
be observed.

2.2 X-ray diffraction

The phase purity of the polycrystalline sample was checked by powder
X-ray diffraction patterns using the Guinier method on an Enraf-Nonius
FR552 camera, equipped with an imaging plate detector (Fujifilm
BAS-1800) and CuKa, radiation. a-Quartz (a = 491.30, ¢ = 540.46 pm) was
utilized as internal standard.

Needle-shaped crystals (Figure 2) were glued to quartz fibers using
beeswax and their quality for intensity data collection was checked by
Laue photographs on a Buerger camera (white molybdenum radiation,
image plate technique, Fujifilm, BAS-1800). The data set was collected
on a Stoe IPDS-II diffractometer (graphite monochromatized MoKa
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Figure 2: Electron microscopic image from the crystallite of EusAl3Ptg
attached to a glass fiber used for the single crystal structure
determination.

radiation; oscillation mode). A numerical absorption correction [26] was
applied to the data set. The data was solved and refined using SuperrLip
[27] and Jana2006 [28, 29]. All relevant crystallographic data and details
of the data collection and evaluation are listed in Tables 1-4.

CCDC 2202108 contains the supplementary crystallographic data
for this paper. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
structures.

2.3 Energy-dispersive X-ray spectroscopy (EDX)

The single crystal of EuyAl;3Pty, investigated on the diffractometer, was
semiquantitatively analyzed by EDX in a Zeiss EVO® MA10 scanning
electron microscope (variable pressure mode (60 Pa) and W cathode)
using EuFs, Pt and Al,O; as standards. The average of three point mea-
surements on the crystal surfaces resulted in 14+2 at.-% Eu, 56+2 at.-%
Al, and 30+2 at.-% Pt, which is in fair agreement with the ideal compo-
sition (15.4 at.-% Eu, 50.0 at.-% Al, 34.6 at.-% Pt) refined from the single
crystal X-ray data. The deviations can be explained by the irregular
crystallite faces and the not perfect perpendicular orientation of the
crystal towards the beam. No impurity elements heavier than sodium
(detection limit of the instrument) were detected.

Table 1: Lattice parameters (single crystal, DFT and literature data), and
unit cell volumes of EusAl;3Pty and Ce,Al;3Pto.

Compound a(pm) b (pm) c(pm) V (nm®) Ref.
EugAl 3Pt 415.38(1) 1149.73(2) 1994.73(5)  0.9526 2
NM-EuzAl;3Pte" 415.46 1155.37 2010.79  0.9652 2
FM-Eu Al 3Pt 416.34 1155.20 2005.88  0.9647 8
CesAl 5Pty 418.26(1) 1144.24(3) 1984.75(5)  0.9499 [52]

*This work; ‘literature data; *‘single crystal data; ®"quantum chemical data.
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Table 2: Crystallographic data and structure refinement for EusAl;5Ptg
(Hoglri3Geg type, space group Pmmn, Z = 2).

CSD number 2202108
Molar mass/g mol™’ 27143
Unit cell dimensions/pm single crystal data  a = 415.38(1)

b=1149.73(2)
€= 1994.73(5)

Volume/nm? V= 0.9526
Calculated density/g cm™ 9.46

Linear absorption coeff./mm™ 79.3

Transm. ratio (min/max) 0.007/0.103
F(000) 2246

Crystal size/pm? 200 x 30 x 20

Diffractometer
Wavelength

Stoe IPDS-1I
MoKa (71.073 pm)

Detector distance/mm 80

Exposure time/s 240

Integr. param./A, B, EMS 12.1/1.4/0.013

6 Range/® 2.0-31.9

Range in hk! -6, +5; -17, +17; =29, +29
Total no. reflections 66423

Independent reflections
Reflections with I = 3a(])
Data/parameters
Goodness-of-fit

Final R indices [T > 30(])]
R Indices for all data

1901 (Rir; = 0.0714)
1774 (R, = 0.0034)
1901/88

236

R =0.0269/wR = 0.0613
R =0.0301/wR = 0.0622

Extinction scheme Lorentzian isotropic [55]

Extinction coefficient 3580(130)
Largest diff. peak and hole/e A~ 4.23
-3.42
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2.4 Quantum-chemical calculations

The first-principles calculations were carried out with Quantum
ESPRESSO [30, 31] for the structural relaxation of EuyAl;3Pte using PAW
pseudopotentials [32] from the PSLibrary version 1.0.0 [33] for Al, Pt and
in the case of the non-magnetic (NM) model for Eu. For the ferromag-
netic (FM) model the PAW pseudopotential of Eu created by the method
of Wentzcovitch et al. [34] was used with the aforementioned pseudo-
potentials for Pt and Al from the PSLibrary. The kinetic energy cut-off for
the plane waves was set to 100 Ry, while the cut-off for the charge density
and potential was set to 400 Ry. The structural relaxation stopped when
a total energy convergence of 10°° Ry and a force convergence Ry a,™
was reached. The Marzari-Vanderbilt cold smearing [35] and a Gaussian
spreading of 0.01 Ry were chosen to account for the Brillouin-zone
integration. The k-mesh was divided by 14 x 4 x 2 using the Monkhorst-
Pack algorithm [36]. Exchange and correlation in this density func-
tional theory (DFT) based method were treated with the generalized
gradient approximation (GGA) functional as parameterized by Per-
dew, Burke and Ernzerhof (PBE-GGA) [37]. Quantum ESPRESSO was
also used to generate the all-electron and valence electron densities,
which were then used to calculate the Bader charges according to the
methods described by Henkelman et al. [38-40] and Yu and Trinkle [41]
with the critic2 program [42, 43]. The chemical bonding analysis was
carried out using the tight-binding, linear muffin-tin orbitals with the
atomic spheres approximation (TB-LMTO-ASA) [44, 45] as implemented
in the TB-LMTO 4.7 program [46]. Exchange and correlation were
treated with the GGA functional as parameterized by Perdew et al. [47].
The k-mesh was 22 x 8 x 4, which leads to 180 k-points in the irreducible
Brillouin zone (IBZ). The radii of the automatically generated Wigner-
Seitz cells for Eu, Pt and Al were 2.07-2.15 &, 1.47-1.55 A and 1.40-1.47 A,
respectively. Empty spheres were needed for the LMTO calculations.
The bonding analysis was done by calculation of the density-of-states

Table 3: Atomic coordinates and displacement parameters (in pmz) of EusAli3Pty (Houlri3Gey type, space group Pmmn).

Atom Wyck. x y z Uyq Uyy Usz [/ U’
Eul 2a 1/4 1/4 0.02129(3) 60(2) 110(2) 115(2) 0 95(1)
Eu2 de 1/4 0.55618(3) 0.71013(2) 68(2) 121(2) 116(2) —4(1) 101(1)
Eu3 2b 1/4 3/4 0.51587(3) 68(2) 126(2) 119(2) 0 104(1)
Al de 1/4 0.6292(2) 0.35622(13) 71(1) 115(10) 123(10) -1(8) 103(6)
Al2 4e /4 0.0656(2) 0.16261(13) 55(1) 119(10) 110(10) 1(7) 95(6)
Al3 2a 1/4 174 0.73178(17) 50(14) 155(14) 97(13) 0 101(8)
Al4 2a 1/4 174 0.35628(19) 186(19) 122(14) 128(14) 0 145(9)
Al5S 2b 1/4 3/4 0.84250(18) 86(16) 114(13) 117(13) 0 106(8)
Al6 de 1/4 0.0487(2) 0,54825(13) 83(11) 136(10) 131(10) 6(8) 117(6)
Al7 4e 1/4 0.5539(2) 0.04109(13) 68(11) 115(10) 106(10) 8(8) 96(6)
Al8 4e 1/4 0.1276(2) 0.85542(13) 55(10) 105(10) 132(10) 12(8) 97(6)
Pt1 2b 1/4 3/4 0.10310(2) 62(2) 109(2) 94(2) 0 88(1)
P2 2a 1/4 1/4 0.60811(2) 52(2) 122(2) 99(2) 0 91(1)
Pt3 4e 1/4 0.56180(2) 0.91371(1) 51(1) 105(1) 99(1) =5(1) 91(8)
Pt4 e 1/4 0.62755(2) 0.22702(1) 62(1) 104(1) 106(1) 5(1) 91(7)
Pt5 2a 1/4 174 0.23090(2) 732) 100(2) 102(2) 0 92(1)
Pt6 de 1/4 0.06177(2) 0.41976(1) 74(2) 109(1) 110(1) —4(1) 98(8)

“The isotropic displacement parameter Uq is defined as: Ugq = 1/3 (U1 + Usz + Us3) (pmz),' Uy2 = Uy3 = 0. Standard deviations are given in parentheses.
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Table 4: Interatomic distances (pm) in Eu,Al;5Pte (Ho4lr3Geg type, space group Pmmn). All distances of the first coordination spheres are listed.

Standard deviations are equal or smaller than 0.2 pm.

Eul 2 Pt1 3236 Ptd 1
4 Pt3 326.7 1

4 Al7 330.8 2

2 Al5 3419 2

2 Al7 351.6 1

2 Al2 352.7 1

2 Alg 359.6 2

Eu2 2 Pt4 3216 Pt5 1
2 Al 325.7 2

2 Pt5 326.6 2

2 Al2 328.2 4

2 Pt6 3321 Pt6 1

1 Al3 354.6 2

2 Al4 3322 1

1 Al6 344.7 1

1 Als 345.5 2

1 Alg 358.6 2

Eu3 2 Pt2 3229 Al 1
4 Pt6 326.3 1

2 Al4 328.9 1

4 Ale 336.3 1

2 Al 347.5 2

2 Ale 349.5 2

Pt 2 Al7 257.2 2
4 Alg 264.2 1

2 Pt4 284.5 Al2 1

2 Eul 3236 1

Pt2 1 Al3 246.7 2
4 All 259.8 1

2 Ale 260.4 2

2 Eu3 3229 2

Pt3 1 Al8 246.9 2
1 Al7 254.2 1

2 Al2 257.5 Al3 1

1 Al5 258.8 4

2 Al7 262.6 2

1 Eul 326.7 4

2

Al2 256.6 Al 1 Pt5 250.1
Al 257.6 2 Pt 250.7
Al3 264.0 2 Eu3 3289
Al8 264.9 4 Eu2 332.2
Pt4 281.5 AlS 2 Pt5 2541
Pt1 284.5 2 Pt3 258.8
Eu2 321.6 4 Al2 296.9
Ald 250.1 2 Eu1 341.9
Al2 252.0 2 Eu2 345.5
AlS 254.1 Al 2 Pt6 251.7
Eu2 326.6 1 Pt 256.8
Ald 250.7 1 Pt2 260.4
Al6 251.7 2 Al1 296.6
Al 253.5 2 Ale 304.6
Ale 256.8 2 Eu3 336.3
Eu3 326.3 1 Eu2 344.7
Eu2 3321 1 Eu3 349.5
Pt6 253.5 Al7 1 Pt3 254.2
Pt4 257.6 1 Pt1 257.2
Pt2 259.8 2 Pt3 262.6
Al 277.8 1 Al2 278.7
Al6 296.6 2 Al7 2921
Al3 305.3 2 Al 304.9
Eu2 325.7 2 Eu1 330.8
Eu3 347.5 1 Eul 351.6
Pt5 252.0 Alg 1 Pt3 246.9
Pt4 256.6 2 Pt1 264.2
Pt3 257.5 2 Pt4 264.9
Al7 278.7 1 Al3 2814
A5 296.9 1 Al3 283.9
Al8 306.2 2 Al7 304.9
Eu2 328.2 2 Al2 306.2
Eu1 352.7 1 Eu2 358.6
Pt2 246.7 1 Eul 356.9
Pt4 264.0

Al8 283.9

Al1 305.3

Eu2 354.6

(DOS) and the crystal orbital Hamilton population (COHP) [48] and its
integrals (ICOHP). The ICOHP can be seen as a semi-quantitative
bonding energy which measures covalent contribution in solids.
Because —~COHP values are plotted, negative ~-COHP are antibonding
states, positive ones are bonding states and non-bonding states have —
COHP values of zero. The Fermi level was set to 0 eV as reference.

3 Results
3.1 Powder X-ray diffraction
A sample with a nominal starting composition of EuAl,Pt,

was prepared, in analogy to EuAl,Ir; [49], from which single
crystals (Figure 2) with the composition EusAli3Pty were
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extracted and investigated via single crystal X-ray diffrac-
tion experiments (vide infra). The powder X-ray diffraction
pattern clearly indicates the formation of binary AlPt (cubic
CsCl type, Pm3m) [50] and ternary Eu,AlgPts (orthorhombic
Y,CosGag type, Cmcm) [51] besides the title compound. In
addition, at least one, yet unidentified side phase, is present
in the sample.

3.2 Single crystal X-ray diffraction and
structure refinement

Careful analysis of the obtained single crystal X-ray diffrac-
tion data revealed an orthorhombic lattice, and space group
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Pmmnwas found to be correct. The structure was solved using
the charge flipping algorithm of Sueerruip [27] and a least
squares refinement on F> using the program Jana2006 [28, 29]
was carried out. All atomic positions were refined with
anisotropic displacement parameters and as a check for the
correct composition, the occupancy parameters were refined
in a separate series of least-square refinements. All sites were
fully occupied within three standard deviations. The final
difference Fourier syntheses were contour less. From the
Pearson database [23], isotypism with Ce,Al;3Pty [52] was
deduced.

3.3 Crystal chemistry

Eu,Al3Ptg crystallizes in the orthorhombic crystal system
with space group Pmmn (a = 415.38(1), b = 1149.73(2),
¢ =1994.73(5) pm, 0P52, e’b*a®) and is isostructural with the
thus far sole aluminum representative CeyAl;sPty [52].
However, the structure can be regarded as a coloring or site
exchange variant of the Ho,Ir;3Geq type structure [53].

One way to describe the crystal structure of EuyAl;3Ptg
(Figure 3, left) is based on the coordination polyhedra
surrounding the Eu atoms. All three independent crystal-
lographic Eu positions are surrounded by six Al and six Pt
atoms in the shape of a (slightly distorted) hexagonal prism
(Figure 4). The six-membered rings are alternatingly
occupied by Al and Pt, and the two opposing rings exhibit
the same orientation, meaning Al on top of Al and Pt on top
of Pt. All prisms form strands running along the g axis via
condensation over the common hexagonal faces. While the
Eul prisms are isolated within the [Al;3Pts]® polyanion, two

Figure 3: Unit cell of Eu,Ali3Pty depicted along the @ axis (left). Layers
located on x =1/4 (right top) and x = 3/4 (right bottom). The Al; triangles are
highlighted in red, the Pt; triangles in green, the Al, dumbbells in orange.
Eu, Pt and Al atoms are shown in blue, black and white circles.
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Figure 4: Coordination environments surrounding die Eu atoms in the
structure of Eu,Al3Pte. Eu, Pt and Al atoms are shown in blue, black and
white circles, Wyckoff sites, site symmetries and interatomic distances (in
pm) are given.

EuZ and one Eu3 prism are condensed via rectangular faces
to form trimeric units that also form strands along [100] by
condensation via the respective hexagonal faces. Within
the unit cell, these units are shifted by x =1/2 with respect to
each other as highlighted in Figure 3 (left) by the thick and
thin polyhedron horders. These alternatingly occupied
hexagonal prismatic arrangements are rather common in
aluminum-rich intermetallics and can be found e.g. in the
recently reported strontium aluminum platinides SrAlsPts;
and Sr,Al;Ptg [54] or the rare-earth aluminum platinides of
the REAI;Pt; (RE = Y, Dy-Tm) or RE;Al,Pt; (RE = Tm, Lu)
series [55]. In all three prisms, the interatomic Eu-Pt (322-332
pm) and Eu-Al distances (326-360 pm) are in line with the
ones found in binary intermetallics e.g. EuAl, (MgCu, type, 337
pm [56]), EuAl, (BaAl, type, 347 pm [57]) or EuPt, (MgCus type,
321 pm [58]), but slightly longer than the sum of the covalent
radii (Eu+Al = 185+125 = 310 pm; Eu+Pt = 185+129 = 314 pm
[59]). The known ternary compounds in this system, EuAlLPt
(Eu—-Al: 335-355 pm; Eu-Pt: 302-330 pm) [1], Eu,AlgPt; (Eu-Al:
306-313 pm; Eu-Pt: 347-348 pm) [51], or EuyAl;sPts (Eu-Al:
304-340 pm; Eu-Pt: 343 pm) [12], exhibit similar distances.
The complex [Al;;Pts]° polyanion is formed by six plat-
inum and eight aluminum atoms (Figure 3). Both atom types
are either found on x = 1/4 or 3/4, due to the symmetry of the
space group. Cutouts of the respective layers are shown in
Figure 3 (right). The faces forming the hexagonal prisms can
be easily recognized. Al, dumbbells and Al; and Pt; triangles
that exhibit homoatomic bonding are embedded within both
layers. The Al-Al distances within the dumbbell are 277-279
pm and 282-284 pm within the triangular units, while the
Pt-Pt distances range between 282 and 285 pm. The homoa-
tomic Al-Al distances are slightly larger compared to the ones
found in other intermetallic compounds that exhibit Al; tri-
angles (EupAljsPtg: 263-268 pm [3]; EupAlslrs: 273-275 pm [12]).
In comparison with molecular Al; triangles, e.g. in the tet-
ra(supersilyl)cyclotrialanyl (¢BusSi)4Al;" radical [60] and in
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Nay[(Ar”Al);] [61], the distances are quite similar ((¢BusSi),Als"
270-276 pm). The Pt; triangles exhibit distances between 282
and 285 pm, in line with the Pt-Pt distances of 277 pm found in
the REAL:Pt; (RE = Ce-Nd, Sm, Gd, Th) series [62] or the two
molecular examples, namely [{("NHP)P(Br}s] [63] and
[{Pt(PMeg)}3{p-SiPhy}5] [64], which exhibit interatomic Pt—Pt
distances of 269-270 and 270-272 pm. Furthermore, the dis-
tances within the Al, dumbbells and the Al; and Pt, triangles
are well in line with the distances found in the elements (Pt:
277 pm [65]; Al: 286 pm [66]). Finally, the heteroatomic Pt—Al
distances range between 247 and 265 pm. These distances are
in line with those in the binary aluminum platinides AlPt
(248-273 pm [67]) and AlPt (256 pm [68]) and in ternary
intermetallics like EuAl,Pt (254-258 pm [1]), and as also
close to the sum of the covalent radii (Pt+Al = 129+125 = 254
pm [59]).

DE GRUYTER

3.4 Quantum-chemical calculations

To check for possible magnetic interactions of the Eu atoms
two models were constructed: a non-magnetic (NM) and a
ferromagnetic (FM) one. The experimental single crystal
diffraction data was used as a starting point for the
DFT-GGA-PBE calculations of both models. The optimized
lattice parameters for the NM model are djeo = 415.46,
Diheo = 1155.37, Ciheo = 2010.79 pm, while for the FM model
Qiheo = 416.34, bineo = 1155.20, Cineo = 2005.88 pm are found.
The lattice parameters of both models are in good agreement
with the experimental ones: a = 415.38(1), b = 1149.73(2),
¢=1994.73(5) pm. The formation enthalpy per formula unit of
the NM and FM model are 2599 and 2609 k] mol ™, respectively,
hence slightly favoring the FM model. Therefore, the further
discussion will focus on the FM model only.

Table 5: Interactions and their counts and distances after structure relaxation, and the corresponding ICOHPs in Eu,Al3Pte (Ho,lrq3Geg type, space

group Pmmn).

Interaction Count Distance (pm) ICOHP (eV) Interaction Count Distance (pm) ICOHP (eV)
Eu1-Pt1 2 322.8 —-0.46 Pt1-Al7 2 257.9 -1.62
Eu1-Pt3 4 3275 -0.58 Pt1-AI8 4 265.9 -1.00
Eu1-AI7 4 332.2 -0.31 Pt2-AI3 1 249.9 -1.01
Eu1-AIS 2 343.5 -0.34 Pt2-Al6 2 260.9 -1.67
Eu1-Al7 2 353.0 -0.22 Pt2-Al1 4 261.1 -1.35
Eu1-Al2 2 355.2 -0.25 Pt3-AI8 1 250.0 -1.48
Eu1-AI8 2 361.7 -0.08 Pt3-Al7 1 255.0 -1.87
Eu2-Pt4 2 320.7 -0.52 Pt3-Al2 2 259.0 -1.79
Eu2-Pt5 2 3275 -0.47 Pt3-Al5 1 259.4 -2.02
Eu2-Pté 2 333.0 -0.45 Pt3-Al7 2 263.2 -1.47
Eu2-Al1 2 327.4 -0.34 Pt4-Al2 1 257.4 -1.86
Eu2-Al2 2 329.5 -0.39 Pt4-Al1 1 258.0 -1.66
Eu2-Al4 2 333.0 -0.23 Pt4-Al3 2 265.5 -0.98
Eu2-Al6 1 347.7 -0.18 Pt4-Al8 2 266.4 -1.05
Eu2-Al5 1 347.9 -0.24 Pt5-Al4 1 249.9 -1.72
Eu2-AI3 1 356.4 -0.09 Pt5-Al2 2 253.2 -1.98
Eu2-Al8 1 359.7 -0.11 Pt5-Al5 2 255.8 -1.71
Eu3-Pt2 2 323.9 -0.46 Pt6-Al4 1 250.9 -1.70
Eu3-Pt6 4 326.3 -0.36 Pt6-Al6 2 253.8 -1.79
Eu3-Al4 2 329.9 -0.22 Pt6-Al1 1 254.9 -2.01
Eu3-Al6 4 337.7 -0.34 Pt6-Al6 1 258.3 -1.67
Eu3-Al1 2 350.1 -0.27
Eu3-Al6 2 350.9 -0.16
Pt1-Pt4 2 290.5 -0.67
Pt4-Pt4 1 287.2 -0.74
Al1-AN 1 279.6 -0.54
Al1-Al6 2 297.6 -0.53
Al1-AlI3 2 307.0 -0.11
Al2-Al7 1 279.9 -0.76
Al2-Al5 2 297.8 -0.61
Al2-AI8 2 307.6 -0.28
AI3-AlI8 2 284.6 -0.28
Al6-Al6 2 304.7 -0.35
Al7-AI7 2 293.1 -0.52
Al7-AI8 2 307.0 -0.20
AIB-AI8 1 2823 -0.32
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The bond lengths of the FM model after structural
relaxation can be found in Table 5. The bond lengths are
slightly larger than those found in the experiment, a common
feature observed when using the GGA functional. The abso-
lute Pearson electronegativities [69] of Pt and Al are 5.6 and
3.23 eV, respectively. For Eu no Pearson electronegativity is
reported, but the Pearson electronegativity of the chemically
similar element La is 3.1 eV [69]. Therefore, the title compound
clearly can be described as a platinide with polar covalent
bonding between Pt and Al forming a [Al;3Pts]*” polyanion.
This interpretation was underlined by Bader charge cal-
culations. The Bader charges for Eu, Pt and Al according to
the Henkelman et al. and the Yu and Trinkle methods are
+1.36 to +1.38/+1.35 to +1.37, —2.51 to —3.46/-2.52 to -3.48
and +1.24 to +1.71/+1.27 to +1.72, respectively (Table 6).
Similar charges for Eu were found in EuAlL,Pt (Eu: +1.39 [1]),
but the Pt atoms carry lower negative charges and the Al
atoms higher positive charges in the title compound
(EuAl,Pt: Pt: -3.67, Al: +1.14 [1]). This is most likely caused by
a higher Pt and Al to Eu and lower Al to Pt ratio for
EuyAl 5Pty compared with EuAl,Pt.

The spin-polarized DOS of the FM model of Eu,Aly3Pty is
shown in Figure 5. As the FM model is spin-polarized, two
densities-of-states can be plotted. Both types of DOSs are
similar in shape from -10 to —1 eV and above the Fermi level.
The total DOS of the majority electrons with a-spin features a
large peak at around -0.5 eV, which is absent in the DOS
of the minority electrons. This peak originates from the
felectrons of Eu. This is the only contribution of the Eu
f-electrons to the DOS indicating a high magnetic moment on
Eu. Indeed, according to the Quantum ESPRESSO and LMTO

Table 6: Bader Effective Charges of the atomic species in EusAl 3Pty
(Hoalr,3Geg type, space group Pmmn).

Atom Henkelman et al. (e) Yu and Tinkle (e)
Eu1 +1.24 +1.24
Eu2 +1.22 +1.22
Eu3 +1.22 +1.22
Al +1.66 +1.67
Al2 +1.70 +1.70
Al3 +1.70 +1.72
Ald +1.30 +1.30
Al +1.66 +1.66
Al6 +1.64 +1.66
Al7 +1.66 +1.67
Al8 +1.69 +1.70
Pt1 -2.51 -2.51
Pt2 -3.36 -3.36
Pt3 -3.41 -3.42
Pt4 -2.50 -2.49
Pt5 -2.88 =291
Pt6 -2.88 -2.90
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DOS of Ferromagnetic Eu,Al:Ptg

6 Total DOS B-spin  Total DOS a-spin
- Eu f-states p-spin Eu f-states a-spin
4,
2_
3 ¢
W 0 -
=
w

-12 i T

[ | |
0 100 200 300 400

states (eV ")

Figure 5: Density-of-states (DOS) of the spin-polarized ferromagnetic
model of EusAlisPte. Shown in black is the total DOS of the majority
electrons (a-spin), while the DOS of the minarity electrons (B-spin) is
shown in grey. The DOS of the a-spin f-electrons of Eu is shown in red,
while the DOS of the B-spin f-electrons of Eu is shown in blue.

calculations the magnetic moment on Eu is fcq = 6.62 up
and 6.83-6.89 py, respectively. As the magnetic moment is
not an integer, one can assume an itinerant magnetism
present in this compound. However, the peak of the DOS of
the f-electrons just below the Fermi level E is quite narrow,
which indicates somewhat localized moments due to the
ionic interactions which are present in EusAl;sPtg. The
remaining DOS originates from Pt and Al states as expected.
The DOS of Pt and Al (not shown here) are shaped similarly
inthe area -10 to -5 eV and from 0 eV to at least +6 eV. This
points to covalent bonding between Pt and Al To discuss
the chemical bonding, the COHP technique comes in handy.
First the Pt—Al honds will be discussed. The ICOHPs of these
bonds are in the range of —0.98 to -2.02 eV, which, again,
indicates covalent bonding between Pt and Al similar to the
Pt-Al bonds in EuAl,Pt (ICOHP of Pt-Al: -1.82 to -1.95 eV
[1D. In Figure 6 (right), the —-COHP-plots of selected Pt-Al
bonds are shown. Only little anti-bonding states below the
Fermi level and non-bonding or slightly bonding states are
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COHPs of Eu,Al;;Pty
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Figure 6: —COHP-plots of the spin-polarized ferromagnetic model of Eu,Al;3Pte. ~COHP-plots for selected Eu-X (X = Pt, Al), Al-Al/Pt-Pt, and Pt-Al bonds

are shown on the left, center and right side of the Figure, respectively.

occupied at Er, which points to a stable covalent bond type.
Next, the Eu-Pt and Eu-Al bonds are discussed. As ex-
pected, based on the bond lengths (see Table 5) the ICOHPS
are —-0.36 to —0.58 eV and —0.08 to —0.39 eV for the Eu-Pt and
Eu-Al bonds, respectively. For EuAl,Pt the ICOHPs of the
Eu-Al bonds are comparable with the ICOHPs of the Eu-Al
bonds of the title compound (-0.03 to —0.29 eV [1]). Similar
weak covalent bonding can be found between the homoa-
tomic Pt-Pt and Al-Al bonds with ICOHPs -0.67 to —0.74 eV
and -0.11to —0.76 eV, respectively. The Al-Al bonds within the
aforementioned Al, dumbbells are rather strong with ICOHPs
of -0.76 and —0.54 eV compared with the other Al-Al bonds in
this compound. The Al-Al interactions within the Al; tri-
angles, however, are rather weak (-0.28 and -0.32 eV)
compared with other Al-Al bonds with similar bond lengths.
The ICOHPs of the Al-Al bonds in EuALPt are slightly higher
(-0.19 to —1.11 eV [1]), which might be caused by the lower
positive charge of the Al atoms and the absence of Al; triangles
in EuAl,Pt. Similar to the Ni—Ni bonds in CaNi,Alg [70] and
the Pt-Pt bonds in SrAlsPt; and Sr,Al;gPte [54], the unex-
pectedly weak Pt-Pt bonds within the Pt; triangle originate
from a destabilizing bonding situation, which becomes
obvious in Figure 6 (center). From —4 eV to the Fermi level
the anti-bonding states are occupied in both Pt-Pt bond
types. The Eu—X (X = Pt, Al) bonds in Figure 6 (left) and Al-Al
bonds in Figure 6 (center) show no or only very few occu-
pied antibonding states.
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3. Modifying the valence phase transition in Eu2AlisPts via the solid solutions
EwAlis(PtiTx)e (T = Pd, I, Au; x = 1/6)

Collaborations to disclose: In this chapter the work from the publication with the same title as
the headline is summarized (Z. Naturforsch. B 2024, 79b, 21). L. Schumacher, M.Sc provided
the magnetic measurements of the three phases and PD Dr. O. Janka along with the

aforementioned worked on the manuscript.

The compound EuxAlsPts crystallizes in a (3+2)D modulated structure adopting a monoclinic
superstructure with space group P21/m, which originates from the hexagonal ScosFe2Siso type
structure (own type, P63/mmc).?2 Besides the modulated structure, the compound also exhibits
a temperature induced valence transition at 7rrans = 45 K, at which the valence of the europium
atoms in the structure changes from the di- (high temperature) to trivalent state (low
temperature) or vice versa.”* Oyama et al. reported that the transition temperature can be
influenced by substitution of the Al atoms with Ga. By substituting over 10 at.-% of the
aluminum with gallium the divalent state of europium atoms stabilizes, also an

224 which was already found in the pure Ga compound.®*> Due

antiferromagnetic ordering occurs,
the substituent elements being isovalent, the overall valence electron count and valence electron
concentration does not change. To research the influence of different electron counts, different
strategies can be employed: substitution of Al by an element from a neighboring group or by
substitution on the transition metal site. During attempts to achieve the latter, it was observed
that only 1/6 of the Pt atoms could be substituted by Ir, Pd or Au atoms. The compounds were
synthesized in the arc furnace by using the elements. Additionally, a heat treatment step in a
muffle furnace was added to improve the phase purity. The samples were annealed at 1123 K
for 96 h and cooled slowly to RT with a cooling rate of 2 K h™!. The products were analyzed
via powder X-ray diffraction and the resulting Rietveld refinement showed nearly phase pure
products for the Pd and Ir (Fig. 3.40) samples (<2 wt.-% binary side phases Al;Pd; (Al3Niz type,
P3ml, a = 428.1(3), ¢ = 504.3(4) pm)?*’ and <1 wt.-% IrAl (CsCl type, Pm3m, a =
297.96(3) pm)),228 for the gold substituted compound higher amounts (5 wt.-%) of Al,Au (CaF>
type, Fm3m, a = 596.38(3) pm)?"” and traces of an unknown europium containing side phase
was observed.

The lattice parameters resulting from the Rietveld-refinement are summarized in Table 3.8.
The average structure of EuxAlisPdPts exhibits one Eu, three Al and one T position, the T

position is occupied by 16.7% Pd and 83.3% Pt atoms. The interatomic distances found in the
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compound are d(Eu—T7) = 344-345 pm, d(Eu—Al) = 313-343 pm, d(Al-Al) = 179-295 pm, d(Al-
T) = 251-269 pm. When compared to binary Eu—Pd or Eu—Pt compounds like EuPd3; (CuzAu
type, Pm3m): d(Eu-Pd) = 290 pm,??® or EuPd> (MgCu. type, Fd3m): d(Eu-Pd) = 322 pm,?3?
the found distance in this ternary structure is significantly longer, whereas the Al1-Al and Al-
Pd distances are in line with the following binary and ternary compounds Al»iPds (Al21Pts type,
I41/a): d(Al-Al) = 267-348 pm, d(Al-Pd) = 225-307 pm,23! Al;Pd, (Al3Niz type, P3m1): d(Al-
Al) = 287-304 pm, d(Al-Pd) = 255-265 pm,?*” AIPd (own type, R3): d(Al-Al) = 292-303 pm,
d(Al-Pd) = 258-263 pm,23? AIPd, (Co2Si type, Pnma): d(Al-Al) = 345-347 pm, d(Al-Pd) =
253-288 pm,23 ALL,Pd (CaF. type, Fm3m): d(Al-Al) = 290 pm, d(Al-Pd) = 251 pm,?3
EuAlyCoz (BaAloFe: type, P6/mmm): d(Eu—Al) = 353-394 pm, d(Al-Al) = 278-294 pm,2*!
EwAlolrs (Y2GagCos type, Cmcm): d(Eu—Al) = 306-315 pm, d(Al-Al) = 273-337 pm3¢ and
EuALPt (MgAlLCu type, Cmcm): d(Eu—Al) = 335-337 pm, d(Eu-Pt) = 302-330 pm, d(Al-Al)
= 279-285 pm, d(Al-Pt) = 254-258 pm.%* The found AI-Al and Al-T distances indicate

interaction between the Al and 7" atoms suggesting forming a polyanionic network.

With no europium containing side phases in the substituted EuzAlis(Pt1-<7%)s samples present
and an unknown europium containing side phase present, magnetic measurements could be
performed to investigate the valence transition behavior of the substituted compounds. Figure
3.a.41 shows the magnetic susceptibility and magnetization isotherm from the three
compounds. Notable is that the transition temperature decreases to 42 K when Pd is substituted
into the structure and when Ir is used, which possesses an electron less than Pt, the transition
shifts to 52 K. When a valence electron is added by substituting gold, no valence transition is
observable in the high and low field susceptibility measurements, but the 4 K magnetization
isotherm gives a hint that a valence phase transition is occurring at a lower temperature, due to
a bend curve that is being lower than the 10 K isotherm at high fields. Additionally, the 4 K
isotherm exhibits a steep increase at low field, which together with the observable small bent
in the high- and low-field measurements at 10 K indicates a ferromagnetic transition originating
from the europium containing side phase. By calculating the effective magnetic moment for all
three compounds, values of 7.77 ug for the Pd, 7.80 pug for the Ir and 7.43 pg for the Au
substituted EuaAlisPt;Tx)e result, which compared to the magnetic moment of free Eu** ions
with 7.94 ug point to divalent states of the Eu atoms in these compounds at high temperatures.
To analyze the purity of the prepared bulk samples, energy dispersive X-ray spectroscopy
measurements were taken, the results are summarized in Table 3.9 alongside the corresponding
scanning electron image of the samples (Fig. 3.42). All three compounds are in a good
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agreement with the ideal composition in regard to the Eu and Al values, but when looked at the
Pt und 7 value, which are apart further especially the Au value is too high, whereas the amount
of Pd and Ir are too low, leading to the assumption that the gold substituted compounds possess
a higher amount of Au or that the binary side phase was measured alongside the main phase
during the EDX measurement. Also, small deviations can be explained by the sample
preparation of sprinkling crystallites on the sticky tape leading to a non-perpendicular alignment

of the surface to the electron beam.

Iobs. i Ical::

| EUAlL Pt

calc

Intensity (a.u.)

L L O T T e T L I I TRy
10 20 30 40 50 60 70 80 90 100 110 120 130
26(°)

Figure 3.40: Rietveld refinement of the powder X-ray diffraction pattern of Eu,Al;sIrPts. Collected data are shown

in black dots, the refinement as red and the difference as blue line. Olive ticks indicate the Bragg positions of
Eu,Al;sIrPts using the average hexagonal structure (ScosFe2Siao type, P63s/mmc).

Table 3.8: Lattice parameters and cell volumes of EuxAlis(PtixTx)s (T = Pd,
Ir, Au, x = 1/6) using the average hexagonal structure (Sco.¢Fe2Siso, P63/mmc)

Compound a (pm) ¢ (pm) V (nm?)
EwAl;sPte" 429.47 1666.7 0.2652
EupAljsIrPts™ 429.38 1666.2 0.2660
EupAlisPdPts ™ 429.55 1665.9 0.2662
EupAljsAuPts ™ 430.32 1665.8 0.2671

L literature, * powder, * own work
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Figure 3.41: Magnetic properties of Eu,AlisPtsT (7= Pd (left), Ir (center), Au (right)). Top row shows the magnetic
and inverse magnetic susceptibility measured at 10 kOe in zero-field-cooled mode (ZFC), middle row depicts the
magnetic susceptibility in ZFC/FC (zero-field-cooled/field-cooled) mode at 100 Oe and bottom row shows the

magnetization isotherm recorded at 7= 4, 10, 50 and 100 K.

Table 3.9: EDX data of Eu,AlisPtsT (7= Pd, Ir, Au) with standard deviations

of £2 at.-%.
Compound Ideal P1 P2 P3 mean
Eu: 8.7 8 8 T 9
Al 652 65 67 65 65
EwALsPtsPd by 55 2 2 1 2
Pt 21.7 25 23 23 24
Eu: 8.7 8 8 9 8
Al 652 64 67 65 66
EwAlsPtIr - p 7y 55 3 2 2 2
Pt 21.7 25 23 24 24
Eu: 8.7 8 7 7 7
Al 652 62 68 67 66
EwAlsPtsAu g 35 7 8 7 7
Pt 21.7 23 17 19 20
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Figure 3.42: SEM image of EuyAl;sPdPts (top left), EuyAl;slrPts (top right) and Eu,AljsPtsAu (bottom left).
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Abstract: The solid solutions Eu,Aly5(Pty_, Ty with T = Pd,
Ir, Au and x = 1/6 were prepared by arc-melting the
stoichiometric mixture of the elements, and subsequent
annealing. For x = 1/6, all three solid solutions adopt the same
structure type as EupAl;sPtg according to powder X-ray
diffraction data. Since the platinide Eu,Al;sPts exhibits a
(3 + 1)D modulated structure (approximant in space group
P12,/m1), only the averaged hexagonal unit cell (P6s/mmec,
ScoeFe;Siye type) was refined by the Rietveld method.
Scanning electron microscopy in combination with energy-
dispersive X-ray spectroscopy (SEM/EDX) showed that the
degree of substitution is in line with the weighed amounts.
For values of x > 1/6, no phase-pure samples could be
obtained. The results of the magnetic susceptibility
measurements indicate that the isoelectronic substitution
of Pd for Pt lowers the temperature of the first-order
valence phase transition from Ty, = 45 K in EugAlysPtg to
Tivans = 42K in EupAli5(Pts;gPdyse)s. For EupAlys(Ptsslryels
and EupAl;s(PtssAuye)s a change in the electronic situation
occurs since the Ir substituted compound exhibits one
electron less compared to the pristine Pt compound,
while Eu,Alis(PtsgAuys)s has one additional electron. As
a consequence, Eu,Al;s(Ptslrys)s shows a higher valence
phase transition temperature of Ty.ns = 52K while for
EupAl;s(PtsgAuys)s no such transition is obvious.
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1 Introduction

Europium compounds are fascinating from different points
of view. In the oxide EuO as well as in some halides EuX;
(X = F-I) the Eu cations exhibit a formal +2 oxidation state
[1-3]. In intermetallic compounds the divalent oxidation
state is also observed quite frequently. The stability of this
oxidation state is based on the half-filled 4f” shell making the
Eu** ion isoelectronic with G&**. Therefore, the Eu** cations
exhibit an effective magnetic moment of e = 7.94 pp [4],
which is prone to ferro- or antiferromagnetic ordering
phenomena. EuslngPt; [5] for example orders antiferro-
magnetically at Ty = 11.6(5) K while EuAl,Pt and Euln,Pt
show ferromagnetic ordering below T, = 54.0(1) [6] and
325K [7].

The second possible oxidation state (Eu*, electron
configuration 4f°) is quite common in ionic compounds
(Euz05 [8, 9], EuX; (X = F, Cl, Br) [10-12]), however, rarely
observed in intermetallics. For the binary compounds EuRh,
[13], Eulr, [13], EuNis [13], EuzNiy7 [13], EuPds [13], and EuPts
[13] the presence of trivalent europium has been confirmed
as well as for the ternary intermetallics, EuCo,Si, [14-17],
Eu2C0uP7 [18], EURHB4 [19], EURU4B4 [19], EuRuzsiz [15],
Eu,RusSis [20], and EuyAlglrs [21]. A recent review summa-
rizes the relevant information on trivalent europium
intermetallics [22].

A rather rare phenomenon is the so-called valence
phase transition. Here, the valence changes reversibly from
Eu*** to Eu**** upon external stimuli such as temperature
or pressure. This phenomenon is not only known for Eu
intermetallics but also Ce and Yb compounds can exhibit
these valence phase transition. Metallic cerium for example
transforms from a-Ce to y-Ce [23] upon electron localization.
The intermetallic solid solutions CeNi; ,Co,Sn [24] and
Yby_,In,Cu, [25-27] as well as YbPd,Al; [28] exhibit at least a
partial temperature-dependent valence phase transition.
As for the Eu compounds, EuCo,As, [29, 30] and EuAlsPts [31]
for example exhibit pressure-dependent shifts of their
Eu valence, while e.g. EuPd,;Si; (Tans ~ 200K) [32] and
Eu,AlysPtg (Tivans ~ 45 K) [33] exhibit temperature-dependent
valence phase transitions. The solid solution Eu(Ir;_,Pd,),Si,
with x = 0.75, 0.81 and 0.94 shows a continuous valence phase
transition [34], while Eu(Pd;_,Au,),Si, with x = 0.15 exhibits a
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step-wise transition [35]. Recently, the solid solution
Euy(Al;_,Ga,)sPts has been studied for x =0, 0.05, 0.1, 0.2, 0.3,
and 1 [36]. Already small amounts of Ga (x = 0.1) have heen
shown to shift the Eu valence towards a stable divalent
oxidation state and an antiferromagnetic ordering of
Eu,GassPtg is established. This is interesting because
the valence electron concentration does not change due to
the isovalent substitution of Al by Ga.

In this article, we show the influence of substitutions
on the Pt positions in Eu,AljsPts. In most cases only small
amounts of a component can be substituted without
the formation of side phases, but Eu,Aljs(PtsPdysg)e,
EupAly5(Ptsjslrye)s, and EupAlys(PtssAuye)s could be synthe-
sized and characterized by means of powder X-ray
diffraction (PXRD), scanning electron microscopy paired
with energy-dispersive X-ray spectroscopy (SEM/EDX) and
magnetic susceptibility measurements.

2 Experimental
2.1 Synthesis

EuyAlj5(PtssTye)s samples were prepared from the elements using
europium ingots (Onyxmet, Olsztyn, Poland), platinum pieces (Agosi AG,
Pforzheim, Germany), gold foil (Agosi AG, Pforzheim, Germany) or gold
shots (abcr, Karlsruhe, Germany), iridium granules (Chempur, Karls-
ruhe, Germany), palladium sponge (Chempur, Karlsruhe, Germany),
aluminum pieces (Onyxmet, Olsztyn, Poland) and aluminum foil (Alujet,
Mammendorf, Germany), all with stated purities above 99.9 %. Samples
were prepared on a 200 mg scale. The Eu pieces were stored under an
argon atmosphere; surface contaminations on the pieces were removed
mechanically prior to the reaction, which was carried out in a custom-
built arc furnace [37]. The elements were weighed in an atomic ratio of
2:15:5:1 (EwALlPt:T) and transferred under argon to a water-cooled
copper hearth and arc melted under dried argon at 800 mbar. The argon
gas was purified over a titanium sponge (T = 873 K), molecular sieves,
activated carbon, and silica gel prior to use. To prevent the evaporation
of Eu during the heating, the starting materials were wrapped in
aluminum foil. The resulting bead obtained after arc-melting was
turned over several times and remelted to increase its homogeneity.
The weight loss in all cases was <1 %. As-cast samples are silver metallic,
while ground powders are grey and stable in air over months. An
additional heat treatment was performed. The ground samples were
pressed to pellets, enclosed in evacuated torch-sealed silica ampoules,
and annealed at T=1123 K for 96 h in a Nabertherm box furnace (N 11/HR
P300, Lilienthal, Germany) followed by cooling to RT with a cooling rate
of 2Kh™,

2.2 X-ray diffraction

The annealed polycrystalline samples were analyzed by powder X-ray
diffraction (PXRD) experiments. The PXRD pattern of the pulverized
samples were recorded at room temperature on a D8-A25 Advance
diffractometer (Bruker, Karlsruhe, Germany) in Bragg-Brentano 6-6
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geometry (goniometer radius 280 mm) with non-monochromatized
CuKa radiation (A = 154.0596 pm). A 12 ym Ni foil working as Kp filter and
a variable divergence slit were mounted at the primary beam side. A
LYNXEYE detector with 192 channels was used at the secondary beam
side. Experiments were carried out in a 26 range of 6-130° with a step
size of 0.013° and a total scanning time of 1h. The recorded data was
evaluated using the Bruker Toras 5 software [38], with the observed
reflections being treated via single-line fits.

2.3 Scanning electron microscopy/energy-dispersive
X-ray spectroscopy (SEM/EDX)

Semiquantitative EDX analyses of the bulk samples were conducted on a
JEOL 7000F (JEOL, Freising, Germany) scanning electron microscope
equipped with an EDAX Genesis 2000 EDX detector (EDAX, Unters-
chleissheim, Germany). The samples were sprinkled on conductive
carbon tape and two area scans as well as five independent data points
were measured.

2.4 Magnetic susceptibility measurements

The polycrystalline samples of EupAlis(PtsisPdyeds, EuzAlis(Ptslryels,
and EupAlys(PtsgAuy6)s were investigated by temperature dependent
magnetic susceptibility measurements at external fields up to 80 kOe
(1kOe = 7.96 x 10" Am™). The samples were ground to a fine powder,
filled into a polypropylene capsule and attached to the sample holder
rod of a Vibrating Sample Magnetometer (VSM) option of a Physical
Property Measurement System (PPMS) by Quantum Design. The
magnetization data M (T, H) of the samples was investigated in the
temperature range between 4 and 300 K.

3 Results
3.1 Crystal chemistry

The RE,X;sPtg (RE = Sc, Y, La—Nd, Sm-Lu; X = Al, Ga) com-
pounds [33, 39, 40] have been reported to adopt a monoclinic
superstructure (space group P2/m) of the hexagonal
ScogFesSiyg-type structure (space group P6s/mmc; please
note that the composition is given according to the electro-
negativities of the constituent elements and reversed
with respect to the aluminum compounds) [41]. For all
compounds that were previously characterized by single-
crystal X-ray diffraction, the hexagonal subcell was readily
observed. However, additional reflections in the hk0 planes
could be found in all cases. These were treated as satellite
reflections and the diffraction data was consequently
integrated as an orthorhombic (3 + 1)D data set with a ¢
vector of (2/3 a*, 0, 0), which led to concise structure solu-
tions for SCzAl15Pt5 [40], EU.zA].-lr,Ptg [33], and HOzAhSPtG [39].

As the crystal structure of the RE,Al;sPtg series has been
described in detail before [40], only a brief review of the
important structural features is given here. Two distinct
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Figure 1: (left) Unit cell of the monoclinic approximant of the RE;AlisPtg
(RE = Sc, Y, La-Nd, Sm-Lu) series [33, 39, 40]. Bonding contacts between
the layers have been omitted for clarity; (right) cut-out of the layer formed
by a honeycomb arrangement of RE atoms and Al; triangles; RE atoms are
depicted in blue, Al atoms as open circles and Pt atoms in black,
respectively.

building blocks can be observed. Honeycomb arrangements
of the RE atoms that are centered by Al; triangles (block A)
and [PtzAlg] slabs (block B). These units are alternatingly
stacked along the crystallographic b axis (monoclinic setting)
ina...ABA'B'... sequence. The Pt—Al and Al-Al distances in
all structurally characterized compounds are in the ranges
244-271 and 263-268 pm, respectively, indicating bonding
interactions [33, 39, 40]. Between the layers bonding
interactions are also observed, however, the contacts
have bheen omitted in the structural drawing in Figure 1.
Additional details regarding the structure description can
be found in the literature [40].

3.2 Powder X-ray diffraction

The annealed samples were investigated by powder X-ray
diffraction experiments. For the Rietveld refinements, the
hexagonal averaged structure of the RE;g;AlsPt; series
[39, 42-48] was used with the lattice parameters of
Euge/AlsPt,  (space group P6sfmmce, ScogFesSize type,
a = 429.47(2), ¢ = 1666.7(2) pm) [33] as starting point. The
refined unit cell parameters of EusAljs(Pts;sPdyse)es,
EupAlys(Ptsglrye)s, and EupAlis(PtssAuyg)s (Table 1) exhibit
comparable values, in line with the similar covalent radii of
Pt (129 pm), Pd (128 pm), Ir (126 pm), and Au (134 pm) [2]. For
the refinement, the occupancies of Pt and T were fixed to the
ideal ratios. Figure 2 exemplarily shows the Rietveld
refinement of Eu,Als(PtsgPdy/s)s. The positional parameters
are given in Table 2. Substitutions within the solid solution
EupAlys(Pty Ty for x > 1/6 and T = Pd, Ir, and Au always
resulted in non-phase-pure samples according to powder
X-ray diffraction experiments.

S. Engel et al.: Modifying the valence phase transition in Eu,AlisPty —— 23

Table 1: Lattice parameters and unit cell volumes of Eu,Al;sPte,
EuAl 5(Pts/6Pd /)6, EU2Al 5(Ptssslryj6)e, and EuzAl;s(Pts eAuy6)s
determined by powder X-ray diffraction. The lattice parameters of the
average hexagonal structure (Scp gFe;Siq o type, space group P6s/mmc
[41]) are given.

Compound a (pm) c(pm) V(nm®) Ref.
Eu,Al;sPtg 429.47(2) 1666.7(2) 0.2652 [33]
Eu,Al; 5(Pts/sPd16)s 429.55(1) 1665.9(2) 0.2662 *
EuzAly5(Ptssslrs6)s 429.38(1) 1666.2(2) 0.2660 *
EuAl 5(Pts/sAl g)6 430.32(1) 1665.8(3) 0.2671 *
*This work.
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Figure 2: Powder X-ray diffraction data and Rietveld refinement of
Eu,Als(Pts/sPdy,6)s. The black dots represent the experimental data, the
red line the respective fit while the blue line indicates the difference
between experimental and theoretical data. The green bars show the
Bragg positions of Eu,Al;s(PtssPdy6)s USing the average hexagonal
structure (Sco sFe;Sig o type, space group P6s/mme [41]).

3.3 SEM/EDX investigations

The prepared samples were investigated by SEM/EDX. The
experimentally determined averaged element ratios were
obtained from two area and five spot measurements and
are, within the instrumental error, in good agreement with
the weighed ones (Table 3), confirming the successful
substitution of Pt by Pd, Ir and Au in the respective solid
solutions. The deviations are +2at.% due to the use of
powdered samples sprinkled onto conductive carbon tape
and their therefore not perfectly perpendicular alignment
towards the beam and the semi-quantitative nature of
the EDX measurements. No impurity elements heavier than
sodium (detection limit of the instrument) were observed.

3.4 Magnetic measurements

Eu,AlsPty exhibits a temperature dependent valence
phase transition at Tyns = 45K at which the Eu®* cations
are oxidized to Eu® cations delivering one electron for
delocalization into the conduction band. This valence phase
transition has been characterized in detail by magnetic,
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Table 2: Positional parameters of Eu,Al;5(Pts,cPd16)s, EU2Ali5(Ptsselrize)e, and EuzAl;5(Pts,gAuy6)s Obtained from Rietveld refinements.

Compound Wyckoff position X y z Site occupation
EusAl 5(Pts/sPd1/)s
Eu 2c 113 2/3 1/2 0.667
Pt/Pd Af 173 2/3 0.60653(7) 0.833/0.167
Al 4f 0 0 0.1290(4) 1
Al2 de 113 2/3 0.0444(4) 1
Al3 6h 0.5278(4) 2x 1/4 0.333
EusAl15(Pts/slr/6)s
Eu 2c 1/3 2/3 172 0.667
Pt/Ir 4f 113 2/3 0.60712(5) 0.833/0.167
Al af 0 0 0.1300(4) 1
Al2 4e 1/3 2/3 0.0461(3) 1
Al3 6h 0.5313(4) 2x 174 0.333
EuoAl;5(Pts/AUL6)s
Eu 2c 173 2/3 1/2 0.667
Pt/Au af 1/3 2/3 0.60658(8) 0.833/0.167
Al 4f 0 0 0.1270(4) 1
Al2 4e 173 2/3 0.04340(5) 1
A3 6h 0.5427(5) 2% 1/4 0333

Table 3: Chemical composition determined by SEM/EDX. The standard
deviations are +2 at.%.

Compound Eu (at.%) Al (at.%) Pt (at.%) T (at.%)
Ideal composition 8.7 65.2 21.7 43
EU,Als(Pts/sPd/6)s 10 63 24 3
EusAly5(Pts/elryse)s 9 64 24 3
EuoAlis(PtseAu1/6)s 9 63 23 5

resistivity and heat capacity measurements [33]. The un-
ambiguous proof has been obtained by “'Eu Masshauer
spectroscopic investigations. An isovalent Ga substitution in
the solid solution Eu,(Al;_,Ga,);Ptg showed that the first
order valence phase transition is shifted towards lower
temperatures for x = 0.05. For x = 0.1 the valence phase
transition is already suppressed and traces of the antifer-
romagnetic transition reported for FEu,GasPtg already
emerge [36].

Three different solid solutions were investigated to modify
the prototypic EuzAlisPtg. In contrast to Euy(Al ,Ga,)isPts,
the substitution happens there on the Pt position. By the formal
isovalent substitution of Pt by Pd, a similar situation as shown
for Euy(AlyesGagoshsPts is obtained. The magnetic data of
EwAljs(PtssPdyg)s is shown in Figure 3. As for the Ga-
substituted compound, the valence phase transition is shifted
to lower temperatures (Tyans = 42 K) for Eu,Alj5(PtssPdysg)s.
The shift of the first order valence phase transition is subtle
but clearly visible in the first derivative of the magnetic
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susceptibility y measured at 10 kOe in ZFC (zero-field-cooled)
mode (Figure 3, top and inset middle). Also, the low field
measurement recorded at 100 Oe shows the characteristic
“bump” (Figure 3, middle). Finally, the magnetization iso-
therms recorded at 50 and 100 K are linear, in line with a
paramagnetic system, while the ones at 4 and 10K are
curved (Figure 3, bottom) as an effect originating from Eu®’,
as observed for Eu,AljsPtg [33]. The effective magnetic
moment obtained from a Curie-Weiss fit between 100 and
300K results in geg = 7.77(D g in line with Eu®'
(Ucate = 7.94 pg) [4].

To the contrary, the magnetic data of EuzAly5(Ptsslrye)s
shows a different behavior (Figure 4). In this case the
temperature of the valence phase transition is shifted to
higher values of Tiyans = 52 K as observed from the magnetic
susceptibility data y at 10kOe (ZFC) (Figure 4, top).
Regarding the electronic situation, Eu,Aljs(Ptsslrisels
has one electron less compared to the pure platinum
compound. This electron deficiency seems to be a possible
reason for the shift of the valence phase transition tem-
peratures. Low field measurements in ZFC/FC mode
(100 Oe) also confirm the shift in temperature (Figure 4,
middle) and the absence of magnetic ordering at low
temperatures. Only the magnetization isotherm recorded
at 100 K shows a clear linear trace. The ones at 4 and 10 K
are visibly curved while the 50 K isotherm only shows a
slight deviation from linearity (Figure 4, bottom). The
effective magnetic moment is ey = 7.80(1) yg, again in
line with Eu®" (iea = 7.94 i) at high temperatures.
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Figure 3: Magnetic properties of Eu,Al;5(Pts/sPdy/6)e: (top) magnetic
and inverse magnetic susceptibility measured at 10 kOe in ZFC
(zero-field-cooled) mode, (middle) magnetic susceptibility measured in
ZFC/FC (zero-field-cooled/field-cooled) mode at 100 Oe, (inset) zoom and
first derivative, (bottom) magnetization isotherms recorded at 7=4,10, 50
and 100 K.

The magnetic data of Eu,Al;s(PtssAuye)s is shown in
Figure 5. No obvious valence phase transition can be
detected both in the magnetic susceptibility data y at 10 kOe
(ZFC) (Figure 5, top) and in the low field measurements
in ZFC/FC mode (100 Oe) (Figure 5, middle). Only in the
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Figure 4: Magnetic properties of Eu,Aly5(PtssIrye)s: (top) magnetic and
inverse magnetic susceptibility measured at 10 kOe in ZFC (zero-field-
cooled) mode, (middle) magnetic susceptibility measured in ZFC/FC (zero-
field-cooled/field-cooled) mode at 100 Oe, (bottom) magnetization
isotherms recorded at T = 4, 10, 50 and 100 K.

magnetization isotherm a curvature is visible in the 4K
isotherm with the values at 80 kOe being smaller compared
to the 10K isotherm (Figure 5, bottom) giving a hint for a
valence phase transition at significantly lower tempera-
tures. In addition, the high- and low-field measurements
show a small bent around 10 K and the 4 K magnetization
isotherm exhibits a steep increase at low fields. Both facts
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Figure 5: Magnetic properties of Eu,Al;s(Pts/sAuy6)e: (top) magnetic
and inverse magnetic susceptibility measured at 10 kOe in ZFC
(zero-field-cooled) mode, (middle) magnetic susceptibility measured in
ZFC/FC (zero-field-cooled/field-cooled) mode at 100 Oe, (bottom)
magnetization isotherms recorded at 7 = 4, 10, 50 and 100 K.

point to a ferromagnetic transition which is probably
originating from an impurity due to its weakness.
Eu,Als(PtssAuys)s has one electron more than Eu,AlsPts
and two electrons more than EupAljs(Ptselrye)s. This
additional electron seems to suppress/hamper the valence
phase transition as it possibly fills states that are needed
for the delocalization of the electron when Eu?* turns into
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Eu®’. Again, the effective magnetic moment (e = 7.43(1) )
points towards Eu** (ucaic = 7.94 up) at high temperatures.

4 Conclusions

The solid solutions Eu,Alys(Pty_,Ty)e with T = Pd, Ir and Au
have been synthesized from the elements via arc-melting.
For x = 1/6, phase-pure samples have been obtained as
characterized by powder X-ray diffraction as well as scan-
ning electron microscopy coupled with energy-dispersive
X-ray spectroscopy. Magnetic susceptibility measurements
clearly indicate that for T = Pd and Ir the expected valence
phase transition can be observed, however, with respect to
Eu,Al;sPtg (Tirans = 45 K) shifted to alower temperature in the
case of EuyAlys(Pts/gPdyje)s (Tirans = 42 K). EupAlys(Ptsjslrye)s in
contrast shows a valence phase transition temperature of
Tirans = 52K Eu2A115(Pt5,6Au1,6)6 ﬁnally exhibits no Clearly
visible transition temperature. The observed changes in the
transitions temperatures Tya,s can be explained by the
changes in the (electronic) structure as the valence electron
concentration changes for T = Ir and Au with respect to the
prototype Eu,Al;sPtg. For T = Pd only structural distortions
take place, however these observations are in line with
literature data as Eu,(Al;_,Ga,);sPtg shows a similar
behavior for small values of x.
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V. New Intermetallic Aluminum Compounds with a Trivalent Cationic Species

1. Introduction

Besides the alkaline earth and europium containing MAlsPt3 and M>AlisPto compounds also the
respective cerium compounds exist. Due to the difference in electron count and the ionic radii
of the cerium compared to the europium and strontium, it led to the investigation on which rare
earth elements also form these two structures alongside their magnetic properties.

The investigations led to the extension of the MAIlsPt; series with M =Y, La-Nd and Sm, Gd-
Er, whereas the M>Ali¢Pty series only exists for M = La-Nd and Sm, Gd. The MAIsPt3
representatives structures crystallize isotypic to the Sr, Ce and Eu phases in the YNisSis type
structure with space group Pnma. The compounds with Y, Pr and Gd could be obtained X-ray
pure, whereas the samples with La formed large amounts of LazAl;sPto, the remaining samples
exhibit small quantities of AlPt; present in the powder X-ray diffraction patterns.
Semiquantitative analysis of NdAIsPts, GdAlsPt; and ErAlsPt; were performed via energy
dispersive X-ray spectroscopy showing good agreement of the composition with the
stoichiometric values. On the phases containing Y, Ce-Nd and Gd-Ho magnetic measurements
were conducted, YAlsPt; shows the expected Pauli-paramagnetic behavior, whereas the other
compounds with trivalent RE species exhibit Curie paramagnetism. An antiferromagnetic
transition was observable for the Nd, Gd-Ho containing compounds. The structure exhibits five
Al sites, which could be confirmed with 2’Al NMR measurements on YAlsPt;. Also, XPS
measurements of the yttrium compound were recorded, but due to the surface oxidation, no
useful information could be gained. Lastly a bonding analysis via quantum chemical
calculations was performed showing, as in the alkaline earth phases, the charge transfer of the
Y atoms to the Pt atoms, in which also the Al atoms exhibit a positive charge.

As for the M>Ali6Pty series, all samples formed the corresponding MAlsPt; as well as the Al;Pt>
as side products. Due to the side phases, no magnetic properties could be measured. Single
crystal studies of the La and Eu containing compounds were conducted, showing isotypism
with CezAlisPto. Additionally, the lanthanum compounds experienced mixed occupancy on the
AlS position by 3% with Pt atoms, leading to a refined sum formula of LaAli5.95(1)Pto.05(1). Heat
treatment experiments on the La sample showed that La;Ali6Pto peritectically decomposes into

LaAlsPt; and AlsPt,
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2. Trivalent Compounds in the MAIsPt; Series

Collaborations to disclose: In this chapter the trivalent compounds from the paper “Synthesis,
magnetic and NMR spectroscopic properties of the MAlsPt; series (M = Ca, Y, La-Nd, Sm-Er)”
are summarized (Dalton Trans. 2024, 53, 12176-12188). E. C. J. GieBelmann measured and
interpreted the 2’Al NMR spectra, L. Schumacher provided the magnetic property
measurements, Prof. Dr. Y. Zhang performed the bonding analysis via the quantum chemical
calculations and PD Dr. F. Miiller performed the XPS analysis. PD Dr. O. Janka along with the

aforementioned people worked on the manuscript.

After the recent report of the existence of EuAlsPt;*! and the discovery of the Sr containing
compounds!” in the scope of this thesis alongside the literature known cerium compound
CeAlsPt3,1% an investigation was performed, which RE compounds in the MAlsPt; series exist.
Figure 3.43 shows the melting bead of LaAlsPt; with prominent needle shaped crystals. The
series could be extended from Ce and Eu to Y, La-Nd, Sm and Gd-Er in which the Y, Pr, Gd can
be obtained X-ray pure. Lattice parameters of all structures are summarized in Table 3.10. In
the cases of the La and Sm compounds, both form the corresponding M>Ali6Pty phase during
the reaction, whereas the remaining samples formed trace amounts of Al;Pt> (AI3Ni2 type,
P3m1)." When looking at the lattice parameters and cell volumes, the lanthanide contraction
becomes visible, which causes a decrease in cell volume due to the smaller ionic radii of the
RE element with La possessing the largest radius decreasing continuously to Er, as long as all
the rare earth elements are trivalent. In the case of the europium compound (discussed in
Chapter 3.a.I), the unit cell volume is significantly enlarged and similar to the strontium
compound, suggesting that the europium is divalent. To affirm the structure being isotypic to
CeAlsPts, single crystal studies on ErAlsPt; were performed, resulting in an orthorhombic
structure with space group Pnma and confirmed the isotypism with CeAlsPt; and isopointalism
to the YNisSi3 type structure. ErAlsPt; exhibits one Er, three Pt and five Al positions with
interatomic ranging from d(Er—Al) = 318-349 pm, d(Er—Pt) = 316-317 pm, d(Al-Al) = 272-
343 pm, d(Al-Pt) = 247-270 pm and d(Pt-Pt) = 308 pm. The found distances are in line with
the ones found in the ternary compounds Ero.67AlsPt2 (ScosFe2Siao type, P63/mmc): d(Er—Al) =
154-334 pm, d(Er-Pt) = 339 pm, d(Al-Al) = 267-289 pm, d(Al-Pt) = 249-267 pm,!83 ErAlPt
(TiNiSi type, Pnma): d(Er—Al) = 286-303 pm, d(Er—Pt) = 304-330 pm, d(Al-Pt) =257-268 pm,
d(Pt-Pt) = 306 pm,23* EuAl,Pt (MgAL>Cu type, Cmcm): d(Er-Al) = 307-332 pm, d(Er-Pt) =

186



297-298 pm, d(Al-Al) = 267-311 pm, d(Al-Pt) = 251-262 pm,?35 ErAlsPt, (YAl:Pt; type,
Cmmm): d(Er—Al) = 328-347 pm, d(Er—Pt) = 300-316 pm, d(Al-Al) =274-279 pm, d(Al-Pt) =
253-343 pm, d(Pt-Pt) = 300 pm,?3¢ ErAl>Pts (ZrAlsNi, type, [4/mmm): d(Er—Pt) = 287-301 pm,
d(Al-Al) = 290 pm, d(Al-Pt) = 243-264 pm, d(Pt-Pt) = 243-302 pm,?3” ErsAl24Pte (own type,
P1): d(Er—Al) = 304-319 pm, d(Er—Pt) = 326-350 pm, d(Al-Al) = 264-335 pm, d(Al-Pt) = 250-
275 pm®® and ErsAlPt (GdslnRh type, F43m): d(Er—Al) = 319-342 pm, d(Er-Pt) = 277-
341 pm, d(Al-Al) = 309 pm?*® as well as for the binary compounds ErAl, (MgCus type, Fd3m):
d(Er-Al) = 323 pm, d(Al-Al) = 276 pm,?*® ErAl; (CuszAu type, Pm3m): d(Er—Al) = 298 pm,
d(Al-Al) = 298 pm,24! ErAl (DyAl type, Pbcm): d(Er—Al) = 302-350 pm, d(Al-Al) = 265-
279 pm,**? EnAl (Co:Si type, Pnma): d(Er-Al) = 304-347 pm,2¥ Er;Al, (Zr:Al type,
P4y/mnm): d(Er-Al) = 293-323 pm, d(Al-Al) = 287-314 pm,?** ErPt, (MgCu; type, Fd3m):
d(Er-Pt) = 314 pm, d(Pt—Pt) =268 pm,2°6 ErPt; (CusAu type, Pm3m): d(Er-Pt) = 286 pm, d(Pt—
Pt) = 286 pm,245 ErAls (CaCus type, P6/mmm): d(Er-Pt) = 304-344 pm, d(Pt-Pt) = 263-
304 pm?*¢ and ErPt (FeB type, Pnma): d(Er—Pt) = 278-305 pm, d(Pt-Pt) = 258 pm.?*” Due to
the similarity of the Al-Pt distances with the alkaline earth containing compounds of the series,
so the same structural bonding behavior and structural motifs can be assumed. To validate the
structure of the series, a 2’Al MAS NMR spectrum of the yttrium containing compound was
recorded, showing exactly five different signals corresponding to the number of independent
Al positions present in the structure. To investigate the bonding, quantum chemical calculations
were performed. The resulting DOS of YAIsPts is shown in Figure 3.45 and indicates a metallic
character of the compounds, due to the high number of states at the fermi level, which is in line
with the metallic silvery appearance of the sample. The ICOHP values alongside the Bader
charges show that the majority of COHP values originate from the Al-Pt interaction followed
by the homoatomic Al-Al interactions which supports the assumption of the polyanionic
network inside the structure.

Energy dispersive X-ray spectroscopy measurements were performed on NdAlsPt;, GdAlsPt3
and ErAlsPts, the overall results show a good agreement with the ideal composition (Table
3.11).

The powder X-ray diffraction pattern of NdAlsPts (YNisSiz type, Pnma, a = 2059.92(1), b =
412.054(3), ¢ = 729.261(5) pm) showed only a small amount of Al;Pt> (Al3Niz type, P3m1, a =
421.56(3), c=515.12(7) pm)**3 as side phase, the binary compound does not exhibit a magnetic
moment, so that the magnetic moment of YAlsPt3 could be investigated by Lars Schumacher at
the University of Miinster. The field-cooled and zero-field-cooled measurements show an

antiferromagnetic ordering at 7n = 5.1 K for the neodymium compound, the yttrium compound
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is Pauli-paramagnetic. The effective magnetic moment of Nd is 3.82 ug, which is in line with

the magnetic moment of free Nd** ion with 3.62 pg (Fig. 3.44).

Table 3.10: Lattice parameters and unit cell volumes of REAIsPt; (RE =Y, La-Nd, Sm, Gd-Er)
with the YNisSis type structure, Pnma, Z = 4.

Compound a (pm) b (pm) ¢ (pm) V (nm?®)
YAIsPt;? 2052.8(1) 406.7(1) 728.7(1) 0.6084
LaAlsPt;? 2068.7(1) 415.5(1) 732.2(1) 0.6293
CeAlsPt;? 2063.9(1) 414.0(1) 730.1(1) 0.6239
CeAlsPt;1%6 2065.1(4) 413.81(8) 728.42(15) 0.6225
PrAlsPt;? 2061.4(2) 413.0(1) 729.6(1) 0.6212
NdALsPt;? 2059.9(1) 412.1(1) 729.3(1) 0.6191
SmAI;sPt:? 2057.0(1) 410.2(1) 728.5(1) 0.6148
GdALsPt; 2055.3(2) 408.7(1) 728.3(2) 0.6117
TbAIsPt;” 2052.9(1) 407.7(1) 728.2(1) 0.6095
DyAlsPt;? 2051.5(1) 406.7(1) 728.5(1) 0.6079
HoAlsPt;? 2050.4(1) 405.9(1) 729.1(1) 0.6067
ErAlsPts? 2048.4(1) 405.1(1) 729.3(1) 0.6052
ErAlsPt;5¢ 2045.82(6) 404.40(1) 728.45(2) 0.6027

SCsingle crystal, ” powder

Table 3. 11: EDX data of trivalent members of the REAIsPt; series (RE = Nd,
Gd, Er) with standard deviations of +2 at.-%.

Compound Ideal P1 P2 P3 mean
Nd: 11.1 10 11 9 10
NdAIsPt; Al: 55.6 56 54 57 56
Pt: 33.3 33 35 34 34
Gd: 11.1 10 12 10 11
GdAIsPt; Al: 55.6 59 51 53 54
Pt: 33.3 31 37 37 35
Er: 11.1 10 10 11 11
ErAlsPts Al: 55.6 59 57 56 57
Pt: 33.3 31 33 33 32

Figure 3.43: Melting bead of LaAlsPt; with
prominent single crystal growth.
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1 Introduction

Synthesis, magnetic and NMR spectroscopic
properties of the MAIsPt; series (M = Ca, Y, La—Nd,
Sm—Er)t

Stefan Engel, ©2? Elias C. J. GieRelmann,
Frank Muller® and Oliver Janka (9 *®

C

2 Lars Schumacher, (2 ° Yuemei Zhang,

Following recent investigation in the ternary system Sr—Al—Pt led to the discovery of SrAlsPts which crys-
tallizes in the orthorhombic YNisSis type (Pnma) structure. Interestingly, only two more aluminum repre-
sentatives, CeAlsPts and EuAlsPts, have been reported to adopt this structure type. Therefore, we decided
to investigate the existence range of compounds adopting the YNisSiz type structure. 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
CaAlsPts and LaAlsPts also the respective M,Al;Ptes members were observed, the other compounds could
be obtained either as X-ray pure materials or with small amounts of AlzPt; as a side phase. The structure
of ErAlsPt; could be refined from single crystal data, verifying that also the small rare-earth elements
adopt the YNisSiz type structure. Selected members of the series were furthermore characterized by mag-
netization and susceptibility measurements. Since YAlsPts could be obtained as a phase pure material and
exhibits no paramagnetic behaviour it was investigated by “’Al 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.

However, the lowest state is only solely considered when the
separation of the multiplet components is sufficiently large

Cerium, europium and ytterbium intermetallics often exhibit
interesting physical properties due to their two possible oxi-
dation states. For cerium Ce®' ([Xe] 4f") and Ce*" ([Xe] 4f") are
known while europium exhibits Eu®" ([Xe] 4f®) and Eu*” ([Xe]
4f7) and ytterbium Yb** ([Xe] 4f") and Yb*" ([Xe] 4f'*). Of
these, Ce** and Yb®" are diamagnetic due to their empty and
full 4f shell, respectively."® Eu®" has a half-filled 4f shell (5 = 7/
2, isoelectronic to Gd**) and therefore exhibits a high magnetic
moment of pheo = 7.94u. For Eu®* (§ = 3, L = 3) in total seven
states of the multiplet “F, exist with the ground state being "F,.
The ground state is diamagnetic due to spin-orbit coupling.
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compared to k7. Therefore, the contributions of the different
components of the multiplet have to be taken into account for
higher temperatures. The paramagnetic susceptibility can be
expressed with the help of the Van Vleck theory.* The avail-
ability of a second oxidation state, however, can result in
numerous interesting physical phenomena. Static mixed
valence states can be found (Eu;04,*° Eu,S,,” or EuPPt®) as
well as intermetallic valence fluctuation materials (e.g
CeAl, ™' Yb,Ga,,Pty,"'  CeMo0,Si,C,"*  CeAlRu,_,Ni,,"’
Ce,Sn;Rh;,"* CeCu,Si,,"> EuCu,Si,,">'® YbCu,Si, '°). A rather
rare feature is a temperature or pressure dependent valence
phase transition. Well known transitions of this type are e.g.
the ones from metallic a-Ce to y-Ce,'” where electron localiz-
ation takes place, accompanied by a drastic volume effect. In
EuPPt,'® EuCo,As, and YbAl, pressure dependent shifts of the
Eu/Yb valence are observed.'™*® Finally, CeNi,_,Co,Sn,”" and
Yb, _,In,Cu,>*>2* exhibit at least partial temperature dependent
valence phase transitions. EuSi,Pd,,**® EuSi,(Ir,_,Pd,),,*
EuSi,(Pd;_,Au,),,>® Eu,AlsPt;*° and YbALPd,?° all show
valence phase transitions in different expressions. Some review
articles summarize at least some aspects of intermetallic
cerium,”*° europium®” and ytterbium®® intermetallics.

This journal is @ The Royal Society of Chemistry 2024
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Recently, we reported on a new compound in the ternary
system Sr-Al-Pt, SrAl;Pt;,** which adopts the orthorhombic
YNi;Si; type structure (Pnma).* It is furthermore isostructural
to CeAl;Pt; and EuAl;Pt;. The europium compound shows
antiferromagnetic ordering and an interesting change in elec-
tronic states under pressure.”' Since three compounds are
known to crystallize in the same structure type, the question
arose if other rare-earth or alkaline-earth members can be syn-
thesized. Here we report that the series could be extended to
Ca, Y and La-Nd as well as Sm-Er. All compounds were syn-
thesized from the elements and characterized by powder X-ray
diffraction. The structure of ErAl;Pt; was refined from single
crystal data, YAl:Pt; was investigated by *’Al MAS NMR
measurements. Furthermore, XPS measurements were con-
ducted on YAl;Pt; and Al;Pt, and quantum-chemical calcu-
lations supported the NMR measurements and gave an insight
into the chemical bonding and the charge distribution.

2 Experimental
2.1 Synthesis

All members of the MAI;sPt; series were prepared from the
elements using calcium pieces (Onyxmet), rare earth ingots
(Onyxmet), platinum (Agosi AG) and aluminum pieces
(Onyxmet), all with stated purities above 99.5%. Samples were
prepared on a 100 to 150 mg scale. The early rare earth
elements were stored under an argon atmosphere in a dry box
(MBraun, Garching, Germany). In all cases, the starting
materials were arc-melted"” in a custom build arc-melting
apparatus in a water-cooled copper hearth under 800 mbar
argon pressure using the ideal ratios of M:Al: Pt (1:5:3). To
achieve homogeneous samples, the arc-melting was repeated
three times and the buttons were turned over in between. For
calcium and europium, the pieces were wrapped in aluminum
foil (Alujet, Mammendorf, Germany). In all cases, no signifi-
cant evaporation was observed, as determined by weighing the
arc-melted beads after the reaction. The argon gas was purified
over a titanium sponge (873 K), molecular sieves, activated
carbon and silica gel prior to the use. Subsequently, the
samples were enclosed in evacuated silica tubes and annealed
in muffle furnaces. They were heated to 973 K within two
hours and then kept at this temperature for 14 days.
Afterwards they were cooled to room temperature with 2 K h™".
All samples are metallic, ground powders (particle size
>100 pm) are grey and insensitive to air over months.

2.2 X-ray diffraction

The pulverized samples were investigated at room temperature
on a DB8-A25-Advance diffractometer (Bruker, Karlsruhe,
Germany) in Bragg-Brentano #-6-geometry (goniometer radius
280 mm) with Cu K,radiation (4 = 154.0596 pm). Diffraction
patterns were recorded between 6 and 130° 26 with a step size
of 0.013° and a total scan time of 1 h. A 12 pm Ni foil working
as Kj filter and a variable divergence slit were mounted at the
primary beam side. A LYNXEYE detector with 192 channels

This journal is © The Roval Society of Chemistry 2024
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was used at the secondary beam side. The recorded data was
evaluated using the Bruker TOPAS 5.0 software,™ with the
observed reflections being treated via single-line fits. The
refined lattice parameters are given in Table 1. Powder patterns
of all samples are depicted in Fig. S1-512.F

Lath shaped crystal fragments of ErAlsPt; were obtained
from the as-cast buttons. The crystals were glued to glass
fibers using beeswax. An intensity data set of a suitable crystal
was collected at room temperature using a Bruker X8 APEX2
diffractometer (Bruker, Karlsruhe, Germany). A multi-scan
absorption correction using SadABS"® was applied to the data
set. All relevant crystallographic data, deposition and details of
the data collection and evaluation are listed in Tables 2-4.

CSD 2349082 contains the supplementary crystallographic
data for this paper.t

2.3 Scanning electron microscopy

The powdered bulk samples of NdAl;Pt;, GdAl;Pt; and
ErAlsPt; were attached to a sticky carbon tape and semiquanti-
tatively analyzed in a JEOL 7000F (Jeol, Freising, Germany)
scanning electron microscope (SEM) equipped with an EDAX
Genesis 2000 energy-dispersive X-ray spectroscopy (EDX) detec-
tor (EDAX, Unterschleissheim, Germany). Results are listed in
Table 5.

2.4 Magnetic measurements

Annealed pieces or powder of the respective X-ray pure
REAI;Pt; (RE = Y, Ce-Nd, Gd-Ho) samples were attached to the
sample holder rod of a Vibrating Sample Magnetometer (VSM)
using Kapton-foil or PE capsules for measuring the magnetiza-
tion M(H,T) in a Quantum Design Physical Property

Table 1 Lattice parameters (powder, single crystal and literature data),
and unit cell volumes of the members of the MAIsPts series as well as
selected structurally related compounds

Compound  a(pm) b (pm) c(pm) v(nm®)  Ref.
CaAl;Pt, 2050.3(1)  409.0(1)  736.4(1) 0.6175  °
SrAlsPt;"%  2065.04(7)  413.74(1)  738.98(3)  0.6314 39
SrAlPt;"*  2067.07(6) 414.16(2)  739.88(3) 0.6334 39
YAL;Pt,” 2052.8(1) 406.7(1) 728.7(1) 0.6084 @
LaAl;Pt;" 2068.7(1)  415.5(1)  732.2(1) 0.6293 ¢
CeAlsPts" 2065.1(4)  413.81(8)  728.42(15) 0.6225 40
CeAl;Pt;" 2063.9(1)  414.0(1)  730.1(1) 0.6239  °
PrAl;Pt;” 2061.4(2)  413.0(1)  729.6(1) 0.6212  °
NdAL;Pt;" 2059.9(1)  412.1(1)  729.3(1) 0.6190  “
SmAIl,Pt,” 2057.0(1) 410.2(1) 728.5(1) 0.6148 @
EuAl;Pt;" 2066.2(3)  412.58(6) 738.16(11)  0.6293 41
GdAl;Pt," 2055.3(2)  408.7(1)  728.3(2) 06117  °
ThAl;Pt;" 2052.9(1)  407.7(11)  728.2(1) 0.6095  “
DyAl;Pt;" 2051.5(1)  406.7(1)  728.5(1) 0.6079 ¢
HoAl:Pt,"  2050.4(1)  405.9(1)  729.1(1) 0.6067  “
ErAl;Pt;" 2048.4(1) 405.1(1) 729.3(1) 0.6052 @
ErAl;Pt;°°  2045.82(6)  404.40(1)  728.45(2)  0.6027 ¢
CaGasPt;"  2082.5(4)  406.05(8)  739.2(1) 0.6251 44
SrGasPt;" 2092.3(1)  413.16(2) 740.88(3)  0.6404 45
BaGasPt;"  2104.8(2)  420.15(4) 747.7(1) 0.6612 44
BaGa;Pt;"  2104.3(2)  420.11(5) 747.80(8)  0.6611 45
EuGasPt;" 2085.5(5) 412.75(9)  738.7(1) 0.6359 44

“This work; " literature data; ” powder data; 5 single crystal data.

Dalton Trans., 2024, 53,12176-12188 | 12177
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Table 2 Crystallographic data and structure refinement for ErAlsPts
(YNisSis type, space group Pnma, Z = 4)

Table 4

View Article Online

Dalton Transactions

Interatomic distances (pm) in of ErAls;Pts (YNisSiz type, space
group Pnma). All distances of the first coordination spheres are listed.

Standard deviations are equal or smaller than 0.2 pm

CSD number 2349082
Sum formula ErAl;Pts Er 2 Pt3 315.5 All 1 Pt1 251.4
Formula weight, g mol ™’ 887.4 2 Pt1 316.2 1 Pt2 263.4
Lattice parameters see Table 1 2 Pt2 317.2 2 Pt1 264.1
Caled density, g em™ 9.78 1 Als 318.0 2 Als 274.3
Crystal size, pm’ 120 x 40 x 30 2 Al2 321.4 2 All 278.6
Diffractometer Bruker X8 APEX2 1 Al3 337.8 1 Al4 306.9
Wavelength; 4, pm 0.71073 2 All 337.8 Al2 1 Pt3 252.1
Absorption correction Multi-scan 2 Al3 338.2 1 Pt1 258.9
Bruker SadABS 1 Al4 348.9 2 Pt3 260.0
Abs. coefficient, mm™" 83.8 1 All 352.4 1 Al3 280.4
F(000), e 1468 1 Al2 357.3 2 Al3 287.1
 range, ° 2.97-33.15 Pt1 1 Al5 246.9 2 Al4 293.3
Range hkl =31, +21; £6; —10, +11 1 All 251.4 Al3 1 Pt3 247.2
Total no. reflections 8867 1 Al2 258.9 1 Pt2 251.9
Independent reflections/R;,, 1279/0.0636 2 Al4 263.6 2 Pt3 255.0
Reflections I > 36(1)/Rs 950/0.0494 2 All 264.1 1 Al2 280.4
Data/parameters 1279/56 1 Pt2 308.4 2 Al2 287.1
Goodness of fit on I 1.09 Pt2 2 Al5 248.4 2 Al4 310.7
Ry/WR, for I > 3a(I) 0.0291/0.0594 1 Al3 251.9 Al4 1 Pt3 251.3
Ry/WR, (all data) 0.0457/0.0650 1 Al5 252.2 2 Pt1 263.6
Extinction coefficient 31(7) 1 Al 263.4 2 P2 269.9
Extinction scheme Lorentzian isotropic’ 2 Al4 269.9 1 Als 284.4
Larg. diff. peak/hole, e A~ +3.64/—2.64 1 Pt1 308.4 2 Al2 293.3
Pt3 1 Al3 247.2 1 All 306.9
1 Al4 251.3 2 Al3 310.7
1 Al2 252.1 2 Al5 342.7
Measurement System (PPMS2) or a Quantum Design PPMS 2 Al3 255.0 Al5 1 pt1 246.9
DynaCool system. All samples were investigated in the temp- 2 Al2 260.0 2 p2 248.4
erature range of 3-300 K or 1.9-300 K with applied external ; i}? ;;éi
magnetic fields of up to 80/90 kOe. The results of the magnetic 2 All 274.3
1 Al4 284.4

measurements are given in Table 6.

2.5 Al solid-state NMR spectroscopy

The *’Al MAS-NMR spectra of YAI;Pt; were recorded at
104.31 MHz on an Avance III 400 WB spectrometer (Bruker,
Billerica, US; 9.4 T) using magic-angle spinning (MAS) con-
ditions. The sample was ground to a fine powder and mixed
with an appropriate amount of NaCl (sample : NaCl = 1:9), to
reduce the density and the electrical conductivity of the
sample. The diluted sample was loaded into a cylindrical ZrO,
rotor with a diameter of 4 mm and spun at the magic angle
with a frequency of 10/13 kHz. A single-pulse experiment with
a typical pulse length of 0.83 ps and a relaxation delay of 1 s

Table 5 SEM-EDX data of selected members of the REAlsPt; series.
Standard deviations are +2 at%

Compound RE (at%) Al (at%) Pt (at%)
Ideal composition 11.1 55.6 33.3
NdAI;Pt; 10 55 35
GdAl;Pt; 11 53 36
ErAlsPt; 11 55 34

Table 3 Atomic coordinates and displacement parameters (in pm?) of ErAlsPts (YNisSis type, space group Pnma, all atoms on Wyckoff positions 4c¢:

x, 1/4, z)

Atom x z Uy, Us, Uss Uys Ueg
Er 0.36014(3) 0.87991(8) 81(3) 74(3) 101(3) 7(2) 85(3)
All 0.0076(2) 0.3702(5) 57(2) 67(2) 71(3) -1(2) 65(2)
Al2 0.2011(2) 0.6766(5) 54(2) 60(2) 82(2) 1(2) 63(2)
Al3 0.2081(2) 0.0610(5) 70(2) 50(2) 69(2) 1(2) 63(2)
Al4 0.3809(2) 0.3553(5) 55(17) 54(18) 68(18) -5(13) 59(18)
Al5 0.4842(2) 0.6168(5) 70(17) 79(19) 47(18) —6(13) 65(18)
Pt1 0.07482(2) 0.65917(7) 73(17) 36(18) 78(19) 16(14) 62(18)
Pt2 0.08523(2) 0.08160(7) 24(16) 18(16) 76(18) 5(13) 39(17)
Pt3 0.25819(2) 0.36976(7) 57(17) 69(18) 87(19) —1(14) 71(18)

“The isotropic displacement parameter Ueq is defined as: Ueq = 1/3 (Uyy + Upp + Uss) (pmz); U,» = U3 = 0. Standard deviations are given in

parentheses.
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Table 6 Physical properties of the REAlsPt; (RE = Y, Ce—Nd, Gd—Ho) series: Ty, Néel temperature; pey, effective magnetic moment; tipeo, theore-
tical magnetic moment; dp, paramagnetic Curie temperature; H.., critical field for meta-magnetic transition; psa., experimental saturation magneti-

zation; g, x J, theoretical saturation magnetization

Compound Ty (K) Het (4s) Hiheo (15) p (K) Herie (kO€) Hsat ((p/RE™) g% J (1/RE™")
YAI;Pt; Pauli-paramagnetic, non-superconducting, (300 K) = +8.63(1) x 10~° emu mol™"

CeAlsPt, — 2.76(1) 2.54 —41(1) — 0.99(1)" 2.14

Pral;Pt; — 3.69(1) 3.58 -13(1) 4.4(1) 2.28(1)" 3.20

NdAI;Pt; 5.1(1) 3.82(1) 3.62 +18(1) 26.7(1) 2.98(1)" 3.27

GdAI;Pt; 8.7(1) 7.99(1) 7.94 -7(1) — 2.98(1)* 7

TbAI;Pt, 15.3(1) 9.49(1) 9.72 +16(1) 33.2(1) 5.36(1)" 9

DyAl;Pt; 5.8(1) 10.83(1) 10.65 +9(1) 9.8(1) 7.85(1)" 10

HoAl;Pt; 2.4(1) 10.95(1) 10.61 +19(1) 5.1(1) 8.78(1)" 10

“1.8 K, 90 kOe. ¥ 3 K, 80 kOe.

Table 7 Summary of the NMR observables of YAlsPts, extracted from
the DMFit simulation of the Al MAS-NMR spectra with 5 being the
resonance (in ppm), Cq the quadrupolar parameter (in kHz), 5o the
asymmetry parameter and G/L the Gaussian to Lorentz ratio.
Theoretically calculated values from DFT are given with the subscript
calc

Site 8 FWHM Cq,cale HQ,theo
Signal 1 693 31 —_ —
Signal 2 642 24 - —
Signal 3 602 13 — —
Signal 4 567 17 — —
Signal 5 510 14 — —
Al (4c) — — —2484 0.771
Al2 (4c) — — —-1642 0.523
Al3 (4¢) — — -2302 0.425
Al4 (4c) — — +3819 0.519
Al5 (4¢) — — +5487 0.690

was conducted. Resonance shifts were referenced to aqueous
1 molar AICl; solutions. The NMR-spectra were recorded using
the Bruker TOPSPIN software,’® the analysis was performed
with the help of the DMFIT program package.*® The extracted
data is compiled in Table 7.

2.6 X-ray photoelectron spectroscopy (XPS)

For XPS experiments an ESCALab Mk II spectrometer by Vacuum
Generators with non-monochromatic Al-K, radiation (ke =
1486.6 eV) was used. The original 150°-type hemispherical ana-
lyzer with a three channeltron detector system was replaced by
a 180°-type PreVac EA 15 analyzer with a multichannelplate
detector. All spectra were recorded in normal emission mode
(polar angle 8 = 0°) at a pass energy of 50 eV for survey spectra
and 20 eV for detail spectra. The step widths in binding energy
were 1.0 eV for survey spectra and 100 meV for detail spectra.
Powders of Al;Pt, and YAl;Pt; were pressed to pellets (dia-
meter approx. 4 mm) and glued by a conductive carbon tape

on an Al sample holder (diameter slightly lower than 4 mm to
avoid spectral features from the sample holder and the tape).
Due to the strong charging of the Al;Pt, and YAl;Pt; samples
the C 1s peak was used for calibration of the binding energy
Ej, e. all spectra were shifted in binding energy by A = Eg(C 1s) —
Ex(C 1Snopg) With Eg(C 1shopg) = 284.3 eV as probed on an
in situ cleaved HOPG sample (Highly Oriented Pyrolytic
Graphite). Pt 4f and Al 2s reference spectra were recorded on a
sample from a Pt foil (cleaned by Ar ion etching) and an Al
sheet (with the oxide only partially removed by Ar ion etching),
respectively.

2.7 Quantum-chemical calculations

Density functional theory (DFT) calculations of YAl;Pt; were
performed using the projector augmented wave method (PAW)
of Blochl’®*! coded in the Vienna ab initio simulation package
(VASP).”>>? All VASP calculations employed the generalized gra-
dient approximation (GGA) with exchange and correlation
treated by Perdew-Burke-Enzerhof (PBE).** The cut-off energy
for the plane wave calculations was set to 500 eV and the
Brillouin zone integration was carried out using 3 x 15 x 9
k-point meshes. NMR parameters were evaluated through the
field gradient tensor calculations in VASP with the nuclear
quadrupole moment of 146.6 mb for *’Al. The Bader charge
analysis was based on VASP calculations with subsequent cal-
culations using the Bader program developed by the
Henkelman group.”” ™ Results of the Bader charge calcu-
lations are listed in Table 8. Chemical bonding was assessed
vig crystal orbital Hamiltonian population (COHP) analysis
using the Stuttgart version of the tight-binding, linear muffin-
tin orbital (TB-LMTO) method with the atomic spheres
approximation.”® Within TB-LMTO, exchange and correlation
were treated using the von Barth-Hedin local density approxi-
mation (LDA). All relativistic effects except for spin-orbit
coupling were taken into account using a scalar relativistic

Table 8 Bader charges in YAlsPt; from non-spin-polarized DFT calculations

YAL;Pt; Y All Al2 Al3

Al4 Al5 Pt1 Pt2 Pt3

Charge +1.25 +0.76 +0.79 +0.91

This journal is © The Royal Society of Chemistry 2024
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approximation.®® The basis sets were 5s/(5p)/4d/(4f) for Y, 6s/
6p/5d/(5f) for Pt, and 3s/3p/(3d) for Al, with orbitals in par-
entheses down-folded.®® The Brillouin zone was sampled by
280 k-points. Results of bonding analysis are summarized in
Table 9.

3 Results

3.1 Powder X-ray diffraction

All samples were prepared with the nominal composition of
MAIsPt; (M = Ca, Y, La-Nd, Sm-Er) in analogy to SrAl;Pt;,*”
EuAl;Pt;,*' and CeAlsPt;.*° The powder X-ray diffraction pat-
terns clearly indicate the formation of the title compounds as
well as them being isostructural to their Sr/Eu/Ce analogues.
Most of the compounds could be obtained as X-ray pure

Table 9 Atomic interactions/distances and their corresponding inte-
grated COHPs (ICOHPs) in eV per bond and eV per fu. of YAlsPts
(YNisSis type, space group Pnma, Z = 4). All interactions/distances of the
first coordination spheres are listed

Interaction Counts Distance ICOHP/bond ICOHP/f.u.
Y-Ptl 2 318.1 —0.65 —-1.30
Y-Pt2 2 319.2 —0.65 —1.30
Y-Pt3 2 318.2 —0.62 -1.23
Y-All 2 339.3 —0.40 —0.81

1 353.3 —0.30 —0.30
Y-Al2 2 322.5 —0.51 —1.02

1 358.5 —0.29 —0.29
Y-AI3 2 336.4 —0.48 —-0.95

1 339.8 —0.37 —0.37
Y-Al4 1 347.6 —0.36 —0.36
Y-Al5 1 319.0 —0.46 —0.46
Sum —8.40 (14.3%)
Pt1-Al1 1 251.9 —=2.19 -2.19

2 264.8 —-1.74 —3.48
Pt1-Al2 1 259.3 —-1.96 —1.96
Pt1-Al4 2 263.7 -1.91 —3.81
Pt1-Al5 1 246.2 —2.25 —-2.25
Pt2-Al1 1 264.0 —1.80 —1.80
Pt2-Al3 1 252.5 —2.36 —2.36
Pt2-Al4 2 270.8 -1.73 —-3.47
Pt2-Al5 2 249.1 —-2.17 —4.35

1 252.1 —2.05 —2.05
Pt3-Al2 1 252.9 —-2.07 —-2.07

2 261.2 —1.81 —-3.63
Pt3-Al3 1 247.7 —-2.21 -2.21

2 255.8 —-1.98 —-3.97
Pt3-Al4 1 250.2 —2.32 —2.32
Sum —39.6 (67.4%)
Pt1-Pt2 1 306.5 —0.65 —0.65
Sum —0.65 (1.10%)
Al1-Al1 2 279.5 —1.09 —-2.19
Al1-Al4 1 306.8 —0.63 —0.63
Al1-Al5 2 275.2 —-1.14 —-2.29
Al2-Al3 1 282.4 —0.84 —0.84

2 288.7 —0.84 —1.68
Al2-Al4 2 292.5 —0.80 —-1.61
Al3-Al4 2 314.0 —0.41 —0.82
Al4-Al5 2 284.8 —0.98 —1.95

1 344.0 —0.07 —0.07
Al5-Al5 2 272.9 —-0.11 —-0.22
Sum —10.1 (17.2%)
Overall ICOHP —58.8
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materials crystallizing in the orthorhombic YNisSi; type struc-
ture (Pnma).®" But especially for lanthanum and calcium,
orthorhombic M,Al,cPty (Immm, Ce,Al,sPty type)®* could be
identified as a side phase. In some cases, also trigonal Al;Pt,
(P3m1, Al3Ni, type)®*®* was observed as binary by-product. In
many cases, annealing led to X-ray pure samples or a drastic
reduction of the Al;Pt, amounts to <2 mass%. Fig. 1 depicts
the trend of the unit cell volumes plotted versus the ionic
radius of the respective metal ions. Most of the rare earth
cations exhibit a trivalent oxidation state, however, europium
and the alkaline earth metals are divalent in these compounds
as can be seen from the significantly larger unit cell volumes.
Also, the isostructural MGasPt; (M = Ca, Sr, Eu, Ba)**® exhibit
slightly larger unit cells as shown in Table 1 and Fig. 1.

3.2 Single crystal X-ray diffraction and structure refinement

Analysis of the obtained single crystal X-ray diffraction data of
ErAl;Pt; revealed an orthorhombic lattice and space group
Pnma was found to be correct. The structure was solved using
the charge flipping algorithm of Superflip® and a least
squares refinement on F* using the program Jana2006 ***” was
carried out. All atomic positions were refined with anisotropic
displacement parameters and as a check for correct compo-
sitions, the occupancy parameters were refined in a separate
series of least-square refinements. All sites were fully occupied
within three standard deviations leading to the targeted com-
positions. Final difference Fourier syntheses were contour less.
From the Pearson database,®® isotypism with CeAlsPt; *° adopt-
ing the YNi;Si; type®" was deduced. In contrast to UFe;As; and
related compounds no twinning was observed.® Details of the
structure determination, atomic parameters and interatomic
distances can be found in Tables 2-4. When looking at the
refined anisotropic displacement parameters (ADP) of the
atoms, Er exhibits a value of 85 pm?, which is larger than the
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Fig. 1 Plot of the unit cell volumes (in nm?) for the MAlsPts series (M =
Ca, Sr, Y, La—Nd, Sm—Er) versus the M"" radius (in pm). Formally divalent

metal atoms are depicted in green, trivalent ones in black, the members
of the gallium series are shown in orange.
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one of Pt and Al. This might be explained by the fact that
ErAl;Pt; is the last compound of this series, leading to the
assumption that the Er atoms rattle inside the cavities of the
polyanionic framework, leading to an increased ADP.

CSD 2349082 contains the supplementary crystallographic
data for this paper.f

3.3 Crystal chemistry

All members of the MAI;Pt; series crystallizes in the ortho-
rhombic crystal system with space group Prma (oP36, ¢°) and
are isostructural with the aluminum representatives CeAl;Pt;,
EuAl;Pt; and SrAlsPt;.>" *' Besides the aluminum compounds
also several gallium compounds MGasPt; (M = Ca-Ba, Eu)****
have been reported, having the corresponding composition.
These compounds, however, should not be considered iso-
structural to the prototypic YNi;Si; structure,® but rather iso-
pointal. Especially since the [Ni;Si;]°~ polyanion exhibits a
different transition metal to main group element ratio, com-
pared to the respective platinides of aluminum and gallium.
Fig. 2a exemplarily depicts the crystal structure of YAl Pt;
as projection along [010]. The Y atoms exhibit a slightly dis-
torted hexagonal prismatic coordination environment with an
alternating arrangement of the Al and Pt atoms within the
hexagon, but a congruent arrangement of top and bottom face
is observed (Fig. 3). The Y@AIPt; form strands along [010] via
condensation of their hexagonal faces. Within the prism, the
interatomic Y-Al distances range between 322 and 342 pm,
while the Y-Pt distances are between 328 and 330 pm.
Both, the Y-Al and Y-Pt distances are in line with the ones
found in binary intermetallics e.g. YAl, (MgCu, type, 325-340
pm7’), YAl; (Mg;Cd type, 302-310 pm7’'), YPt, (MgCu,
type, 314-328 pm %) or YPt; (CusAu type, 288 pm 7%) as well as
with the sum of the covalent radii (Y + Al = 162 + 125 =

View Article Online
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Fig. 3 Coordination environments surrounding the Y, Pt and Al atoms
in the structure of YAlsPts. Sr, Pt and Al atoms are shown as green, white
and black circles, respectively. Wyckoff sites, site symmetries and intera-
tomic distances (in pm) are given.

Fig. 2 Unit cell of YAlsPts as projection along [010] (a) highlighting the polyanionic [AlsPts]®~ framework (the shortest Al—Pt interactions are empha-
sized in blue) and (b) using X@M,T,4 prisms to illustrate the structure (the interactions forming the prisms are highlighted in blue and purple). Y, Al

and Pt atoms are shown in green, white and black circles, respectively.

This journal is © The Royal Society of Chemistry 2024
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287 pm; Y + Pt = 162 + 129 = 291 pm °). Similar distances can
be observed in ternary compounds of the Y-Al-Pt system like
YAIPt (TiNiSi type, Y-Al: 308-336 pm; Y-Pt: 257-267 pm),”
YALPt (MgALCu type, Y-Al: 287-305 pm; Y-Pt: 287-308 pm),””
Y,Al,,Pty (own type, Y-Al: 304-321 pm; Y-Pt: 328-336 pm),”®
YAL;Pt, (own type, Y-Al: 329-348 pm; Y-Pt: 301-316 pm),”’
YAL,Pt; (ZrAl;Ni, type, Y-Al: no contacts; Y-Pt: 288-302 pm),””
Y,AlPt (Gd,InRh type, Y-Al: 324-348 pm; Y-Pt: 281-347 pm)”°
or YioAl;Pt (Y1oCd;Ru type, Y-Al: 324-348 pm; Y-Pt: 275 &
349 pm).®

The [Al;Pt;]*~ polyanion is formed by five crystallographi-
cally independent aluminum and three platinum sites (Fig. 2).
All Pt sites exhibit a coordination number of seven with a
highly asymmetrical coordination environment and intera-
tomic Al-Pt distances between 247 and 270 pm. These agree
well with those in binary (AlPt: 248-273 pm;*""** Al,Pt: 256
pm;® ALPt,: 255-286 pm®**') and ternary intermetallics
(YAIPt: Al-Pt 308-336 pm,”* YALPt: Al-Pt 287-305 pm,”
YA Pt,: Al-Pt: 329-348 pm ') as well as with the sum of the
covalent radii (Pt + Al = 129 + 125 = 254 pm "*). The respective
homoatomic distances (YAl;Pts: Pt-Pt: 306 pm; Al-Al: 273-293
pm) agree with what is observed in elemental Al (286 pm *'),
therefore suggesting partial bonding contributions while the
Pt-Pt distances are significantly longer compared to the dis-
tances found in the elemental Pt (277 pm **) or the sum of the
covalent radii (Al: 250 pm; Pt: 258 pm).”> Another possibility to
describe the YNi;Si; type structure, especially when compared
to other structure types of the same stoichiometry MT;X; such
as the UFesAs;, the LaCosP;, the UCo5Si; or the YCosP; type
structures, is to use trigonal prisms surrounding the As, P or Si
atoms. These X@M,T, prisms condense via common M, or T,
edges to form “shamrock” like structures that are further con-
densed. One possibility is to form chains are linear in the case
of the YNi;Sij type structure (Fig. 2b). A more detailed descrip-
tion can be found in a recent publication.®®

3.4 Scanning electron microscopy

Powders of NdAl;Pt;, GdAl;Pt; and ErAlsPt; were investigated
by SEM-EDX. The average of three point measurements are
given in Table 5 and are in good agreement with the ideal
composition (11.1 at% M, 55.6 at% Al, 33.3 at% Pt). The
slight deviations can be explained by the irregular sample
surface and the not perfect perpendicular orientation of the
powder towards the beam. No impurity elements heavier
than sodium (detection limit of the instrument) were
detected.

3.5 Magnetic measurements

YAL;Pt; is, as expected, a Pauli-paramagnetic material with a
positive susceptibility since the Pauli contribution originating
from the conduction electrons overcompensates the intrinsic
diamagnetism. No superconductivity was observed at 20 Oe
down to 2.5 K.

All other X-ray pure members of the REAI;Pt; series (RE =Y,
Ce-Nd, Gd-Ho) exhibit an open-shell 4f electron configuration
leading to paramagnetic behavior. Their effective magnetic
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Fig. 4 Magnetic data of NdAlsPts. (a) Temperature dependence of the
magnetic and inverse magnetic susceptibility (y and ™! data) measured
with an applied external field of 10 kOe; (b) zero-field-cooled/field-
cooled (ZFC/FC) measurements measured with an applied external field
of 100 Oe; (c) magnetization isotherms recorded at 1.8, 10, 50 and
100 K, the inflection point is determined by the first derivative of dM/dH,
shown in red.

moments calculated from modified Curie-Weiss fits indicate a
stable trivalent oxidation state in all cases in good agreement
with the expected moments for the free RE*" cations (Table 6).
Fig. 4 exemplarily depicts the magnetic behavior of NdAl;Pt;.
The magnetic susceptibility data recorded between 1.8 and
300 K in zero-field-cooled mode (ZFC) at 10 kOe already shows
a maximum at low temperatures indicating an antiferro-
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magnetic transition (Fig. 4a). From the inverse susceptibility,
the experimental magnetic moment was calculated to be pey, =
3.82(1)ug, in line with Nd** (s = 3.62up). The positive Weiss
constant of dp = 18(1) K points towards ferromagnetic inter-
actions in the paramagnetic temperature regime and could be
a sign of so called A-type antiferromagnetism in which each
layer orders ferromagnetically but antiparallel to adjacent
layers.®® The low field data (100 Oe) was recorded in zero-field-
cooled and field-cooled (ZFC/FC) mode between 1.8 and 100 K
(Fig. 4b). At Ty = 5.1(1) K a clear maximum can be observed,
originating from the antiferromagnetic ordering which causes
the magnetic susceptibility to drop below the Néel tempera-
ture. Since the ZFC and FC curves are on top of each other,
ferromagnetic impurities can be excluded. The magnetization
isotherms are finally shown in Fig. 4c. The isotherms recorded
at 50 and 100 K are linear up to 90 kOe, indicating Curie para-
magnetism at these temperatures. The 10 K isotherm is
slightly curved due to the proximity of the magnetic phase
transition. The 1.8 K isotherm finally shows a pronounced
S-shape indicating a meta-magnetic step. While at low mag-
netic fields the antiparallel orientation of the spins persists, a
spontaneous reorientation is observed at a critical field of H,;; =
26.7(1) kOe. The infliction point is determined by the first
derivative dM/dH. The saturation magnetization at 1.8 K and
90 kOe reaches pgy = 2.98(1)up which is close to the theoretical
saturation magnetization according to gy x J of 3.27up and in
line with the almost horizontal trace.

Since the interatomic M-M distances in the whole MAI;Pt;
series are rather large (>550 pm), RKKY (Ruderman-Kittel-
Kasuya-Yosida) interactions between the rare-earth atoms are
expected. In this case, the magnetic ordering temperatures, in
this case the Néel temperatures, should scale with the de
Gennes factor G [(g; — 1)’/(J + 1)]. Fig. 5 shows the obtained
correlation between Ty and G, clearly indicating a deviation
from the expected behavior. This points towards crystal field

0 2 4 6 8 10 12 14 16
deGennes factor G

Fig. 5 Plots of the ordering temperatures versus the de Gennes factor
(g7 — 1)23(J + 1) for the REAIlsPts series.
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influences in the REAI;Pt; series. Similar results have been
observed for example in the RE,InT, (RE = La-Nd, Sm, Gd-Lu;
T = Ni, Cu, Pd) series.*” ™’

Finally, for some of the other samples, the determined sat-
uration magnetizations (Table 6) are significantly different to
the values according to g; x J which can either be explained by
crystal field effects (see de Gennes scaling) or the polycrystal-
line nature of the samples.

3.6 ¥Al solid-state NMR spectroscopy

Solid-state MAS NMR spectroscopy is a powerful tool to
support crystallography. Besides a plain confirmation of the
crystal structure (number of sites equals number of signals)
also structural distortions or the presence of solid solutions
can be probed based on the shape of the e.g. *’Al NMR
Signa].w,gu—gs

Fig. 6 depicts the results of the *’Al MAS-NMR spectro-
scopic investigations on YAl;Pt;. Consistent with its crystal
structure, the spectrum confirms the presence of five crystallo-
graphically independent Al sites. However, only the intense
central line originating from the |+1/2) « |-1/2) transitions of
the five Al sites can be modelled with a Gauss-Lorentz fit.
Since no significant broadening is observed, one can conclude
that the electric quadrupolar couplings Cq, are rather small (in
a range <5 MHz) and second order quadrupole effects (SOQE)
are not dominant, in line with the results from the quantum-
chemical calculations (Table 7). The resonances of these five
signals are significantly shifted compared to the standard of
an aqueous solution of AI*" (AICl3), however, they are in line
with the reported shifts for intermetallic aluminum com-
pounds. The drastic shift, typically in the range of
200-1200 ppm,”® is caused by the s-electron spin density at the
Fermi level as probed by the *’Al nuclei and dominated by the
Knight shift contribution.”” Under magic angle spinning
(MAS) conditions one can potentially observes a wide spinning
sideband pattern originating from the outer satellite tran-
sitions, |+1/2) < |+3/2) and |+3/2) < |£5/2), however, this is
not the case here.

ZTAI MAS, 13 kHz
YAIPt,

r T T T T T T T

T
800 400 0
3 27Al/ ppm

T T
1600 1200

Fig. 6 2’Al MAS-NMR spectra (black) of YAlsPts (YNisSis type) along
with the fit of the central transitions (red).
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3.7 XPS

X-ray photoelectron spectra have been recorded to investigate
the electronic properties in the synthesized compounds from
an experimental point of view. The 4f core levels of, e.g., Pt are
very sensitive towards the electronic structure at the respective
atom, allowing a spectroscopic approach to analyze the
charge transfer in these intermetallic compounds. For inter-
metallic alkaline earth or rare-earth aluminum compounds
with late transition metals, especially with 5d elements, an
electron transfer from the AE/RE and Al atoms to the platinum
atoms can be observed. This has been shown for quite some
instances, e.g., Ba;AlPt, > and the REAL;Pt, (RE = Y, Dy-Tm)
series.”” Since the most electronegative elements acquire
additional electron density, shifts of the binding energies of
the Pt 4f lines towards lower binding energies can be observed
in the respective XPS measurements.®®’ In general, the Pt 4f
states can be chosen as a reference as they are intense and
sharp enabling the detection of already small shifts. However,
it has to be mentioned that the Pt 4f and Al 2p levels have
almost the same binding energy.”®

Fig. 7a depicts the XPS spectra of the Pt 4f lines of elemen-
tal Pt (black), YAl;Pt; (red) and Al;Pt, (blue). For the Pt refer-
ence (Pt foil) a binding energy of BE(Pt) = 71.0(1) eV was
observed, in line with the literature.’® For YAL;Pt; and Al;Pt,
shifts of +0.23 and +0.76 eV were obtained (BE(YALsPt;) = 71.23 €V;
BE(Al3Pt;) = 71.76 eV). In contrast to what is intuitionally
expected and described before, the shift of the Pt lines to
higher binding energies indicates a formal formation of cat-
ionic Pt species in both compounds. Given the drastic electro-
negativity differences (y(Pt) = 2.28 and y(Al) = 1.617%), a
shift towards lower binding energies, in line with an anionic
character, is expected. However, a recent HAXPES study has
shown, that, although a charge transfer towards an anionic Pt
species is expected based on quantum-chemical data, shifts
towards formal cationic Pt are visible in binary aluminum pla-
tinides.”® The authors could show, that the QTAIM charges on
the Pt atoms correlate with the positive shifts of the Pt 4f
binding energies. This was attributed to changes in the Pt 5d
orbital occupancies preventing an easy interpretation only
based on the shifts of the Pt 4f binding energies in this binary
system. Therefore the question arises if this is also applicable
in the system reported here.

When looking at the intensities of the 4f;;,, and 4f;,, peaks,
however, only the elemental Pt reference shows the expected
4:3 ratio.”® For YAl;Pt; and Al;Pt,, the 4fs, peaks seem to be
equally high if not higher compared to the 4f;,, peak. This is
probably either due to at least a second set of Pt 4f levels. For
Al, a shift towards higher binding energies, corresponding to a
cationic character, is expected. Fig. 7b shows the XPS spectra
of the Al 2s lines of elemental Al (black), YAl;Pt; (red) and
Al;Pt, (blue). Here, the expected shift can be observed,
however, the main peak corresponds to the one of trivalent Al
as in Al,O0;. Subsequently, XPS spectra of the oxygen 1s lines
were conducted (Fig. 7c). Here, a signal corresponding to the
expected value of Al,O; can be observed for Al;Pt,, for YAL;Pt,
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Fig. 7 (a) Pt 4f spectra of YAlsPts (red) and AlzPt; (blue) and Pt (black);

(b) Al 2s spectra of YAlsPts (red) and AlzPt; (blue) and Al (black); (a) O 1s
spectra of YAlsPts (red) and AlsPt, (blue). Mean values of binding ener-
gies and standard deviations are obtained by averaging over all entries in
the NIST XPS database for the compounds specified in (a)-(c).*%*
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two overlapping lines can be observed that originate from
Al,O; and Y,0;. This suggests that the surface of the powder
particles used for the XPS investigations is oxidized. This leads
to the conclusion, that although these XPS investigations show
an effect similar to what has been observed and reported for
the binary Al-Pt system in literature, here a fully oxidized
surface is present. Therefore, the shifts to higher binding ener-
gies in line with the literature are probably a mere coincidence.
In the investigated samples, Pt atoms in an Al,O; matrix rather
than in the intermetallic compounds YAl;Pt; and Al;Pt, were
probed in the XPS-accessible subsurface range. Studies on Al
containing metallic glasses have shown a similar effect. Here,
Al was oxidized throughout the material while all other metals
were only oxidized within the first 5 nm below the surface.'®®

3.8 Quantum-chemical calculations

The chemical bonding within YAI;Pt; was investigated through
crystal orbital Hamiltonian population (COHP) analysis. The
integrated COHP (ICOHP) values, as listed in Table 9, high-
lights the predominant role of Al-Pt bonds, contributing over
65% to the total ICOHP value. Following these, the inter-
actions of Al-Al are notable, while those involving Y-Al, Y-Pt,
and Pt-Pt are relatively weaker. Particularly, the differences in
the strengths between Al-Pt (—1.73 to —2.36 eV) and Al-Al
interactions (—0.07 to —1.14 V), in contrast to the Y-Pt (—0.62
to —0.65 eV) and Y-Al (-0.29 to —0.51 eV) ones, suggest the
presence of a polyanionic [Al;,Pt;]ﬁ’ network, with Y*" cations
occupying the resulting cavities.

The electronic structure of YAI;Pt; was analyzed using
density functional theory (DFT) calculations. The electron
density of states (DOS) curves for YAI;Pt; are depicted in Fig. 8.
Notably, there exists a significant density of states at the Fermi
level, indicative of metallic behavior, consistent with the
observed silver to grey metallic appearance. The calculated
Bader effective charges for YAl;Pt; are detailed in Table 8.
Each of the five crystallographically independent Al atoms
exhibits positive charges. Moreover, the deviation of all Al
atom charges from +3 (with values from +0.76 to +0.93)
suggests that the Al-Pt interactions possess a predominantly

80

]

DOS (1/eV)
8

OF---frcccccccccccccccccccaan

3 - 4 2
Energy (eV)

Fig. 8 Total density of states of YAlsPts from non-spin-polarized DFT
calculation, dotted line indicates the Fermi level.
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covalent character than ionic. This observation aligns with the
large negative Al-Pt ICOHP values and supporting the pres-
ence of a polyanionic [Al;Pt;]*” network. Conversely, all Pt
atoms demonstrate negative charges. Yttrium (Y) is observed
to possess a positive charge of +1.25, which is notably less
than a trivalent oxidation state. This suggests significant elec-
tron delocalization and robust Y-Pt and Y-Al covalent/metallic
interactions, consistent with the noteworthy negative ICOHP
values. These findings support the metallic character of
YAI5Pt;.

4 Conclusion

The MAI;Pt; series with M = Sr, Ce, Eu could be significantly
extended to M = Ca, Y and La-Nd as well as Sm-Er. All com-
pounds were synthesized from the elements using arc-melting
and subsequent annealing and were characterized by powder
X-ray diffraction. For CaAlsPt; and LaAl;Pt; also the respective
M,Al;cPty members were observed, however, the other com-
pounds could be obtained either as X-ray pure materials or
with small amounts of Al;Pt, as side phase. Single-crystal X-ray
diffraction studies on ErAl;Pt; verified that also the small rare-
earth elements adopt the YNisSi; type structure. For selected
members of the series (M = Y, Ce-Nd, Gd-Ho) magnetization
and susceptibility measurements were conducted. YAl;Pt; is
Pauli-paramagnetic while all other compounds are Curie para-
magnets with the RE atoms in the trivalent oxidation state. For
M = Nd, Gd-Ho, antiferromagnetic ordering was observed.
Since YAl;Pt; was obtained as phase pure material *’Al MAS
NMR investigations were conducted. Five signals were
observed, in line with the five crystallographic Al positions in
the structure. Also, XPS measurements were conducted on this
compound to gain an insight into the charge distribution.
However, XPS cannot come up with this task due to the oxi-
dation of the surface and the subsurface bulk. Finally,
quantum-chemical calculations supported the NMR measure-
ments and gave an insight into the chemical bonding and the
expected charge distribution with the Pt atoms being the
formal anions while the Y and Al atoms are cationic in nature.
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3. Trivalent members of the RE>Al;sPto series adopting the CexAl 6Pty type structure

Collaborations to disclose: In this chapter the trivalent compound of the paper “New alkaline
earth and rare earth representatives adopting the Ce2Al 6Pty type structure” are summarized (Z.

Naturforsch. 2024, 79b, 12, 595-603). PD Dr. O. Janka is a coworker on the manuscript.

The trivalent compounds crystallize in analogy to the divalent phases in the CexAlisPto type
structure in the orthorhombic crystal system with space group /mmm. The lattice parameters are
summarized in Table 3.12. When the unit cell volume vs ionic radii of the RE element is plotted,
the trend of smaller unit cell volumes the later the RE element is observable. Bulk samples were
prepared by using the elements in the arc furnace, the resulting samples were analyzed by
PXRD measurements with exemplary the Rietveld-refinement of LazAlisPto, as shown in
Figure 3.46.

The synthesis resulted in no X-ray pure samples, but in a mixture of LaxAlj6Pto (Ce2Al 6Pty
type, Immm, a = 416.919(9), b = 1190.69(2), ¢ = 1825.10(3) pm)!’* as main phase with the
corresponding LaAlsPts (YNisSis type, Pnma, a =2069.5(5), b=415.96(9), c=731.1(2) pm)'"
phase and AlsPt, (Al3Niy type, P3ml, a = 420.93(7), ¢ = 517.0(1) pm)'*° as side phases. To
improve the phase purity heat treatments were performed, resulting in an increase in the amount
of the side phases suggesting that the LaAli¢Pto phase is decomposing peritectically into
LaAlsPt; and AlsPt,. Table 3.13 shows the composition change of LaAlsPt; and LayAli6Pto
before and after the annealing step. Single crystal studies of the La compound were conducted,
resulting in an isotypic variant of Ce>Al 6Pty with a mixture of the Al5 position with 0.05% Pt,
so that the structure was determined to be LaxAlisos1)Pto.os1). Additionally, to the PXRD
measurements, SEM/EDX analysis were performed the results are summarized in Table 3.14.
The EDX data shows a good agreement of the RE values of ~7 to the ideal 7.4, but in case of
the other elements, a difference in the measured amount compared to the ideal values are
observable. In all cases the Al amount is lower, whereas the platinum value is increased. This
could be caused by the rough surface and non-optimal orientation of the crystallites to the
electron beam, or that the Pt reabsorbs the X-ray radiation from the Al. SEM images of the
measured samples are shown in Figure 3.47.

The structure is shown above using the isotypic Sr compound in Figure 3.9 and 3.10 and
exhibits five crystallographically independent Al positions, which should have different NMR

shifts depending on the coordination environment. Due to the side phases with equally many
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Al positions no Al NMR spectra were measured as well as no magnetic measurements were
conducted.

The similar atomic distances of the AlI-Al, AI-Pt and Pt—Pt in all compounds compared to the
Sr compound, suggest the existence of the [Ali6Pto]>~ polyanionic network in which the cationic
RE atoms reside. When comparing the Al-Al, Al-Pt and Pt-Pt distances inside the series of
compounds, two structures exhibit different distances, for the powdered samples of La-Nd, Sm,
Gd the interatomic distances are in good agreement. When looking at the Al-Al distances of
the A12—AI2 the La and Gd compounds exhibit larger distances compared to the other phases
in the series, which can be explained by the fact that the Al2 atoms in the La containing
compound is neighboring the mixed occupied Al5/Pt5 position leading to a shift in the atomic
coordinates. After reevaluating the occupancy of the Al positions in the Gd structure, an
occupancy value of 1.6 was observed, concluding that the Al5 position is like in the case of the

La compound mixed occupied with Pt. The refinement led to an occupancy of Al:Pt 90:10.
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Figure 3.46: Rictveld refinement of the powder X-ray diffraction pattern of La,AljsPto. Collected data are shown

in black dots, refinement as red and the difference as blue line. Olive ticks indicate the Bragg positions of
LayAli6Pto (Ce2Ali6Pto type, Immm), royal blue of LaAlsPts (YNisSi; type, Pnma) and orange ticks the Bragg
positions of Al;Pt; (Al;Ni, type, P3m1) respectively.
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Table 3.12: Lattice parameters of the trivalent members of the RE»Al 6Pty series (RE = La-Nd,

Sm, Gd, Ce>Ali6Pto type, Immm, Z =2)

Compound a (pm) b (pm) ¢ (pm) V (nm?)
LayAli6PtoP” 416.92(1) 1190.68(1) 1825.09(2)  0.9060
Lay 0sAl;6Pto™* 416.99(1) 1190.72(2) 182527(2)  0.9063
LaxAlisos)PloosSS" 416.35(1) 1190.49(10)  1820.72(18)  0.9025
CerAl;6PtoP” 416.10(1) 1189.26(1) 1821.41(2)  0.9013
Ce,Alj6Ptyt17 415.97 1191.0 1818.6 0.9010
Pro Al 6Pto™* 415.52(1) 1190.18(3) 1818.45(4)  0.8992
Nd>AlsPty™* 414.84(1) 1186.53(3) 1820.72(4)  0.8962
SmyAl;Pto™* 413.84(1) 1187.99(2) 1816.103)  0.8929
GdyAlyPto™* 412.80(1) 1186.15(2) 1816.85(3)  0.8896

L: Literature, *: own work, *: powder data, 5C: single crystal data

Table 3.13: Phase composition change of the La,Al;6Pty and LaAlsPt; phases before and after
the 12 d at 1123 K annealing step. Only the changes of La>AlisPty and LaAlsPts; are shown.

Phase LasAl;¢Pty LasAlgPty LaAlsPts LaAlsPts
arc-melted annealed arc-melted annealed

LaAlsPt; 5.6 9.9 65.1 70.1

LasAl;6Pto 94.4 90.1 349 29.9

Table 3.14: EDX data of trivalent members of the RE>Al;6Pty series (RE = La, Ce, Pr, Nd, Sm, Gd) with standard
deviations of £2 at.-%.

Compound Ideal Pl P2 P3 mean
La: 7.4 7 7 8 7
LayAl;6Pto Al:59.3 49 59 55 54
Pt:333 44 34 38 39
Ce: 74 7 7 7 7
CesAlj6Pto Al:59.3 57 61 56 58
Pt: 333 36 32 37 35
Pr: 7.4 8 7 8 7
Pr2Ali6Pto Al:59.3 52 54 52 53
Pt:33.3 40 39 40 40
Nd:7.4 8 7 8 8
Nd»AlisPto Al:59.3 54 61 54 56
Pt:33.3 38 32 38 36
Sm: 7.4 8 9 8 8
Sm;Al;6Pto Al: 593 54 56 54 55
Pt:33.3 38 35 38 37
Gd:74 7 7 6 7
Gd,Ali6Pto Al: 593 56 59 59 56
Pt:33.3 37 34 35 35
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Figure 3.47: Scanning electron microscopy images of the trivalent member of the RE>Al 6Pty series (RE = La (top
left), Ce (top right), Pr (middle left), Nd (middle right), Sm (bottom left), Gd (bottom right)).
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Abstract: The M,Al;cPty series with M = Ca, La-Nd and
Sm-Gd was synthesized from the elements in analogy to the
literature known compounds Ce,Al;Pty and SrpAljgPt. All
compounds crystallize in the orthorhombic crystal system
with space group Immm and have been characterized by
powder X-ray diffraction. For La,Al;sPty and Eu,AljsPtg also
single-crystal investigations have been conducted. In all cases,
Al;Pt, as well as the members of the REAlL;Pt; series (YNisSiz
type, space group Pnma) have been observed as side phases.
Annealing led in all cases to an increase of the side phases,
suggesting that the title compounds decompose peritectically.
In the crystal structures, polyanionic [AligPte]® networks can
be found with large fourfold capped hexagonal prismatic
cavities (M@AlgPtsAly), which host the respective M atoms.
As seen from the unit cell volumes, the La-Nd, Sm and Gd
compounds exhibit a formally trivalent oxidation state while
the Ca and Eu atoms in Ca,Al;sPty and Eu,Al;¢Ptq are divalent.

Keywords: rare earth elements; platinum; aluminum;
intermetallics

1 Introduction

Ternary compounds of the noble metals, aluminum and an
element with a low electronegativity such as alkali, alkaline
earth or rare earth elements exhibit a wide plethora of
different chemical compositions and structures. Within the
last decade, we have reported on numerous new compounds
and interestingly, especially the heavy noble metals Ir,
Au and Pt seem to form a manifold of different structures.
Though magnetically rather uninteresting, compounds of
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the alkaline earth elements as well as Sc, Y, La and Lu (M)
allow for solid-state MAS-NMR spectroscopic investigations
on the /Al nucleus' and are quantum-chemically easier to
address due to the closed valence shells of the constituent
elements. This enables studies of the electron transfer in
these compounds, both from an experimental and a theo-
retical point of view. In pretty much all cases, where the sum
of transition metal T plus aluminum is larger than the M
element, polyanionic [AlyT,]‘s‘ networks are formed which
exhibit cavities that host the M atoms. The degree of charge
transfer in these compounds depends on the electronega-
tivity/electron affinity of M and T.

The first investigations that were conducted by our group
focused on the REAI,T5s members (ZrAlsNi, type, space group
I4/mmm) with RE =Y and Lu and T = Pd and Pt.” Later, the
significantly larger RE;,AlsT (Y;,CdsRu type, RE = Y, Ho, T,
Lu; T = Fe, Co, Ni, Ry, Rh, Pd, Os, Ir, Pt, space group P6/mmm)
series allowed a deeper insight via “’Al NMR spectroscopy.’
Amongst the alkaline earth members, however, in numerous
cases only singular compounds were observed, e.g. CaAl;Pd,
(YAL;Ni, type, space group P6/mmm),* Sr,AlsPd, (own type,
space group Pnma)’ or SrAl,Pt; (CeCoB, type, space group
P6/mmm) and Sr,AlPd, (Ca,GePd, type, space group Fdd2),’
BagAlssPty; (own type, space group P6,/mem)” and BasAlPt,
(own type, space group Cmcm).® A small series was finally
found for the orthorhombic MgCuAl, type compounds of the
MALPt series with M = Ca, Sr, Ba and Eu.” This series inter-
estingly significantly extends to the rare earth elements and
other transitions metals."’

Recently, we reported on SrAlsPt; and Sr,Al;Pto,"
which are isostructural to CeAlsPt; (YNisSi3 type, space
group Pnma)”? and Ce,Al;cPty (own type, space group
Immm).” In 2022, Onuki already reported on EuAlsPts,
which shows abrupt changes in its electronic states under
pressure’ and in late 2023, further members of the REAI;Pt;
series (RE = La-Nd, Eu-Tm) were reported and investigated
with respect to their physical properties.”® Therefore, the
question arose if other members of the potential RE,Al Pty
series might exist. Since Sr is formally divalent and the cerium
compound is also known, it should be possible to synthesize
and investigate at least the members with the early (and
therefore large) rare earth elements. In this paper we report
on the synthesis and crystal structure of the M,Al;sPt series
which could be established for M = Ca, La-Nd and Sm-Gd.
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2 Experimental
2.1 Synthesis

Ingots of the rare earth elements or calcium (Onyxmet),
platinum pieces (Agosi AG) and aluminum pieces (Onyxmet),
all with stated purities above 99.5% were used for the
reported syntheses. Samples were prepared on a 150-200 mg
scale. The rare earth pieces of La-Nd, Sm and Eu as well as Ca
were stored under an argon atmosphere; surface contami-
nations on the pieces were removed mechanically in a dry
box prior to the reaction. For all reactions, the elements were

Table 1: Compositions of the samples with a nominal composition of
M-Al1Pts, refined from powder X-ray data using the Rietveld method.
Both compositions of the as-cast as well as the annealed samples are
given.

RE  Treatment wt% (RE;Al,Pto) Wt% (REAIsPts)  wt% (AlsPty)

Ca  As-cast 10.7(5) 74.1(5) 15.2(5)
Lla  As-cast 92.9(5) 4.6(5) 2.5(5)
Annealed 88.5(5) 3.8(5) 7.7(5)
Ce  As-cast 94.3(5) 1.3(5) 4.4(5)
Annealed 89.9(5) 4.2(5) 5.9(5)
Pr  As-cast 92.5(5) 2.9(5) 4.6(5)
Annealed 87.9(5) 2.3(5) 9.8(5)
Nd  As-cast 85.9(5) 6.0(5) 8.1(5)
Annealed 80.0(5) 9.9(5) 10.1(5)
Sm  As-cast 82.6(5) 10.6(5) 6.8(5)
Annealed 81.2(5) 9.9(5) 8.9(5)
Eu  As-cast 88.3(5) 5.6(5) 6.1(5)
Annealed 87.5(5) 2.6(5) 9.9(5)
Gd  As-cast 79.0(5) 10.1(5) 10.9(5)
Annealed 77.2(5) 9.6(5) 13.2(5)

Table 2: Lattice parameters (X-ray powder, X-ray single-crystal and literature
compounds®.

DE GRUYTER

arc-melted under an argon atmosphere of about 800 mbar.'®
The argon gas was purified over a titanium sponge
(T = 873 K), molecular sieves and silica gel prior to the use.
For the synthesis of Ca,Al;sPty and Eu,Al;6Pt, a slight excess
of Ca and Eu was used (nominal composition M;1Al;Pts).
The samples were heated to 873 K within 1 h and kept at the
temperature for 31d. Afterwards they were cooled to room
temperature within 6 h. All samples possess a metallic luster
while ground powders are grey and all samples are insen-
sitive to air over a month.

2.2 X-ray diffraction

Powder X-ray diffraction (PXRD) patterns of the powdered
samples were recorded at room temperature on a
D8-A25-Advance diffractometer (Bruker, Karlsruhe, Ger-
many) in Bragg-Brentano 6-0 geometry (goniometer radius
280 mm) with CuK, radiation (4 = 154.0596 pm). A 12 pm Ni
foil working as K filter and a variable divergence slit were
mounted at the primary beam side. A LYNXEYE detector
with 192 channels was used at the secondary beam side.
Experiments were carried out in a 26 range of 6-130° with a
step size of 0.013° and a total scan time of 1 h. The recorded
data was evaluated using the Bruker Topas 5.0 software'”
using the fundamental parameter approach and the Riet-
veld method.'®" Details of the refinements are listed in
Tables 1-3.

Block-shaped crystallites of La,Al;¢Pty and Eu,AljPty
were extracted from a crushed sample and investigated at
room temperature on a Bruker X8 APEX2, Nonius k-CCD
diffractometer, operating with graphite-monochromatized
MoK, (A = 0.71073A) radiation. Numerical absorption

data), and unit cell volumes of M,Al;¢Pty and selected structurally related

Compound csD a (pm) b (pm) ¢(pm) V(nmd) Ref.
CazAligPte” 2356797 414.02(1) 1181.6(2) 1830.4(3) 0.8954 *
SroAlLgPte™ 2141827 416.69(2) 1193.53(6) 1832.38(9) 0.9113 9
SroAl6Pty” -~ 417.08(1) 1194.25(5) 1833.08(8) 0.9131 i
LasAl6Pts” 2355075 416.92(1) 1190.68(1) 1825.09(2) 0.9060 *
La,gsAlgPts” = 416.99(1) 1190.72(2) 1825.27(2) 0.9063 *
La,Als.95(1)Pta.osgny™ 2343765 416.35(1) 1190.49(10) 1820.72(18) 0.9025 *
CeAl Pt 2355903 416.10(1) 1189.26(1) 1821.41(2) 0.9013 *
Ce,Al 6Pty™ = 415.97(9) 1191.0(3) 1818.6(4) 0.9010 Lt
Pr,Al 6Pty 2355902 415.52(1) 1190.18(3) 1818.45(4) 0.8992 *
NdAl6Pts” 2355901 414.84(1) 1186.53(3) 1820.72(4) 0.8962 *
SmAl 6Pty 2355900 413.84(1) 1187.99(2) 1816.10(3) 0.8929 *
Eu,Al6Pty” 2355898 416.67(1) 1189.76(1) 1827.87(2) 0.9061 *
Eu,Al 6Pty 2343483 416.08(2) 1187.98(5) 1823.92(8) 0.9016 *
Gd,Al6Pts” 2355899 412.80(1) 1186.15(2) 1816.85(3) 0.8896 *

?Abbreviations: *this work; "powder data; *‘single-crystal data.

208



DE GRUYTER S. Engel and O. Janka: New rare earth representatives adopting the Ce,Al;¢Pty-type structure = 597

Table 3: Atomic coordinates of the MAl;¢Ptg series (M = Ca, La-Nd, Sm-Gd; Ce,Al¢Pts type, space group Immm) refined from powder X-ray diffraction
data.

Atom X y z Atom x y z
CayAli6Pty LayAl; 6Pty

Ca 0 0 0.3237(2) La 0 0 0.2285(2)
Pt1 0 0.3167(1) 0.3416(1) Pt1 0 0.3123(1) 0.34063(8)
Pt2 1/2 0 0.3884(1) Pt2 1/2 0 0.3755(1)
Pt3 0 0.2529(2) 1/2 Pt3 0 0.2508(2) 172
Pt4 0 0 0 Pt4 0 0 0
Al 0 0.1115(6) 0.4059(7) Al 0 0.1117(8) 0.3960(7)
Al2 0 0.1856(8) 0.0674(6) Al2 0 0.1651(9) 0.0755(6)
Al3 0 0.2982(6) 0.1751(4) Al3 0 0.3115(9) 0.2076(5)
Al4 12 0 0.0194(7) Al4 172 0 0.0890(8)
AlS 0 0.3534(11) 0 Al5 0 0.3759(12) 0
Ce,Ali6Pty PryAl;¢Ptg

Ce 0 0 0.2289(1) Pr 0 0 0.2299(2)
Pt 0 0.3124(1) 0.34130(7) Pt1 0 0.3134(2) 0.34138(9)
Pt2 1/2 0 0.3747(1) Pt2 172 0 0.3740(1)
Pt3 0 0.2529(2) 172 Pt3 0 0.2520(2) 172
Pt4 0 0 0 Pt4 0 0 0
Al 0 0.1180(7) 0.3915(6) Al 0 0.1200(9) 0.3910(7)
Al2 0 0.1730(9) 0.0788(5) Al2 0 0.1735(11) 0.0818(6)
A3 0 0.3153(9) 0.2023(5) Al3 0 0.3040(11) 0.2040(6)
Al4 172 0 0.0912(7) Al4 172 0 0.0870(10)
Al5 0 0.3970(11) 0 AlS 0 0.3885(14) 0
NdAl;6Ptg Sm,Al16Ptg

Nd 0 0 0.2296(2) Sm 0 0 0.2277(2)
Pt1 0 0.3135(2) 0.34147(9) Pt1 0 0.3134(2) 0.3401(1)
Pt2 172 0 0.3743(1) Pt2 172 0 0.3741(1)
Pt3 0 0.2519(2) 172 Pt3 0 0.2523(2) 172
Pt4 0 0 0 Pt4 0 0 0
Al 0 0.1208(9) 0.3930(7) Al 0 0.1284(10) 0.3846(7)
Al2 0 0.1721(11) 0.0817(6) Al2 0 0.1686(13) 0.0834(7)
Al3 0 0.3035(11) 0.2032(5) Al3 0 0.3145(13) 0.2067(6)
Al4 1/2 0 0.0875(9) Al4 172 0 0.0954(10)
Al5 0 0.3869(14) 0 Al5 0 0.3995(17) 0
EuyAli6Pty GdAl16Ptq

Eu 0 0 0.2280(2) Gd 0 0 0.2307(2)
Pt 0 0.3087(2) 0.3417(9) Pt1 0 0.3146(2) 0.3416(1)
Pt2 172 0 0.3768(1) Pt2 172 0 0.3744(2)
Pt3 0 0.2537(2) 172 Pt3 0 0.2512(3) 1/2
Pt4 0 0 0 Pt4 0 0 0
Al 0 0.1248(9) 0.3958(7) Al 0 0.1250(11) 0.3902(8)
Al2 0 0.1776(11) 0.0770(7) Al2 0 0.1686(14) 0.0825(7)
Al3 0 0.3060(11) 0.2043(6) Al3 0 0.3070(14) 0.2030(7)
Al4 12 0 0.0814(10) Al4 12 0 0.0921(11)
Al5 0 0.3896(14) 0 Al5 0 0.3827(19) 0

corrections using the program Sapass*® were applied to the ~ SueerrLip” and Jana2006.”*** Tables 4-6 contain the refine-
data sets. The structures were solved and refined using ment details.
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Table 4: Crystallographic data and structure refinement for nominal
La,Al16Ptg and Eu,Al;6Pts (Ce,Al Pty type, space group Immm, Z = 2).

Nominal composition
Refined sum formula
Formula weight, g mol

Lattice parameters

Calcd. density, gcm ™

Crystal size, ym*
Diffractometer
Wavelength A, pm

Absorption correction
Abs. Coefficient, mm™'

F(000), e

6 range, deg

Range hk/

Total no. reflections

Independent refl./R;,;
Reflections I > 30(I)/R,

Data/parameters

Goodness of fit on F

R1/wR2 for I > 3a(l)
R1/wWR2 (all data)

Extinction coefficient

Extinction scheme

La,Al;¢Pty EUzA[mPtg
LazAlisos)Ploosity  EuzAligPts
2465.2 24914
See Table 2 See Table 2
9.07 9.18
55 x 40 x 20 50 x 35 x 20
Bruker X8 APEX2 Bruker X8 APEX2
0.71073 0.71073
Multi-scan, Bruker Sapags 2016%°
74.8 771
2056 2072
3.77-28.30 2.05-33.22
-5, +4/+13/-23, +24 +6/-15, +18/-28,
3064 9286
558/0.0291 1,018/0.0536
506/0.0226 846/0.0327
558/50 1,018/49
1.16 1.25
0.0190/0.0407 0.0238/0.0505
0.0222/0.0418 0.0329/0.0527
132(10) 139(13)

Lorentzian isotropic’”

Larg. diff. peak/hole, e A= +1.59/-1.68

+2.46/-2.71

, +27
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Table 6: Interatomic distances (pm) in nominal La,Al;¢Pts and Eu,Al;6Pty
(Ce,Al;Ptg type, space group Immm). All distances of the first coordina-
tion spheres are listed. Standard deviations are equal or smaller than

Table 5: Atomic coordinates of nominal La,Al;sPty and Eu,Al¢Ptg
(Ce,Al16Ptg type, space group Immm) refined from single-crystal X-ray
data. Ueq is defined as one third of the trace of the orthogonalized Uy

tensor.

Atom X y z Ueq
La 0 0 0.22816(4) 54(1)
Pt1 0 0.31203(4) 0.34140(2) 46(1)
Pt2 12 0 0.37583(3) 52(1)
Pt3 0 0.25260(6) 172 88(1)
Pt4 0 0 0 113(1)
Al 0 0.1171(3) 0.3940(2) 69(11)
Al2 0 0.1717(3) 0.0791(2) 83(12)
A3 0 0.3071(3) 0.2046(2) 59(11)
Al4 172 0 0.0863(2) 89(17)
Al5/Pt5? 0 0.3820(4) 0 77(14)
Eu 0 0 0.22896(4) 76(2)
Pt1 0 0.31098(3) 0.34189(2) 52(1)
Pt2 172 0 0.37794(3) 50(1)
Pt3 0 0.25332(4) 12 75(1)
Pt4 0 0 0 122(2)
Al 0 0.1175(2) 0.3929(2) 62(7)
Al2 0 0.1703(2) 0.0804(2) 70(8)
Al3 0 0.3077(2) 0.2054(2) 71(8)
Al4 172 0 0.0870(2) 83(11)
Al5 0 0.3844(3) 0 67(11)

0.2 pm.
La 4 Pt1 330.8 Eu 2 Al 330.0
2 Al4 331.7 4 Al3 3314
2 Al 3325 2 Al4 3321
4 Al3 3333 4 Pt1 3323
2 Al2 339.7 2 Al2 338.1
2 Pt2 340.0 2 Pt2 3422
Pt1 1 Al3 249.1 Pt1 1 Al 248.0
1 Al 251.0 1 A3 249.0
2 Al2 2543 2 Al2 252.7
1 Al4 259.6 1 Al4 259.3
2 A3 265.5 2 A3 265.7
2 Pt1 2973 2 Pt1 296.4
Pt2 4 Al 252.7 Pt2 4 Al 252.0
2 Al5/Pt5 266.2 2 Al5 261.6
2 Al3 2724 2 Al3 274.4
Pt3 2 Al 2516 Pt3 2 Al 2534
2 AIS/Pt5 262.7 2 Al5 264.7
4 Al2 268.7 4 Al2 270.2
2 Pt1 297.3 2 Pt1 296.4
Pt4 4 Al2 250.1 Pt4 4 Al2 2498
4 Al4 260.8 4 Al4 261.6
All 1 Pt1 251.0 Al 1 Pt1 2479
1 Pt3 251.6 2 Pt2 252.0
2 Pt2 252.7 1 Pt3 2534
1 Al 278.8 1 Al 279.2
2 AIS/Pt5 2839 2 Al5 285.4
2 Al3 289.3 2 Al3 288.6
Al2 1 Pt4 250.1 Al2 1 Pt4 249.9
2 Pt1 2543 2 Pt1 252.7
2 Pt3 268.7 2 Pt3 270.2
1 Al3 279.6 1 A3 280.4
2 Al2 288.1 2 Al4 290.4
1 AIS/Pt5 288.8 1 Al2 2932
2 Ald 292.0 1 Al5 293.6
Al3 1 Pt1 249.1 A3 1 Pt1 249.1
2 Pt1 265.5 2 Pt1 265.7
1 Pt2 272.4 2 Pt2 274.4
1 Al2 279.6 2 Al2 280.4
2 Al 289.3 2 Al 288.6
2 Al3 298.6 2 Al3 297.6
Al4 2 Pt1 259.6 Al4 2 Pt1 259.2
2 Pt4 260.8 2 Pt4 261.7
4 Al2 292.0 4 Al2 290.4
Al5/Pt5 2 Pt3 262.7 AlS 2 Pt2 261.6
2 Pt2 266.2 2 P33 264.7
1 AIS/Pt5 281.0 1 AlS 274.6
4 Al 2839 4 Al 2854
2 A2 288.8 2 Al2 293.6

*Mixed occupancy: Al5/Pt5: 0.97(1)/0.03(1).
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CSDs 2343483 and 2343765 contain the supplementary
crystallographic data for this paper. The data can be ob-
tained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/structures.
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2.3 SEM/EDX

Semiquantitative EDX analyses of the bulk samples were
conducted on a JEOL 7000F (JEOL, Freising, Germany) scan-
ning electron microscope equipped with an EDAX Genesis
2000 EDX detector (EDAX, Unterschleissheim, Germany). The
samples were sprinkled on conductive carbon tape and one
area scans as well as three independent data points were
measured. The results of the SEM/EDX investigations are lis-
ted in Table 7.

3 Results
3.1 Powder X-ray diffraction

All samples of the M,Al;6Ptg series (RE = Ca, La-Nd, Sm-Gd)
were investigated by powder X-ray diffraction measure-
ments. The powder patterns clearly indicate that all com-
pounds of the series are isostructural with orthorhombic
Ce,Ali6Pty™ and Sr,Ali¢Pte (space group Immm). Figure 1
exemplarily depicts the powder patterns of La,Al;cPty and
Gd,Al;6Pt,. Rietveld refinements of the data indicate that in
all cases the as-cast samples are not phase pure but contain
traces of Al;Pt, (Al;Ni, type, space group P3m1)* and
REAIsPt; (YNisSiz type, space group Pnma).’?'*' Table 1
summarizes the refined phase compositions of all prepared
samples. Annealing of La,Al;sPty and all other samples of the
series leads to a decomposition of the title compounds along
with an increase of the Al;Pt, and REAIsPt; fractions. No
phase-pure samples could be obtained for any of the re-
ported compounds, leading to the suggestion that the
RE,AljPty compounds decompose peritectically during
annealing.

Figure 2 depicts the lattice parameters and unit cell
volumes of the presented series, clearly underlining the

Table 7: Chemical compositions of the samples with a nominal compo-
sition of RE,Al4¢Pts, obtained by SEM-EDX measurements. All values are
the average of four area scans. Standard deviations are 2 at%.

RE at% RE at% Al at% Pt
Nominal 7.4 59.3 333
La 8 58 34
Ce 7 57 36
Pr 7 56 37
Nd 8 55 37
Sm 8 54 38
Eu 7 57 36
Gd 8 56 36
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Figure 1: Rietveld refinements of the powder X-ray diffraction data of
La,AliPtg (top) and Gd,Ali¢Pts (bottom). Black dots represent the
experimental data, the red line the sum of the calculated data and the
blue line the difference between experimental and calculated data. The
dashes correspond to the Bragg positions of RE;AlsPty (orange), REAISPt;
(purple), and Al;Pt; (green).

trivalent oxidation state of the RE elements La—Nd, Sm and
Gd (in comparison to Sr,Al;¢Pte) and their decrease due
to the lanthanide contraction. Ca,Al;¢Pty and Eu,Al;¢Pto,
however, clearly have larger lattice parameters and an
increased unit cell volume compared to the aforemen-
tioned compounds, indicating divalent oxidation states for
the Ca and Eu atoms.

3.2 SEM/EDX

The samples of the M,Al;¢Pty series (M = La-Nd, Sm-Gd)
were additionally analyzed by SEM/EDX measurements.
Area scans on four different regions of the attached
powdered samples were collected. Figure 3 shows one
example per rare earth element where an area scan was
conducted. The determined sample compositions (Table 7)
are in good agreement with the nominal compositions,
keeping in mind that the measurements were conducted on
non-polished samples with conchoidal fractures.

3.3 Single-crystal X-ray diffraction and
structure refinement

Block-shaped single crystals were isolated from samples of
La,Al;sPty and Eu,AlicPty and mounted onto a Bruker X8
APEX2 single-crystal diffractometer. Careful analysis of the
obtained data revealed an orthorhombic lattice, and space
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Figure 2: (Top) Lattice parameters a, b and ¢ of the M>Al;sPt, series with
M = Ca, Sr, La-Nd, Sm and Gd obtained from powder X-ray diffraction
data. For Ce,Al;Pt, the unit cell parameters from the literature are given
in slightly variated colors. (bottom) Unit cell volumes of the M,Al;¢Ptg
series with M = Ca, Sr, La-Nd, and Sm-Gd.

group Immm was found to be correct. The structures were
solved using the charge flipping algorithm of SuperrLip,”' and
a least-squares refinement on F° using the program
JaNa2006%%" was carried out. All atomic positions were
refined with anisotropic displacement parameters and as a
check for the correct compositions, the occupancy parame-
ters were refined in separate series of least-squares
refinements. While for Eu,Al,¢Pt, all sites were fully occu-
pied within three standard deviations leading to the targeted
composition, for nominal La,Al;sPtg a small mixing of Al and
Pt was observed on one crystallographic site. In both cases,
the final difference Fourier syntheses were contourless.
From the powder diffraction data and in comparison
with the Pearson database,” isotypism with Ce,Al;sPty" and
SroAlLgPte" was deduced. Details of the structure
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Figure 3: Scanning electron microscopy images of the members of the
M,Al;5Ptg series (M = La-Nd, Sm-Gd). The green rectangles illustrate the
by EDX analyzed areas.

determination, atomic parameters and interatomic dis-
tances can be found in Tables 2-6.

3.4 Crystal chemistry

All members of the M,Al;Ptg series (RE = Ca, La-Nd, Sm-Gd)
crystallize in the orthorhombic crystal system with space
group Immm (Pearson code 0I54, Wyckoff sequence I'/“ihga)
and are isostructural with Ce,Al Pty and SryAl;gPto.”* The
crystal structure will be exemplarily discussed based on the
single-crystal data of Eu,Al;Pty. The unit cell is depicted in a
projection along the a axis in Figure 4. The Eu atoms are
surrounded by six Pt and six Al atoms in the shape of a
hexagonal prism (Figure 5). These Eu@PtsAlg prisms form
strands along [100] with interatomic Eu-Al distances
ranging from 330 to 332 pm while the Eu-Pt distances are 332
and 342 pm. Both distances are in line with the ones found in
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Figure 4: Unit cell of Eu,Al;6Pts, projected along the @ axis. Eu, Pt and Al
atoms are shown in green, black and white circles. The shortest Pt-Al
contacts are emphasized.

binary intermetallics e. g. EuAl, (MgCu, type, 337 pm*’) or
EuAl, (BaAl, type, 339 + 356 pm?®) as well as EuPt, (MgCu,
type, 320 pm®). The sums of the covalent radii of
Eu + Al = 185 + 125 = 310 pm and Eu + Pt = 185 + 129 = 314 pm®
agree with the observed distances, so do the distances in the
known ternary compounds EuwsAljsPty (Eu-Al: 326-360 pm;
Eu-Pt: 322-332 pm),”' Eu,AlePty (Eu-Al: 306-313 pm; Eu-Pt:
347-348 pm),”  EuALPt (Eu-Al:  335-355pm; Eu-Pt
302-330 pm).?

Within the [Al;sPto]*” polyanion four platinum and five
aluminum sites are observed (Figure 5) forming hexagonal
cavities in which the Eu cations reside. Within the network,
Pt1 exhibits a sevenfold coordination environment, while
Pt2 to Pt4 exhibit coordination numbers of eight with Pt-Al

Pt2, 4j, mm2

Al2, 81, m.. Al3, 8/, m..

Pt3, 4h, m2m

Al4, 4j, mm2
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distances ranging from 247 to 274 pm. These distances are
again in line with those in binary (AIPt: 248-273 pm;*
ALPt: 256 pm®") and ternary intermetallics (EuyAl;sPtq
(247-265 pm),* Eu,AlgPt; (256-264 pm),*? EuAl,Pt (254-258
pm)?) as well as with the sum of the covalent radii
(Pt + Al = 129 + 125 = 254 pm®). Furthermore, homoatomic
Pt-Pt (296 pm) and Al-Al (275-297 pm) distances can be
found. While the platinum distances are significantly
longer compared to the sum of the covalent radii as well as
the distances found in elemental fcc Pt (12 x 277 pm®), the
aluminum distances, agree with the ones in elemental fcc
Al (12 x 286 pm®®), therefore suggesting partial bonding
contributions.

4 Conclusions

The M,Al;¢Ptq series was extended from the thus far known
metals M = Sr and Ce to additional members with the rare
earth elements RE = La-Nd and Sm-Gd as well as calcium.
All samples were prepared via arc-melting of the elements.
The as-cast samples were characterized by powder X-ray
diffraction and SEM-EDX. In all cases, the compounds could
not be obtained as phase pure samples, Al;Pt; and MAIsPt;
were always observed as byproducts. Annealing led to an
increase of the impurities, rendering the M,Al,sPty phases as
peritectially decomposing compounds. The isostructural
nature of the series to Ce,Al;sPty was furthermore shown by
single-crystal investigations on La,Al;¢Pty and EupAljgPto.
While the latter exhibits the nominal composition, the
crystal from the lanthanum sample shows a small mixing of
Pt and Al on one crystallographic site leading to a refined
composition of LayAlisgs50)Ptoosq). Within the M,Al6Ptg
series, the unit cell volumes decrease from RE = La to Gd as
expected from the lanthanide contraction, Ca,Al;sPts and
Eu,Al;6Pto, however, exhibits a significantly increased unit

Pt4, 2a, mmm

Figure 5: Coordination environments
surrounding the M, Pt and Al atoms in the
structures of the M,Al;xPtg series. M, Pt and Al
atoms are shown as green, black and white
circles. Atom labels, Wyckoff sites, site

AI5, 4g, mm2  symmetries are given.
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cell volume which leads to the conclusion that the Eu cat-
ions are divalent in contrast to the other rare earth ele-
ments being trivalent.
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b. Unpublished Results from Own Work

1. Introduction

The following chapter contains preliminary results, which are not as advanced as it needed to
be publishable. For a publication, more research on these systems has to be done e.g. better
single crystals have to be measured or phase pure samples are necessary. The order of the
corresponding element combinations is analogue to the published section of the work, starting
with a new compound of in the system Ca—Al-Ni, which is followed by a new ternary europium
phase and new compounds with rare earth elements including a continuation of the RE4Al13Pto
series based on the already found Ce and Eu compounds. In the last part of the chapter, literature
known YbAIT phases with 7= Ru, Co, Rh and Ni-Au were synthesized to investigate the 2’ Al
NMR shift. None of the compounds could be synthesized X-ray pure, all samples had at least
Yb2O3 as side phase.

Investigation in the Ca—Al-Ni system resulted in the observation of CaAlsNi;, which
crystallizes in the PrAlsNiz type structure with space group /mmm. Syntheses via various routes
resulted in non-X-ray pure samples, in which the target compound is present to a maximum of
10 wt.-%, besides CaAl» as main phase and Al3Ni; as another side phase. Due to the low amount
of the desired phase, no single crystal of this compound could be found, yet. To advance the
research, synthesis in closed metal ampoules should be performed, preventing the loss of
calcium during the reaction, of which single crystals should be picked and measured to confirm
the structure of CaAlsNi».

Due to the existence of EusAli3Pty and the similar covalent size of the Pt and Pd atoms, an
experiment was performed to test, if the Pd variant EusAli3Pdy can be synthesized. As the
powder X-ray diffraction pattern could not be refined with the data of the Pt compound, single
crystal of the sample were picked, resulting in EusAlo.701)Pd230(1), a structure which crystallizes
in the MosSiB» type with space group /4/mcm. Bulk samples of this composition did not lead
to X-ray pure samples, rather a mixture of various phases. The structure can be described by a
checkerboard pattern of Eu@Eus cubes in one layer and AI/Pd@AIS8 square antiprisms in the
neighboring layer. To publish the results, a better single crystal has to be measured, due to the
high residual electron density. Also, further investigations with other element combinations
could be made, looking for isotypic compounds with aluminum, as well as the synthesis of an

X-ray pure sample or the growth of a large single crystal to investigate the physical properties.
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Similar to the discovery of the nominal EusAlPd> compound, also an investigation in the RE—
Al-Pt system with the composition RE3Al 3Pty was conducted, due to the discovery of the
europium containing phase and the literature known cerium and praseodymium compound. The
series could be extended to La-Nd and Sm-Gd. Single crystal X-ray diffraction data was
recorded of the Nd compound, confirming the isotypism to the Ce and Pr compound. The
synthesis of bulk samples was successful for the Dy and Nd containing samples, whereas the
other samples contained Al3Pt; or other side phases. Semiquantitative analysis via SEM/EDX
showed a good agreement of measured composition with stoichiometric values.

As next step to publication would be to measure the physical properties of the X-ray pure
samples. Additionally, new synthetic attempts for X-ray pure samples should be considered, or
a heat treatment step for the bulk samples to possibly reduce the amount of side phases. Also,
single crystals of the later RE samples can be picked and measured to validate the crystal

structure.
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2.  On the Existence of CaAlsNij

In the attempt to synthesize CaAloNi (own type, P63/mmc)**® for characterization with 2’Al
NMR spectroscopy, the product resulted in a mixture of unreacted aluminum, the intended
CaAlgNi (own type, P63/mmc, a = 760.02, ¢ = 794.57 pm),**® CaAlgNi> (CeAlsFe: type, Pbam,
a=1253.2/1252.30, b = 1450.0/1443.73, ¢ = 397.5/395.78 pm)>> 38 and at least two unknown
phases according to the PXRD pattern. By using the indexing function of the Topas program,®®
one unknown phase could be determined to be isostructural to PrAlsNi, (own type, Immm)*>®
and subsequently an attempt to synthesize CaAlsNi» was conducted, resulting in another
mixture of mainly the cubic Laves phase CaAl> (MgCu, type, Fd3m, a = 803.3 pm,
51 wt.-%)'85 and Al3Ni, (own type, P3m1, a = 402.82, ¢ = 489.06 pm, 36 wt.-%)?*® with the
targeted CaAlsNiz phase (PrAlsNi type, Immm, a =404.17(2), b =737.7(3), ¢ = 938.8(3) pm)
as side phase with around 10 wt.-% along with CaO (NaCl type, Fm3m, a = 476.8 pm,
3 wt.-%)?! and an unknown phase, shown in Figure 3.48. The CaO originated from impure
argon, which was used directly without prior purification and the reaction in an open alumina
crucible. By calculating the overall element composition of the formed phases, a ratio of
Ca:AlL:Ni of 1.8:5:1.2 respectively, due to the excess of Ca found in the sample indicates that
the unknown phase should contain aluminum and nickel. Multiple reactions with different Ca
surplus of 0.05 to 0.5, heating and cooling rates from 100 K/ min to 1000 K/min were performed
to obtain phase pure CaAlsNiy, but all failed, due to the high likelihood of the formation of
CaAly, also no single crystals of this phase could be obtained.

® s
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| caal,
AlNi,
| ca0
X unknown|

ey -

10 20 30 40 50 60 70 80 90 100 110 120 130
26(°)
Figure 3.48: Rietveld refinement of the powder X-ray diffraction pattern of CaAlsNi,. Collected data are shown
in black dots, the refinement as red and the difference as blue line. Olive ticks indicate the Bragg positions

CaAlsNi, (PrAlsNi, type, Immm), royal blue CaAl, (MgCu, type, Fd3m), orange AlsNi, (own type, P3m1), violet
ticks CaO (NaCl type, Fm3m) and red crosses the undefined reflections respectively.
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Figure 3.49: Unit cell of CaAlsNi; (top left), Al octahedra (grey) and Al-Pt tetrahedra (red) projected along [010]
(top right) and [100] (bottom), Ca, Al, Ni atoms are shown in green, white and black circles, respectively.

CaAlsNiz crystalizes in the orthorhombic crystal system with space group Immm in the PrAlsNiz
type structure with the following lattice parameters a = 404.2(1), b = 737.9(3) and ¢ =
938.7(3) pm and is the first compound of this structure with an alkaline earth metal. The other
known phases with this prototype contain La-Nd. 252 253 250, 254 By comparing the lattice
parameters with the RE variants, a significant increase of about 18 pm in the b and a decrease
of about 22 pm in the ¢ parameter are present, whereas the lattice parameter a is similar with a
slight increase of 5 pm compared to the other compounds, resulting in an overall slightly higher
unit cell volume of 0.2740 nm? compared to 0.2737, 0.2670, 0.2725 and 0.2685 nm? for La, Ce,
Pr and Nd respectively.?52253-250,254 By considering the ionic radii of the elements with rionic(Ca)
= 112 pm, Fionic(La) = 116 pm, Fionic(Ce) = 114 pm, Fionic(Pr) = 113 pm and rionic(Nd) = 111 pm,”®
the lattice parameters and the cell volume should be between Pr and Nd. Another noticeable
irregularity is the significantly lower cell volume for the cerium compounds, which normally
lies perfectly between the lanthanum and praseodymium samples but is smaller than even the
neodymium compound.
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CeAlsNi is one of the most investigated compounds due to the exhibition of the Kondo effect,

the phase was analyzed e.g. via XPS, 2?A1 NMR spectroscopy,253

physical properties alongside
magnetism, X-ray diffraction, neutron diffraction?>? and even quantum chemical calculations
were done, but no one explains the small cell volume in comparison with the other RE
compounds. One possible explanation could be that the Ce atoms are not fully trivalent but a
mixture of Ce*" and Ce*", which would be a rare case of tetravalence, but the effective magnetic
moment of the Ce in the compound is 2.66 ug (theoretical magnetic moment of free Ce*" ions:
1.73 ug) and also the XPS results indicate fully trivalent cerium.?56-257 The COHP calculation
shows a significant interaction between the Ce and Ni atoms as well as optimized Al-Al and
Al-Ni bonding interactions, which could lead to the shrinking of the unit cell volume.?s8

The lattice parameters and unit cell volumes of the MAIsT> representatives are summarized in
Table 3.15.

The structure exhibits two aluminum positions and one position each for calcium and nickel
respectively. The unit cell is shown in Figure 3.49 alongside the corner-shared empty Alg
octahedra strands (grey) along [100]. On the level of the corner-sharing Al atoms, nickel atoms
reside on the left and right side, forming Al3Ni tetrahedra (red), which are face-sharing to the
octahedra strands. These tetrahedra are alternatingly corner and edge-shared along [100]. The
strands are placed in a checkerboard-like pattern, as shown in Figure 3.49 bottom left. The
resulting cavities, alias the other color in the checkerboard, is filled with Ca atoms, which are
occupying hexagonal cavities formed from four Al and two Ni atoms. When looked along [010]
and [001], the shift of [0,0,1/2] of the polyhedral strands is visible, which occurs in the
neighboring strands diagonally, but all strands are connected to their neighbor. So that the Al

and Ni atoms form the polyanionic structure with the calcium atoms as cationic species.
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Al2 (2a, mmm) Ca (2d, mmm)

Figure 3.50: Coordination environments surrounding the All (top left), Al2 (bottom left), Ni (top right) and Ca
(bottom right) atoms in CaAlsNi,. Ca, Al, Ni atoms are shown in green, white and black circles, respectively.
Wyckoff positions, site symmetries and interatomic distances (in pm) are given.

The coordination environment of the crystallographically independent atom positions alongside
the corresponding interatomic distances are shown in Figure 3.50. Whereas the AI2 and Ca
sites are highly symmetrical coordinated, by a twofold capped cube (AI2@AIl1gNiz) and a
fourfold capped square prism (Ca@AllgNig). The All and Ni in comparison are rather
asymmetrically surrounded by two All, two Al2, three Ni and two Ca and six All, one Al2 and
two calcium atoms respectively.

Due to the low amount of CaAlsNiz in the investigated powder diffraction pattern, the standard
deviations of the interatomic distances are rather large (+2 pm) compared to single crystal data.
The Al-Al distances range from 246, 274 to 276 pm, A1-Ni from 250 to 276 pm, Ca—Ni distance
i1s 298 pm and Ca—Al distances of 331 pm were observed. No homoatomic Ca—Ca, Ni—Ni
distances under 350 pm are present within the structure. The Al-Al distances of CaAlsNiz of
246 to 276 pm are in range with the sum of the covalent radii of 250 pm* or the bond length
found in elemental aluminum (fcc, Cu type, Fm3m) of 286 pm.2"® When compared to the
following ternary compounds, the Al-Al distances are also in good agreement. The remaining
REAIsNi; compounds exhibit Al-Al distances ranging from 267-297 pm (La), 264-309 pm
(Ce), 267-294 pm (Pr), 265-304 pm (Nd), the existing ternary Ca—Al-Ni compounds CaAlgNi
(own type, P63/mmc),**® CaAlsNiz (CeAlsFe, type, Pbam)> and CaAl;sNip2 (MgCuz type,
Fd3m)® exhibit Al-Al distances from 275-328 pm, 265-314 pm and 284 pm, respectively. The

Al-Al distances of 246 are shorter than the other ternary compounds, the ones found in
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elemental Al and also in the binary compounds CaAls (BaAls type, I4/mmm)'85 with 261-
308 pm, 284 pm in CaAl, (MgCuz type, Fd3m), 275-290 pm in Al;Niz (own type, P3m1)*8 and
288 pm in AINi (CsCl type, Pm3m).%® These distances indicate different degrees of Al-Al
bonding interactions in the compound. The Al-Ni distances range from 250-276 pm and are
longer than the sum of the covalent radii (Al + Ni : 125 + 115 = 240 pm)*. In the ternary Ca—
Al-Ni compounds Al-Ni distances from 234-261 pm in CaAlsNiz,5 249 pm in CaAloNiZ# and
in the REAIsNi, series, the AI-Ni distances range from 234-259 pm in La,?% 223-249 pm in
Ce, 2% 229-251 pm in Nd**? to 231-257 pm in Pr.23 The binary aluminum nickelide compounds
exhibit AI-Ni distances of 249 pm in AINi (CsCl type, Pm3m)*® and are ranging from 244-
253 pm in AlzNiz (own type, P3m1).248 In comparison to CaAl; sNio»% with a distance of 284
pm is significantly longer than found in CaAlsNi;. Bonding interactions of Al and Ni like
forming a polyanionic network is expected, which forms distorted hexagonal prismatic cavities
in which the calcium atoms reside. The Ca—Ni distances are 298 pm, which is quite well in
range with the sum of the covalent radii (Ca + Ni: 174 + 115 = 289 pm)* and the binary
compounds CaNi, (MgCua type, Fd3m): 300 pm,2® CaNis (PuNis type, R3mh): 289-322 pm,260
CaNis (CaCus type, P6/mmm): 286-316 pm,1% and CaxNi; (Gd2Co7 type, R3mh): 285-
322 pm.?%® In comparison, CaAl; sNi 2% exhibits a Ca—Ni distance of 330 pm, which is longer
than CaAlsNi,, whereas the CaAloNi?* and CaAlsNi>> compounds do not report a meaningful
Ca—Ni interaction below 350 pm. Ca—Al distances of 331 pm found in CaAlsNi; are in line with
ternary compounds CaAlgNi> d(Ca—Al) = 267-337 pm,> CaAlyNi d(Ca—Al) = 332-346 pm,?¥*
CaAl, gNio2 d(Ca—Al) = 330 pm®® and also with the binary Ca—Al compounds CaAl, (MgCux
type, Fd3m) d(Ca—Al) = 333 pm'®5 and CaAls (BaAls type, I4/mmm) d(Ca—Al) = 335 pm.!85

Besides the RE variants (La, Ce, Pr, Nd) of the CaAlsNi», other compounds with the general
composition of MAIsNi, (M = Zr, Hf; ZrAlsNi, type, 14/mmm)*®1: 262 are literature known,
interestingly there are also compounds known with have an inverse Al : T ratio, these phases
possess the general composition of REALTs (RE =Y, Ce, Nd, Gd-Lu, 7= Pd, Pt, ZrAlsNi> type,

14/mmm)?37-263-268 and like the Zr and Hf phase exhibit a completely different crystal structure.

223



Table 3.15: Lattice parameters of the MAIlsNi, (M = Ca, La-Nd, PrAlsNi, type, space group
Immm, Z = 2) and the series.

Compound a (pm) b (pm) ¢ (pm) V (nm?®)

CaAlsNi 404.33(4) 722.1(2) 938.6(2) 0.2740
LaAlsNip?> 402.1 703.3 967.7 0.2737
CeAlsNip?*33 397.7 701.8 956.6 0.2670
PrAlsNip?s 401.2 707.5 960.0 0.2725
NdAIsNi?* 397.9 705.1 956.9 0.2685
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3. The First Europium Rich Aluminum Palladinide EusAlPd>

In analogy to EusAli3Pty and other existing compounds with the general composition M4Ali137o
the synthesis of EusAli3Pdy was attempted due to the similar covalent radii of Pt and Pd with
129 and 128 pm,* which should potentially lead to the same composition and crystal structure.
The reaction was performed in a Nb ampoule in the induction furnace, one half of the product
was used for the powder X-ray diffraction experiment, showing a mixture of phases with
EuAlPd; (YALNiz type, P6/mmm, a = 947.012(8), ¢ = 426.920(7) pm)¥” as main phase,
EuAl;Pd; (defect Sr2AlsPd4 type, Pnma, a = 1833.9(3), b = 429.9(2), ¢ = 1091.95(8) pm),
EusPd, (ErsNiz type, R3, a = 918.4(1), ¢ = 1780.6(5) pm)?*® and at least one unknown phase.
The Rietveld refinement is shown in Figure 3.51. The structure of Sr2AlsPds4 (own type, Pnma)
found by Stegemann et al.”? was used as starting point for the refinement of the EuAl>Pd, phase,
the refinement looked fine at first glance, but when drawing the unit cell, the Al2 and AlS
position only had a distance of less than 100 pm. Therefore, the occupancy of Al2 and Al5 was
refined, leading to an occupancy ratio of the Al2 / AlS position of round 61 / 39. This resulted
in a sum formula of EuAlbPd; (defect Sr2AlsPds type, Pnma, a = 1833.9(3), b = 429.8(2), ¢ =
1091.94(8) pm, S.O.F. AI2 =0.6067, Al5 = 0.3933) due to the same 4c Wyckoff position of all
atoms in the structure. Single crystals studies of the remaining half of the sample were
performed by isolating and measuring the single crystals, resulting in a new europium rich
phase, EusAlo.701)Pd2.3001). The refinement parameters are summarized with the atom parameters
and interatomic distances in Tables 3.16-3.19. Table 3.16 contains the lattice parameters
alongside literature known compounds, whereas Tables 3.17-3.19 are summarized data from
the singly crystal diffraction experiment. The structure is shown in Figure 3.52. with the
coordination sphere of the atoms in Figure 3.53. The residual electron density after refinement
is still high, however, to solve and roughly refine the structure the single crystal is good enough.

However, a better crystal has to be picked and measured for a publication.
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Figure 3.51: Rietveld refinement of the powder X-ray diffraction pattern of nominal EusAl;3Pdy. Collected data
are shown in black dots, the refinement as red and the difference as blue line. Olive ticks indicate the Bragg
positions of EuAl;Pd; (YAL3Ni type, P6/mmm), royal blue of EuAl,Pd, (defect Sr,AlsPds type, Prnma) and orange
ticks the Bragg positions of EusPd> (Er;Ni> type, R3). Violet lines in the bottom half indicate the calculated
diffraction pattern of the EusAl7001)Pd2.3001) phase (MosSiB; type, 14/mcem), respectively.
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Table 3.16: Lattice parameters and unit cell volumes of selected compounds with the general composition of
REsTs X (RE =Y, La-Nd, Sm-Lu; T = Fe-Cu, Ru-Ag, Ir-Au; X = Al, Si, Ga, Ge, In, Sn), sorted after X, then RE
element. Structure types are MosSiB (14/mcem), MnsSis (P63/mem), Y,HfSs (Pnma), BasSis (P4/ncc), CesNiGes
(P4/ncc), and WsSiz (14/mem).

Compound Structure type a (pm) b (pm) ¢ (pm) V (nm®)
EU5A10,70(1)Pd2,30(1) MOsSiBz (I4/mcm) 77164(3) a 138313(5) 0.8236
GdsGay sNip 27 MosSiB; (14/mcm) 771.4 a 1354.93 0.8063
TbsGaz Coo.42" MosSiB; (14/mem) 765.98 a 1384.93 0.8126
HosGay 9Cop,*7 MnsSis (P63/mem) 853.39 a 640.86 0.4667
HosGaz 6Coo.427 MosSiB; (14/mem) 759.71 a 1388.2 0.8012
ErsGa ¢Feo 427 MosSiB: (14/mcm) 753 a 1383.4 0.7844
ErsGaz 6Coo.427 MosSiB: (14/mcm) 753.4 a 1377 0.7816
ErsGa, 4Cug 6™ BasSis (P4/ncc) 751.5 a 1396 0.7884
Y4,691n1,31Pd2274 MOsSiBz (I4/mcm) 7798 a 13598 08269
DysInPd,?™ MosSiB, (14/mcem) 784.9 a 1349.2 0.8312
ErsInNi,?7® MosSiB, (I14/mem) 754.6 a 1323.3 0.7535
LasCoo3Si».7%76 MosSiB; (14/mcm) 793.1 a 1418.1 0.8920
LasNig.120Si2.871%6 MosSiB; (14/mcm) 792.3 a 1419.8 0.8913
LasT\Iio,zssSiz,nsz76 MOsSiBz (I4/mcm) 792.1 a 1422 .4 0.8924
CesNio,3sssi2,645276 MOsSiBz (I4/mcm) 782.2 a 1378.8 0.8436
CesNio.72S12.24%" MosSiB; (14/mcm) 785 a 1470 0.9059
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Compound Structure type a (pm) b (pm) ¢ (pm) V (nm?)
Cessi2_32RuO_68278 MosSiB» (14/mcm) 784.66 a 1362.2 0.8387
Ce58i2_54Rh0_46278 MosSiB» (14/mcm) 787.3 a 1379.6 0.8551
Cessi2_1Rho_9278 MosSiB» (14/mcm) 785.92 a 1365.7 0.8436
Cessiz_sgPdo_42279 MosSiB» (14/mcm) 785.63 a 1382.5 0.8533
CesSiy slrg 528 MosSiB; (14/mcm) 787.27 a 1379.35 0.8549
CesSia. 1Pty o*8! MosSiB, (14/mcm) 785.5 a 138.5 0.0855
Pr5Ag0_32$i2_68282 MosSiB» ([4/mcm) 782 a 1383 0.8457
Nd5C00_3lsi2_69276 MosSiB» (14/mcm) 794.9 a 1418.1 0.8960
NdsCoSi,*3 MosSiBs (I4/mem) 772.8 a 1352.85 0.8079
NdsCoSi,?3 MosSiB; (14/mcm) 774.72 a 1359.81 0.8161
NdsNio,633Si2‘367276 Mo5SiB2 (14/mcm) 769.5 a 1390.2 0.8232
NdsSiz2sRug 75284 MosSiB; (14/mcm) 774 a 1361 0.8153
GdsCoSiy?* MosSiB; (14/mcm) 757.99 a 135091 0.7762
LusAgo3Si» /26 MnsSiz (P63/mcem) 818.98 a 615 0.4125
YsFeosGer 62 MnsSiz (P63/mcem) 846.2 a 637.8 0.4567
CesCoGe,?® Y,HfSs (Pnma) 1224.5 885.7 789.1 0.8558
CesCoGe?® Y,HfSs (Pnma) 1227 885.7 795.8 0.8648
CesCoGe,*®8 Mns;Sis (P63/mem) 886.7 a 664.8 0.5227
CesNiGe,88 MnsSiz (P63/mcem) 886.4 a 665 0.5225
CesNiGe,88 MosSiB; (14/mcm) 786.1 a 1385.8 0.8564
CesNiGe,»? CesNiGe; (P4/ncc) 1176 a 642.9 0.8891
CesGe,Ru?®8 Y,HfSs (Pnma) 1222.8 890.2 799.6 0.8704
CesGeRu! Y,HfSs (Pnma) 1225.5 889.8 800.8 0.8732
CesGe,Rh*? Y,HfSs (Pnma) 1230.05 888.5 796.49 0.8705
CesGe,Rh?88 Y,HfSs (Pnma) 1234.2 893.2 798.5 0.8803
CesGe,Rh*? Mn;Sis (P63/mem) 883.98 a 654.99 0.5118
CesGe,Pd?38 Mn;Siz (P63/mem) 889.1 a 669.1 0.5289
CesGe,Pd?38 MosSiB: (14/mem) 793.5 a 1378.4 0.8679
CesAgGer? Mn;Siz (P63/mem) 887.8 a 658.03 0.5187
CesGe,Ir?88 Y HfSs (Pnma) 1237.7 893 800.2 0.8844
PI‘5C00,6G62,4294 Mn58i3 (P63/mcm) 882 a 661 0.5142
SmsCoy 4Gey 623 Mn;Si3 (P63/mem) 860 a 651.1 0.4816
SmsGeRu,?¢ MosSiB: (14/mem) 773.6 a 1342.6 0.8035
TbsNi0,3GezA7297 Ml’lsSi3 (P63/mcm) 847.2 a 634.8 0.4556
ErsCuosGe 2 MnsSiz (P63/mcm) 829.8 a 621.66 0.4281
Tm5C00A24G62A75299 Ml’lsSi3 (P63/mcm) 831.6 a 621.6 0.4299
Tm5Ni0A(,4G62A36300 Ml’lsSi3 (P63/mcm) 832 a 622 0.4306
LusAgo3Ger ¢! MnsSis (P63/mem) 826.2 a 620.1 0.4233
LasAgo.72Sn22¢32 W;Sis (14/mcm) 1276.1 a 634.7 1.0336
CesNi1A4ISn1,593°3 MosSiB» ([4/mcm) 797.5 a 1359 0.8643
NdsNij 4Sn; 63% MosSiB: (14/mcm) 792.4 a 1367 0.8583
SmsNij 5Sn; 53 MosSiB; (14/mcm) 790.5 a 1363 0.8517
GdsSnlr,* MosSiB; (14/mcm) 774.4 a 1367.3 0.8200
TbsSnlr,30 MosSiB; (14/mcm) 775.9 a 1363.9 0.8211

The lattice parameters of EusAlo.701)Pd2300) fit to the literature known compounds with the

general composition of REsT3xXx where the majority of reported compounds containing tetrel

227



elements, but a small amount of triel elements with seven gallium and three indium containing
compounds are known. No metalides with aluminum were reported except the newly found
EusAlo.701)Pd2.301).

By comparing the size of the elements using the covalent radii of the anionic elements in the
compounds and the ionic radii in the cationic elements, Y (Zionic = 102 pm),” Dy (Fionic =
103 pm)” and In (rcov = 150 pm)* in Y4eolni 31Pda, DysInPd> and Eu (Fionic(Eu®") = 125 pm,
Fionic(Bu>™) = 107 pm),” Al (reov = 125 pm)* in EusAly703Pd2297 with the corresponding cell
volumes of 0.8269, 0.8312 and 0.8236 nm?, only a slight decrease in the aluminum compound
is apparent despite the significant bigger size of the indium compared to aluminum, leading to

the assumption that the europium is divalent in the compound.

Table 3.17: Crystallographic data and structure refinement for
EusAlo.7001)Pd2.300) (M0sSiBs type, space group [4/mem, Z = 4).

Sum formula EusAlo.7001)Pd2.3001)
Formula weight, g mol™! 1023.2
Lattice parameters see Table 3.16
Calcd. density, g cm™ 8.25
Crystal size, pm? 35 x40 x 40
Diffractometer Bruker X8 APEX2
Wavelength; A, pm 71.073
Absorption correction multi-scan

Bruker SadABS
Abs. coefficient, mm™! 423
F(000), e 1719
6 range, deg 2.95-30.45
Range Akl -10, +9; -8, +10; +19
Total no. reflections 4748
Independent reflections / Rin 363/0.0523
Reflections 7> 3 o({) / Rs 326/0.0224
Data/ parameters 363/ 18
Goodness of fit on £? 1.88
R1/wR2 for I>3 a(]) 0.0221/0.0660
R1/wR2 (all data) 0.0260 /0.0670
Extinction coefficient 90(20)
Extinction scheme Lorentzian isotropic 37
Larg. diff. peak / hole, e A3 +5.23 /-3.82
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Table 3.18: Atomic coordinates and displacement parameters (in pm?) of

EusAlo,7o(1)sz,3o(1) (MOssiBz type, space group 1A/mem, Z = 4).

Atom Wyckoff S.O.F. X y z
Eul 4c 1 0 0 0
Eu2 16/ 1 0.33631(5)  0.16369(5)  0.14548(4)
Pd1 8h 1 0.62511(9) X 0
Pd2 4a 0.70(1) 0 0 1/4
All 4a 0.30(1) 0 0 1/4

Atom Un Un Uss Uiz Ugq
Eul  161(3)  161(3) 223(5) 0 182(4)
Ew2  156(2)  156(2) 113(3) “122) 148(2)
Pd1 113(3) 113(3) 101(5) 13(4) 109(4)
P2 112(10)  112(10)  110(15) 0 111(12)
Al 112(10)  112(10)  110(15) 0 111(12)

2 The isotropic displacement parameter Ueq is defined as: Ueq=1/3 (U1 + Uz
+ Us3) (pm?); Uy and Ups for Eup 4(12) and —4(12) respectively, for other
atoms 0. Standard deviations are given in parentheses.

Table 3.19: Interatomic distances (pm) in EusAlgo1)Pd23001) (MosSiB2

type, space group [4/mcm). All distances of the first coordination spheres

are listed. Standard deviations equal or smaller than 0.2 pm.

Eul

Eu2

—_— N = N = N o N BN

Pdl
All/Pd2
Eu2
Pd1
Pd1
All/Pd2
Eu2
Eul
Eu2

305.0
345.8
351.8
301.7
305.9
322.8
345.1
351.8
3573

Pd1 1

All/Pd2

[\S TN SR \O R NS RN

Pdl
Eu2
Eul
Eu2
Eu2
Eul

273.1
301.7
305.0
306.0
322.8
345.8
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Figure 3.52: Unit cell of EusAlg701)Pd2.301) with layer-like cubic and antiprismatic with a ABA’B’ stacking (top),
edge-shared Eu2 cubic polyhedra layer (middle left), Eu2 antiprismatic polyhedra (middle right) along [100], tilted
Eu2 cubes shown along [001] (bottom left) and Eu2 antiprismatic layers (bottom right). Eu, Al, Pd atoms are
shown in green, white and black circles, respectively. Mixed occupations are given by segmented circles.

The structure of EusAlo.701)Pd230(1) can be described as an alternating layer-like structure of
edge-shared europium cubes (green polyhedra, Eul@Eu2g) and europium square antiprisms
(red polyhedra, All/Pd2@FEu2g) with an ABA’B’ stacking. The green cubes exhibit two
different layers, the bright green layer A and the dark green layer B. When looking along the c-
axis the 45° tilt of the cubes of A to B are observable alongside the edge-sharing and the Pd

atoms, residing in the vacancies between the cubes inside the layer. The second kind of layer is
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formed by the Eu2 atoms surrounding the Al1/Pd2 atoms in the shape of an antiprism. The
antiprisms are like the Eu2 cubes edge-shared with each other inside the layer and the layers B
and B’ are 45° tilted. When looking along the c-axis the face-sharing of the antiprisms to the
cubes is visible. Also, between the antiprisms inside the layer, no additional atoms are placed
in the cavities.

The coordination sphere of Eul consists of cubes of eight Eu2 atoms face capped at all sides
with four Pd1, top and bottom face capped with Al1/Pd2 atoms. The Eu2 is surrounded by two
Eu2 and one Pd1 in a trigonal planar arrangement and additional by a distorted trigonal prism
consisting of two Eul, two Pd1 and two Al1/Pd2 atoms. Pd1 is also coordinated by a trigonal
prism, but these contain six Eu2 atoms, the sides are capped with two Eul atoms and one Pd1
atom. The last crystallographic position is Al1/Pd2, which resides in a square antiprism of eight
Eu2 atoms with the top and bottom caped with two Eul atoms.

The Eu—Eu distances range from 345-357 pm and are significantly smaller than the ones found
in elemental europium (W type, Im3m) with 399 pm3®® and the sum of the covalent radius of
europium with 7oy = 185 + 185 = 370 pm,* but are in line with the binary compounds EuAl»
(MgCus type, Fd3m, d(Eu-Eu) = 352 pm)?* and EuAl (own type, Pmmn)**® with d(Eu—Eu) =
350-394 pm. When compared to the europium-palladides EusPd; (ErsNi; type, R3%)*, EuPd
(Tl type, Cmem)*'? and EusPd» (MnsC; type, C2/c)?®® with distances ranging from 362-376 pm,
369-398 pm and 376-393 pm as well as the ternary phases EuGaPd (TiNiSi type, Pnma)3!,
EwInPd (CaxlraSi type, C2/c)3!? and EusAli2Rhs (Gd3Ali2Rus type, P63/mmc)®! with d(Eu—
Eu) = 362-381, 379-385 pm and 379 pm, respectively, showing a significant shorter distance
between the europium atoms. The distances for Eu with Al in the structure of EusAlo.7o1)Pd2.30(1)
range from 323 pm to 346 pm, which is in line with the distances found in EuAl, (337 pm),2%
EuAl (327-373 pm),3* EuAlsPd, (YAL3Niz type, P6/mmm, 331-357 pm),¥” EuAlsPd (own type,
Cmmm, 324-313 pm)® and EusAl13Pto (HosGeolri3, Pmmn, 326-359 pm),17¢ but slightly longer
than EusAli2Rhs (Gd3Ali2Rus type, P63/mme, 294-321 pm)®! and Eu,AloPts (Y2GagCos type,
Cmcm, 306-313 pm)®! and slightly shorter than in EuAls (BaAls type, 14/mmm)**® with d(Eu—
Al) = 347-359 pm. The distances of Eu—Pd with 302-346 pm are longer than in EuAl¢Pd® with
369 pm, but are in line with EuPd (TII type, Cmcm, 287-336 pm),31® EusPd> (MnsC type,
C12/cl, 298-395 pm),2® EusPd, (ErsNi» type, R3, 299-357 pm),2® EuAlsPd; (302-325 pm),¥’
EuGaPd (311-346 pm),3!"! EuGasPd (SrGasPd type, Cmcm, 330-366 pm)3!3 and Eu2InPd, (315-
327 pm).312 Also, no homoatomic Al-Al or Al-Pd distances below 350 pm were present in the
structure, on the contrary to Pd—Pd distances with 273 pm, which are longer than the sum of the
covalent radii with 7cov: 128 + 128 = 256 pm*, but in line with the distance found in elemental
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palladium with 279 pm.3!* The distances found in EusPd»*%° with d(Pd-Pd) = 279 pm, AlsPds
(RhsGes type, Pbam)®'® with 271-325 pm and AlPds (own type, Pnma)3'6 269-307 pm are in
line, compared to EuzInPd3!? with d(Pd-Pd) = 276-320 pm. The Pd-Pd distances are slightly
shorter in comparison to EuPd 327 pm,3!° EuAlsPd; 302 pm,?” EuGaPd 320 pm3!! and EuGasPd
with d(Pd-Pd) = 357 pm.313 These atomic distances suggest no bonding interactions between
Al-Al and Al-Pd, also the observed distances between Eu—Eu are significantly shorter than in
the element and thus have bonding interactions similar to the Eu—Al and Eu—Pd interactions. In
the literature other RE rich compounds are known, for example REsAlIPt (GdsInRh type,
F43m)®® and RE14Al3Pd3 (Gd4lnz 7Cos type, P4o/nmc) series,?'7 the compounds feature vastly
different building blocks than EusAlo71)Pd2301). The RE4AIPt phases have three
crystallographic independent RE positions and one each for Pt and Al and exhibits three
building blocks, isolated Al4 tetrahedra, empty RE octahedra and REs trigonal prisms, in which
the Pt resides, the octahedra and trigonal prisms form a network using common faces and
corners. The interatomic distances here exemplarily given for Ho4AlPt are d(Al-Al) =293 pm,
d(Ho—Ho) = 345-403 pm, d(Ho-Pt) = 283-284 pm.?3® Although the size of trivalent holmium
atoms is significant smaller than divalent europium atoms, the RE—RE distances are in range,
but the Ho—Pt distances are smaller than the Eu—Pd ones, which is then in range if the difference
in ionic radii is included with around 24 pm.# In contrast to HosAIPt, RE14Al3Pds series exhibits
seven RE, two Pd and two crystallographic independent mixed occupied sites with Al/Pd, of
which over 85% are occupied with Al. Like in the Ho4AIPt phase the transition metal resides in
a trigonal prism of RE atoms, which is additionally capped on three sides with RE and Al atom:s.
Except the RE3 site, all crystallographic independent RE positions can be described as
pentagonal prisms of RE atoms, of which some are capped with Al and Pd atoms. RE3 possesses
a more distorted coordination environment of three Al, three Pd and eight RE atoms. Al2 is
surrounded by two Pd atoms and ten RE atoms in form of an isolated fourfold RE capped
RE ¢Pd, tetragonal prism. All resides in a RE capped pentagonal antiprism. Besides the trigonal
prisms and pentagonal antiprisms, the structure also contains empty RE octahedra, of which
some octahedra form isolated edge-sharing double units, whereas the remaining octahedra form
corner-shared strands. The strands and double units are face-shared. Two polyhedra of the All
atoms are condensed over a common face and these double units are corner-shared to other
double units. The trigonal prisms of the Pd atoms are connected by common edges. When
comparing the reported atomic distances for Y14Al>g4(1)Pd3.16(1), the structure exhibits distances
of d(Y-Y)=348-373 pm, d(Pd—Pd) =299-303 pm, d(Y-Pd) =279-371 pm and d(Y—Al) = 299-
361 pm,37 of which the RE-RE, RE-Pd and RE-AI distances are again in line with the ones
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found in the Eu compound, only the homoatomic Pd—Pd distances are significant longer than

the ones found in EusAlo.701yPd2.30(1).

® /o

Eu1 (4c, 4/m..) Eu2 (16/, .

/\305 %'E

Figure 3.53: Coordination environments surrounding the Eul (top left), Eu2 (top right), Pd1 (bottom left) and
Al1/Pd2 (bottom right) of EusAlg701)Pd23001). Eu, Al, Pd atoms are shown in green, white and black circles,
respectively. Wyckoff positions, site symmetries and interatomic distances (in pm) are given.
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4. New Representatives with the MsAli3Pto Structure

Due to the discovery of EusAli13Pto and the literature known existence of the cerium compound,
an investigation was conducted to evaluate if other rare earth and alkaline earth compounds in
the M4Al13Pto system with M = Sr, Y, La-Nd, Sm-Gd can be synthesized. The samples were
prepared from the elements in the corresponding ratio in the arc furnace. The resulting melting
beads were crushed into pieces, some were stored for single crystal diffraction experiments.
The remaining pieces were ground to a fine powder and powder X-ray diffraction measurements

were taken, exemplary the Rietveld refinement of Sm4Ali3Pty is shown in Figure 3.54.

b lobs

|om— |
calc

— |ob3 = lc.a\c
I SmAlLPt|
I APt
Pt
I SmAl,

Intensity (a.u.)

10 20 30 40 S0 60 /0 80 S0 100 110 120 130
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Figure 3.54: Rietveld refinement of the powder X-ray diffraction pattern of SmsAl;3Pto. Collected data are shown
in black dots, the refinement as red and the difference as blue line. Olive ticks indicate the Bragg positions of

SmyAl;3Pty (HosGeolrys type, Pmmn), royal blue of Al;Pt, (Al3Niy type, P3m1), orange of elemental Pt (Cu type,
Fm3m) and violet ticks the Bragg position of SmsAls; (CesMga; type, [4/m) respectively.

The reactions performed in the arc furnace did not lead to a phase pure product. The main phase
is the targeted SmyAli3Pto (Ho4Geolr1z type, Pmmn, a = 411.62(2), b = 1139.64(9), ¢ =
1974.8(1) pm) with 94 wt.-% accompanied by the binary compounds AlzPt> (AlsNiz type,
P3ml, a=521.1(4), c = 516.9(7), 1 wt.-%)'*® and SmsAls; (CesMgui type, I4/m, a = 1333.8(2),
c=955.8(6) pm, 4 wt.-%)3'8 as well as unreacted platinum (Cu type, Fm3m, a =392.7(2) pm)2*
with 1 wt.-% leading to an overall composition of Smj3 ¢(1)Al13Pt7.7(1) indicating the loss of 0.4
eq Sm and 1.3 eq Pt from the ideal composition. The leftover Pt and the appearing side phases
indicate that the reaction was not finished and homogeneous during the melting and reaction of
the reactants. For the other rare earth elements La, Ce, Pr, Nd and Sm also side phases in the
low wt.-% range were observed besides RE1Al13Pto as the main phase, for comparison of the

phase composition see Table 3.20.
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Table 3.20: Phase composition from the PXRD measurements of RE;Ali3Pty (RE = La-Nd, Sm, Gd),

standardized on Al;s.

Sample Main phase (wt.-%) Side phase (wt.-%) Overall composition
LasAli3Pto LasAlisPty (95) LasAli; (4), AlsPt, (1) Laso)AlisPtr.oa1)
CesAl3Pto CesAl13Pto (70) CesAly (16), AlsPty (1), CenO20 (13)  CessyAlisPts 31)O3.11)
PrsAli3Pto PrsAli3Pty (97) PrO; (3) Prs4 5)Ali3Pto)O1q1y
Nd4Ali3Pto NdsAli3Pty (100) - Nd4Al;3Pto
SmyAl;3Pto SmyAli3Pt (94) Pt (1), AlsPt; (1), SmsAls; (4) Sm3 61y Ali3Pt7.71)
GdsAl;3Pto GdsAli3Pto (99) AlPt; (1) Gds3.9Ali3Pto

In the cases of Sr and Y, no compound formation of the targeted compound was observed, only
a mixture of other phases was present, a reason for the failed synthesis could be that Y is too
small for the hexagonal prism inside the structure. As for Sr, during the reaction in the arc
furnace, too much of the volatile Sr could have been evaporated, so that the reaction is depleted
of Sr. Planned are syntheses of the later REs (Tb-Lu) in the arc furnace and also of the Sr and
Ca compound in a Ta ampoule to prevent the loss of the AE.

The synthesized RE4Al13Pty compounds are isostructural to the literature known compounds
and isopointal to the HosGeolri3 structure type, however, the inversion of occupied sites in the
RE4T13Xo compared to the RE4X13T9 structure type is observed. Table 3.21 lists the lattice

parameters of the synthesized and literature known compounds.

Table 3.21: Lattice parameters of MaX13To (HosGeolri3 type, Pmmn; M = Sr, Y, La-Nd, Sm-Lu; 7= Rh, Ir, Pt; X =
Al, In, Si, Ge) representatives and Srsln;3Aug (own type, P6m2).

Compound a (pm) b (pm) ¢ (pm) V (nm?)
LasAl3Pto"* 419.87(1) 1147.49(5) 1988.63(9) 0.9581
CesAl 3Pt 417.24(2) 1144.26(3) 1982.30(5) 0.9464
CesAl3Pto??? 418.26 1144.24 1984.75 0.9499
CesAl3Pte3?? 417.39 1143.73 1981.25 0.9458
Pr,AlisPto™" 415.80(1) 1142.81(7) 1980.22(12) 0.9409
PrsAl;Pte!? 416.15 1141.62 1976.20 0.9389
NdsAl;Pte™* 414.35(1) 1141.69(7) 1978.34(11) 0.9359
NdsAl;PteS¢" 413.68(8) 1140.06(2) 1977.18(4) 0.9325
SmyAlj3Pte™” 411.62(2) 1139.64(9) 1974.80(12) 0.9264
EuyAl;;Pto!7 415.38 1149.73 1994.73 0.9526
GdsAl;3PtsP" 409.40(1) 1138.46(5) 1973.04(7) 0.9196
SrIn;3Pte!®7 439.17 1232.20 2135.30 1.1555
SI‘4II]13A119320 1270.1 a 443.50 0.6196
Y 4Siolr 532! 392.5 1092.2 1885.6 0.8083
SmySiolr;53*! 395.7 1101.6 1898.3 0.8275
Gd4Siolr 53! 394.7 1098.5 1893.9 0.8212
Tb4Siolr;53*! 393.6 1096.1 1890.8 0.8157

236



Compound a (pm) b (pm) ¢ (pm) V (nm®)

Dy4Siolr 332! 392.6 1094.3 1887.4 0.8109
Ho4Siolr 332! 391.7 1090.4 1886.9 0.8059
ErsSiolr 532! 391.53 1091.8 1884.8 0.8057
TmaSiolr;33! 390.8 1090.9 1883.2 0.8029
Yb4Siolr 332! 390.6 1091.6 1884.9 0.8037
LusSiolr;332! 389.9 1091.2 1880.7 0.8002
CesGeoRh; 3322 398.9 1125 1944.6 0.8727
LasGeolr 333 400.79 1123.4 1944.4 0.8755
CesGeolr 3323 401.08 1124.1 1946.6 0.8776
PrsGeolr;332 401.45 1124.3 1946 0.8783
NdsGeolr; 533 400.72 1122.3 1945 0.8747
SmyGeolr 332 399.28 1122.01 1938.29 0.8683
HosGeolri3!"7 395.4 1118.6 1930.1 0.8537

P powder data, S single crystal data, * own work
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Figure 3.55: Plot of the unit cell volumes (in nm?) for the RE4Al 3Pty series (RE = La-Nd, Sm-Gd) versus the RE™
radius (in pm for CN = 8). Formally divalent metal atoms are depicted in olive dots, trivalent ones in black.

As the structure is isostructural with the cerium, praseodymium and europium compound the
unit cell and structural description is given in Chapter 3.a. already. So here only the lattice
parameters and atomic distances will be discussed.

Figure 3.55 shows the unit cell volume plot of the RE4Al13Pty compounds versus their ionic

radii,” showing a linear trend for the early RE metals indicating a trivalent state, except for
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europium, which possesses a higher unit cell volume and thus should be not purely trivalent
due to the size difference of Eu** (125 pm) to Eu*" (107 pm).” The compounds in the system
RE/Si/Ir follow the same trend, starting from samarium with a cell volume of 0.8275 nm? with
the highest volume decreasing to the lutetium compound with 0.8002 nm?.32! Interestingly, the
isopointal series of RE4Geolr;3 with RE = Pr, Nd and Sm3?3 shows an analogue trend of
decreasing unit cell volumes with progressing RE metal, but the La and Ce containing structures
possess a lower cell volume with increasing atomic number when going from La over Ce to
pr323

To verify the structure type of the newly found RE4Al13Pty compounds, SCXRD measurements
of the Nd4Ali3Pty sample were conducted by isolating block shaped single crystals from the as-
cast melting bead and glueing them on glass fibers using beeswax. The results from the single
crystal measurements are summarized in Tables 3.22-3.24. As preliminary results the measured
single crystal has a relatively high residue electron density, however the data can be used to
solve and refine the structure. For a publication, a better single crystal has to be picked and
measured.

The structure features three independent rare earth positions residing in channels surrounded
by a polyanionic network of Al and Pt, when comparing the motive to similar structures like
the MAIlsPt; (YNisSi3 type, Pnma)'” and the M>AlicPty (Ce2Ali6Pty type, Immm)'"* series,
which only have one crystallographic cation position, the same trend of decrease in unit cell
volume along smaller RE ion size emerges with the Eu compound being significant bigger due
to the divalent state of the Eu. When looking at the Nd—Al and Nd—Pt distances of the Al and
Pt atoms forming the hexagonal prism in the three phases, d(Nd—Al) = 323-344, 324-333, 324-
341 pm and d(Nd-Pt) = 323-326, 330-337, 317-329 pm for NdAlsPts (YNisSis type, Pnma),'”
Nd>Ali6Pto (Ce2AlisPto type, Immm)'7* and NdsAli3Pto (Ho4Geolr13 type, Pmmn) respectively,
all of the observable exhibit atomic distances in the same range, leading to the assumption that

the Nd atoms in NdsAli3Pty are trivalent as in the other two compounds.
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Table 3.22: Crystallographic data and structure refinement for Nd4Al;sPto
(Ho4Geolry3 type, space group Pmmn, Z = 2).

Sum formula

Formula weight, g mol™!
Lattice parameters
Calcd. density, g cm™
Crystal size, pm?
Diffractometer
Wavelength; A, pm

Absorption correction

Abs. coefficient, mm™!
F(000), e

6 range, deg

Range hkl

Total no. reflections
Independent reflections / Rix
Reflections 7> 3 o(I) / Rs
Data/ parameters

Goodness of fit on F?
R1/wR2 for I >3 o(])
R1/wR2 (all data)
Extinction coefficient
Extinction scheme

Larg. diff. peak / hole, e A~

NdsAl 3Pty

2683.4

See Table 3.21
9.56

50 x 45 x 40
Bruker X8 APEX2
71.073

multi-scan

Bruker SadABS
78.7

2222

1.03-37.34

-7,+6; 18, +19; £33
21945
2771/0.0508
2171/0.0307
2771/ 88

1.26
0.0250/0.0571
0.0381/0.0613
147(10)
Lorentzian isotropic3"’
+3.89/-3.48
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Table 3.23: Atomic coordinates and displacement parameters (in pm?) of
NdsAli3Pty (HosGeolr3 type, space group Pmmn, Z = 2).

Atom  Wyckoff X y z
Nd1 4e 1/4 0.55457(4) 0.71066(2)
Nd2 2b 1/4 3/4 0.51584(3)
Nd3 2a 1/4 1/4 0.02051(3)
Ptl 4e 1/4 0.06359(3) 0.41890(1)
Pt2 4e 1/4 0.56329(3) 0.91439(1)
Pt3 4e 1/4 0.62662(3) 0.22798(1)
Pt4 2b 1/4 3/4 0.10299(2)
Pt5 2a 1/4 1/4 0.23177(2)
Pt6 2a 1/4 1/4 0.60606(2)
All 4e 1/4 0.0481(2) 0.5476(1)
Al2 4e 1/4 0.0667(2) 0.1626(1)
Al3 4e 1/4 0.1271(2) 0.8548(1)
Al4 4e 1/4 0.5533(2) 0.04106(13)
Al5 4e 1/4 0.6291(2) 0.35773(12)
Al6 2b 1/4 3/4 0.8425(2)
Al7 2a 1/4 1/4 0.3560(2)
Al8 2a 1/4 1/4 0.7309(2)
Atom Un Ux Uss Uss Ueq
Nd1 92(2) 58(2) 74(2) -2(1) 75(2)
Nd2 97(2) 63(2) 72(2) 0 77(2)
Nd3 84(2) 48(2) 78(2) 0 70(2)
Ptl 106(1) 45(1) 70(1) -1(9) 74(1)
P2 74(1) 43(1) 62(1) -3(1) 60(1)
Pt3 86(1) 41(1) 63(1) 2(9) 63(1)
Pt4 90(2) 42(17) 57(2) 0 63(7)
Pt5 103(2) 41(2) 64(2) 0 69(2)
Pt6 74(2) 59(17) 64(2) 0 66(7)
All 132(11) 63(11) 80(1) -2(9) 92(8)
Al2 83(10) 53(10) 73(10) 4(8) 70(10)
AR 93(10) 26(10) 79(10) 11(8) 66(10)
Ald 100(1) 53(10) 74(10) 7(8) 76(7)
Al5 119(10)  43(11) 67(9) 9(8) 76(10)
Al6  115(15)  23(14) 106(15) 0 81(15)
Al7  214(18)  44(15) 60(14) 0 106(16)
Alg  116(15)  44(15) 64(13) 0 75(14)

2 The isotropic displacement parameter Ueq is defined as: Ueq=1/3 (U1 + Un
+ Uss) (pm?); Uiz and Uss = 0. Standard deviations are given in parentheses.
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Table 3.24: Interatomic distances (pm) in NdsAli3Pto (HosGeolri3 type, space group Pmmn, Z = 2). All distances
of the first coordination spheres are listed. Standard deviations equal or smaller than 0.2 pm.

Nd1 2 Pt3 316.5 Pt3 1 Al2 255.5 Al3 1 Pt2 246.9
2 AlS 323.9 1 AlS 256.6 2 Pt4 263.5

2 Pt5 324.7 2 Al8 263.0 2 Pt3 263.7

2 Al2 3253 2 Al3 263.8 1 Al3 280.3

2 Ptl 3294 1 Pt3 281.3 1 Al8 282.2

2 Al7 3313 1 Pt4 284.4 2 Al4 303.7

1 Al6 343.0 2 Ndl 316.5 2 Al2 304.6

1 All 343.0 Pt4 2 Al4 2555 1 Nd1 3523

1 Al8 349.5 4 Al3 263.4 1 Nd3 356.4

1 Al3 3523 2 Pt3 284.4 Al4 1 Pt2 250.8

Nd2 2 Pt6 317.6 2 Nd3 320.0 1 Pt4 2554
4 Pd1 3235 Pt5 1 Al7 245.6 2 Pt2 261.2

2 Al7 327.2 2 Al2 249.7 1 Al2 276.5

4 All 333.9 2 Al6 253.7 2 Al4 289.7

2 AlS 341.6 4 Ndl1 324.6 2 Al3 303.7

2 All 345.6 Pt6 1 Al8 246.8 2 Nd3 328.5

Nd3 2 Pt4 320.0 2 All 257.7 1 Nd3 348.2
4 Pt2 3235 4 AlS 258.7 AlS 1 Ptl 205.8

4 Al4 328.5 2 Nd2 317.7 1 Pt3 256.6

2 Al6 340.7 All 2 Ptl 251.8 2 Pt6 258.6

2 Al4 348.2 1 Pt1 254.9 1 AlS 275.6

2 Al2 350.1 1 Pt6 257.7 2 All 293.9

2 Al3 356.4 2 AlS 294.0 2 Alg 304.1

Ptl 1 Al7 246.3 2 All 300.2 2 Nd1 323.9
1 AlS 250.7 2 Nd2 3339 1 Nd2 341.7

2 All 251.8 1 Nd1 343.1 Al6 2 Pt5 253.7

1 All 255.0 1 Nd2 345.5 2 Pt2 2559

2 Nd2 3234 Al2 1 Pt5 249.7 4 Al2 294.2

2 Nd1 3294 1 Pt3 2555 2 Nd3 340.7

Pt2 1 Al3 246.9 2 Pt2 256.8 2 Nd1 343.0
1 Al4 250.8 1 Al4 276.5 Al7 1 Pt5 245.6

1 Al6 255.9 2 Al6 294.2 2 Ptl 246.3

2 Al2 256.8 2 Al3 304.6 2 Nd2 327.1

2 Al4 261.1 2 Nd1 3253 4 Nd1 3313

2 Nd3 3235 1 Nd3 350.2 Al8 1 Pt6 246.7

4 Pt3 263.1

2 Al3 2823

4 AlS 304.1

2 Nd1 349.5

The results from the single crystal X-ray diffraction indicate that the Nd containing compound
crystallizes indeed in the HosGeolri3 type structure. The atomic distances range from 276-
306 pm for Al-Al, 324-356 pm for Nd—Al, 246-264 pm for Al-Pt, 317-329 pm and 281-284 pm
for Nd—Pt and Pt—Pt distances respectively. The distances of Al-Al and Pt—Pt are longer than
the sum of the covalent radii of rcov(Al) = 125 + 125 = 250 pm* and reov(Pt) = 129 + 129 =
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258 pm,* but in range of the distances found in the corresponding elements Al (Cu type, Fm3m,
286 pm)? and Pt (Cu type, Fm3m, 277 pm).2* When comparing the Pt—Pt distances found in
NdsAl;3Pty with the binary and ternary compounds NdPt (FeB type, Pnma, 325 pm),3** AlPt
(FeSi type, P213, 300 pm),?2® Al3Pt> (AlzNiz type, P3m1, 294 pm), NdAlsPt; (YNisSis type,
Pnma, 300 pm),'”? and Nd2AlicPty (Ce2Ali6Pto type, Immm, 300 pm)!7# slightly shorter
distances are found. The distances in AlsPts (GesRhs type, Pbam, 273-336 pm),3?5 NdPts
(CaCus type, P6/mmm, 267-346 pm)32® and NdAl:Pts (own type, R3c, 274-349 pm)3?7 are in
better agreement. In case of NdPt> (MgCua type, Fd3m)3?8 the Pt—Pt distances are 272 pm and
slightly shorter than in Nd4Ali3Pto but in line with regard to the Nd—Pt distances of 319 pm for
NdPt; (MgCuz type, Fd3m).3® Other Nd—Pt distances found in the binary compounds range
from 279-323 pm in NdPt (Tl type, Cmcm),32° 289-300 pm Nd;Pts (Th7Fes type, P6smc)3% to
309-346 pm for NdPts (CaCus type, P6/mmm),326 which are in the same range as the ones found
in NdsAl1sPty and for the ternary compounds NdAlsPts,*"? Nd2Al:6Pts,}”* NdAlsPts,3*" and
NdAIPt” with 323-326 pm, 330-337 pm, 308-328 pm, 291-317 pm and 340 pm respectively.
The Nd-Al distances found in NdsAl13Pts range from 324 to 356 pm, these are in line with the
binary and ternary compounds NdAl; (MgCuz type, Fd3m, 332 pm),33, NdsAl (MgsCd type,
P6s/mmc, 337-348 pm),33? NdsAli1 (LasAlmn type, Immm, 320-333 pm),332 NdAI (DyAl type,
Pbcm, 310-346 pm),?*> NdAlsPts (Y NisSis type, Pnma, 323-348 pm),*’2 Nd2Al16Pts (Ce2Al16Ptg
type, Immm, 323-333 pm),t”* NdAIPt (TiNiSi type, Pnma, 309-334 pm)®” and NdAlsPts (own
type, R3c, 334-338 pm).32” As already discussed in the Chapter 3.a the structure forms a
polyanionic network [Al1sPts]*~ in which the RE in this case the Nd’* ions reside. Due to the Eu
variant being isostructural, the atomic distances of Al-Al and Al-Pt are in the same range to
the Eu compound with 277-284 pm and 247-265 pm for EusAli3Pts (Ho4Geolr13 type, Pmmn)7®
and 276-306 pm and 246-264 pm for NdsAli3Pts. When compared to binary and ternary phases
the aforementioned Al-Al and Pt—Al distances are in range with the ones found in AIPt (FeSi
type, P213, d(Al-Al): 301 pm, d(Al-Pt): 259-262 pm),228 Al,Pt (CaF> type, Fm3m, d(Al-Al):
296 pm, d(Al-Pt): 256 pm)**7, AlsPts (d(Al-Al): 314,345 pm, d(Al-Pt): 253-295 pm),325 Al;Pt,
(AsNi, type, P3m1, d(Al-Al): 278-309 pm, d(Al-Pt): 243-274 pm),'*® NdAl, (MgCus type,
Fd3m, d(Al-Al): 283 pm),3! Nd;Aly; (LasAlys type, Immm, d(Al-Al): 262-326 pm),332 NdAl
(DyAl type, Pbcm, d(Al-Al): 274-286 pm),33? NdAlsPt; (YNisSis type, Pnma, d(Al-Al): 270-
342 pm, d(Al-Pt): 237-279 pm),!7> Nd,Al;6Pto (Ce2Ali6Pto type, Immm, d(Al-Al): 286-339 pm,
d(AL-Pt): 239-336 pm),!”* NdAIPt (TiNiSi type, Pnma, d(Al-Al): 320 pm, d(Al-Pt): 260-
268 pm),%” NdAl3Pts (d(Al-Al): 316-327 pm, d(Al-Pt): 250-286 pm).3?’
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In addition to the X-ray diffraction experiments, semiquantitative analyses via SEM/EDX were
performed on LasAli3Pte, Gd4AlizPty and SmsAli13Pte. The results as well as the scanning
electron microscopy images of the compounds are summarized and presented in Table 3.25 and
Figure 3.56 showing a good agreement with the RE element content, the Al and Pt ratio
however is far from what would be expected in regard to the ideal composition. The occurring
deviations can be partially explained by the rough texture of the samples and the non-perfect
orientation of the crystallites to the electron beam, another explanation could be that the
platinum is reabsorbing part of the emission spectra of the aluminum leading to a higher amount
of Pt and decreased amount of Al. As already discussed with the powder X-ray diffraction, the
Sm sample does not contain a compound with a high content of Pt, except for the elemental
platinum. If the elemental platinum had been measured, Al and Sm should not have been
detected, although if an area measurement was done, different crystallites could have been
measured, which still would lead to a significant lower amount of Al and Sm compared to Pt.
Although the samples are not phase pure as shown in the Rietveld refinement, the structure

could be solved and refined, also the side phases in these samples are less than five wt.-%.

Table 3.25: SEM/EDX data of LasAl;3Pte, SmsAl;3Pto and GdsAl3Pte with
standard deviations of £2 at.-%.

Compound Ideal P1 P2 P3 mean
La: 15.4 16 17 16 16
LasAlisPty Al: 50.0 40 42 42 41
Pt: 34.6 44 41 43 43
Sm: 15.4 15 16 15 15
SmyAli3Pto Al: 50.0 40 42 50 44
Pt: 34.6 45 42 35 41
Gd: 154 18 18 19 18
GdsAl 3Pty Al: 50.0 36 41 36 38
Pt: 34.6 46 41 45 44
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Figure 3.56: Scanning electron microscopy images of LasAli3Pty (top left), SmaAlisPto (top right) and GdsAli3Pty
(bottom left).
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5. 2"AI NMR Investigations in the System Yb—-Al-T

The YbAIT series exists with 7= Ru, Co, Rh, Ni, Pd, Pt, Cu, Ag, Au and depending on the
transition metal and reaction conditions the MgZn, type, MgCu, type, TiNiSi type (Pnma) or
ZrNiAl type (P62m) can form. These structures feature one to two different crystallographic Al
positions making them prime candidates for 2?A1 MAS NMR studies. All compounds are

summarized in Table 3.26 along the structure type and number of independent Al positions.

Table 3.26: YbAIT series with corresponding structure type and number of Al positions.

Compound Structure types (SG) Number of Al positions
YbAIRu333 MgZn, (P63/mmc) 2 mixed with Ru
YbAICo33 MgZn, (P63/mmc) 2 mixed with Co
YbAIRO3% TiNiSi (Pnma) 1 unmixed
YbAINi np33¢ ZrNiAl (P62m) 1 unmixed
YbAINi hp®¥’ MgZn; (P63/mmc) 2 mixed with Ni
YbAIPd33® TiNiSi (Pnma) 1 unmixed
YbAIPt66 TiNiSi (Pnma) 1 unmixed
YbAICu np®* ZrNiAl (P62m) 1 unmixed
YbAICu hp*¥’ MgCu, (Fd3m) 1 mixed with Cu
YbAIAgH MgZn, (P63/mmc) 2 mixed with Ag
YbAIAU# TiNiSi (Pnma) 1 unmixed

Due to the low boiling point of the Yb, reactions were performed primarily in the induction
furnace in sealed Ta ampoules to prevent Yb from evaporating. The elements were weighted
according to the ideal ratio and placed in the Ta ampoule, subsequently the ampoule was sealed
with a Ta lid inside the arc furnace and placed inside the induction furnace afterwards. A
temperature of 1573 K was applied for 10 min and an additional heat treatment step by reducing
the power output to get a temperature of about 1073 K over a period of 5 h followed. Afterwards
the induction furnace was shut off. The resulting powder X-ray diffraction pattern for the

YbAIPt sample is shown in Figure 3.57.
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Figure 3.57: Rietveld refinement of the powder X-ray diffraction pattern of YbAIPt. Collected data are shown in

black dots, the refinement as red and the difference as blue line. Olive ticks indicate the Bragg positions of YbAIPt
(TiNiSi type, Pnma) and royal blue ticks of Yb,O3 ((Mng sFeo )05 type, Ia3) respectively.

As in the powder X-ray diffraction pattern observable, the sample of YbAIPt (TiNiSi type,
Pnma, a = 675.42(1), b = 434.08(1), ¢ = 767.49(1) pm),% is not phase pure and contains 1 wt.-
% Yb203 (Mng sFeq )05 type, a3, a = 1043.6(1) pm).3*2 An attempt to measure the 2’Al MAS
NMR spectrum resulted in a failure due to the paramagnetism of the sample, originating either
from Yb2O3 or YbAIPt directly, which exhibits an antiferromagnetic ordering below 5.8 K, an
effective magnetic moment of 4.5 up per Yb atom (effective magnetic moment of free Yb>*
ions: 4.5 ug) and a Curie-Weiss temperature of —60 K (YbAINi: Tn = 2.8 K, uer = 4.4 up per
Yb atom, Curie-Weiss temperature: —35 K).3*> The synthesis of the compounds with other
transition metal resulted in mixtures of more side phases, e.g. YbAIPd contains 67 wt.-%
YbAIPd (TiNiSi type, Pnma, a = 680.86(1), b =434.83(1), ¢ = 778.95(1) pm),% 2 wt.-% Yb,03
((MnosFeos)205 type, 1a3, a = 1043.54(3)) pm),**? 3 wt.-% Pd (Cu type, Fm3m, a =
396.18(1) pm),**4 25 wt.-% Al>1Pds (Al21Pts type, I4i/a, a = 1279.1(4), ¢ = 1102.7(2) pm)*3!
and 3 wt.-% AIPd (own type, R3, a = 1615.2(9), ¢ = 494.4(4) pm).232 The results of the Rietveld
refinement phase analysis are summarized in Table 3.27.

In the literature besides reaction using induction, also synthesis in resistance furnaces were used
for the syntheses of the YbAIT compounds, e.g. YbAIAu synthesized from the elements in
corundum crucible at 1400 K for 2 h,3#! so for the next step an attempt to replicate the

compounds using a resistance furnace is planned.
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Table 3.27: Phase compositions of YbAIT samples synthesized inside Ta ampoules.

Compound Main Phase (wt.-%) Side phases (wt.-%)

YbAINi YbAINI (69) Ta (5), Ni (1), Yb2Os (15), YbAIO;3 (9), Tag.sAlosO2 (1)
YbAIPd YDbAIPd (67) Yb.0s3(2), Pd (3), Al>1Pds (25), AIPd (3)

YbAIPt YDbAIPt (99) Yb0s (1)

YbAIAg YbAIAg (72) Yb,0s (1), Al2.6604 (27)

YbAlAu YbAIAu (97) Yb,03 (2), AlAuy (1)
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c. Cooperation Work

I. Intermetallic Compounds

For the following publications either synthetic work or SEM/EDX measurements were
performed for the corresponding cooperation partner.

1. MAl4lr, (M = Ca, Sr, Eu): Superstructures of the KAusln, Type

N. Zaremba, V. Pavlyuk, F. Stegemann, V. Hlukhyy, S. Engel, S. Klenner, R. Pottgen, O. Janka,
Monatsh. Chem. 2022, 154, 43-52.

Contribution: synthetic work, SCXRD studies of the SrAlslr> compound.

In cooperation with Dr. Nazar Zaremba (Ivan Franko National University of Lviv, Department
of Analytical Chemistry) bulk samples of the CaAlslr2, SrAlylr; and EuAlslr, were prepared
from the elements, the resulting PXRD showed no phase pure compounds but rather a mixture
of the title compounds, equiatomic Allr (CsCl type, Pm3m, a = 298.3 pm)*?® and ternary
M>Alolrs (Y2GagCos type, Cmcem, Ca compound a = 1295.50, b = 758.34, ¢ = 961.75 pm, Eu
phase a=1301.75,b=760.21, ¢ = 951.29 pm),®!-36 also an unknown phase for the Sr sample.?!?
Single crystal studies of the SrAlslr, were performed on the Bruker X8 ApexlIl, resulting in an
isotypic structure as found in the Ca and Eu containing compounds. The refinement parameters

as well as the atom parameters and interatomic distances are summarized in Tables 3.28-3.30.
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Table 3.28: Crystallographic data and structure refinement details for
SrAlslr, (own type, space group P4/ncc, Z=4).

Sum formula
Formular weight, g mol™!

Lattice parameters, pm

Cell volume, nm?

Calculated density, g cm™
Crystal size, um?
Diffractometer type
Wavelength; A, pm
Detector distance, mm

Absorption correction

Absorption coefficient, mm !
F(000), e

@range, deg

Range hkl

Total no. reflections
Independent reflections / Rin
Reflections 7> 3o(]) / R,
Data / parameters

Goodness of fit on £?
R1/wR2 for I>30(])
R1/wR2 for all data
Extinction coefficient
Extinction scheme

Largest diff. peak / hole, e A~

SrAlslr;

580.0
a="796.13(6)
c=771.57(7)
0.4980

7.88

36 x 62 x 75
Bruker X8 APEX-II
71.073

40

multi-scan
Bruker SadABS
65.7

976

3.62-31.78

+10; £11; -1,+11
4042

399 /0.0304
341/0.0169
399/19

1.23

0.0201 /0.0155
0.0418 /0.0401
149(13)
Lorentzian isotropic3®’

+1.40/-1.20
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Table 3.29: Atomic coordinates and displacement parameters (in pm?) for
SrAlslr, (space group P4/ncc, Z = 4).

Atom  Wyckoff X y z
Sr 4c 3/4 3/4 0.14563(9)
Ir 8f 0.89194(2) 1/2+x 3/4
Al l6g 0.4140(2) 0.8838(2) 0.9137(2)

Atom Un Uz Uss Uz Uzs Uis Ueq

St 512) Un 1214 0 0 0 74(2)
Ir 411)  Un  322) 1) o) o) 38(1)
Al 70(6) 53(3)  40(8) -10(4) —4(5) -1(5) 54(4)

The equivalent isotropic displacement parameter U, is defined as U, = 1/3

(Un + Uxn + Us3) (pm?). Standard deviations are given in parentheses.

Table 3.30: Interatomic distances (pm) in SrAlir, (own type, space group
P4/nce, Z=4). All distances of the first coordination spheres are listed. Standard
deviations equal or smaller than 0.2 pm

Sr: 4 Ir 317.0 Al: 1 Ir 253.9
4 Al 322.7 1 Al 254.9
4 Al 339.0 1 Ir 260.1
4 Al 354.5 1 Al 265.9
2 Sr 385.8 1 Ir 267.7
Ir: 2 Al 253.9 2 Al 273.0
2 Al 260.1 1 Ir 274.5
2 Al 267.7 1 Sr 322.7
2 Al 274.5 1 Sr 339.0
2 Sr 317.0 1 Sr 354.5
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2. Raman and NMR Spectroscopic and Theoretical Investigations of the Cubic Laves-
Phases REAl> (RE =Sc, Y, La, Yb, Lu)

E. C. J. GieBelmann, S. Engel, W. Kostusiak, Y. Zhang, P. Herbeck-Engel, G. Kickelbick, O.
Janka, Dalton Trans. 2023, 52, 3391-3402.

Contribution: synthetic work

For the work of Elias C. J. GieBelmann, a YbAl> bulk sample (MgCux type, Fd3m, a =
788.419(3) pm)*™ was prepared from the elements in a closed Nb ampoule by reacting the
reactants in the induction furnace at 1273 K for 10 min and subsequent cooling to RT over 5
min. The resulting PXRD pattern indicates a phase pure sample of YbAl> as shown in Figure
3.58. The REAl, compounds were subsequently analyzed via 2’Al NMR and Raman
spectroscopy to compare the influence of the 2’ Al NMR signal shift of from the corresponding

along the shift of the vibrational band.
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Figure 3.58: Rietveld refinement of the powder X-ray diffraction pattern of YbAl,. Collected data are shown in
black dots, the refinement as red and the difference as blue line. Olive ticks indicate the Bragg positions YbAl,
(MgCu, type, Fd3m).
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3. On the RE-TiAlz (RE =Y, Gd-Tm, Lu) Series — the First Aluminum Representatives of
the Rhombohedral Mg>Ni3Si Type Structure

E. C.J. Gielelmann, S. Engel, I. El Saudi, L. Schumacher, M. Radzieowski, J. M. Gerdes, O.
Janka, Solids 2023, 4, 166-180.

Contribution: SEM/EDX measurements

Bulk samples of Er;TiAl;, TmyTiAls and Lu,TiAls (all Mg>NisSi type, R3m),3*5 prepared by
Elias C. J. GieBBelmann, were semi-quantitative analyzed using SEM/EDX measurements of
five independent points of each sample. The EDX results (Table 3.31) are in a good agreement
with the ideal composition, deviations originate from the roughness of the samples and the
suboptimal orientation of the crystals to the electron beam, SEM images of the measured

samples are shown in Figure 3.59.

Table 3.31: SEM/EDX data of Er;TiAl;, Tm,TiAl; and Lu,TiAls; with
standard deviations of £2 at.-%.

Compound Ideal P1 P2 P3 P4 P5 mean
Er: 33.3 36 38 35 26 32 33
ErTiAlz Ti: 16.7 14 15 15 20 13 15

Al: 50.0 50 48 50 54 55 51

Tm: 33.3 32 31 32 32 35 33
Tm,TiAl; Ti: 16.7 17 14 16 15 15 15
Al: 50.0 51 55 52 53 50 52

Lu: 33.3 33 34 31 38 34 34
Lu,TiAl; Ti: 16.7 16 14 14 13 16 15
Al: 50.0 51 52 55 48 50 51
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Figure 3.59: Scanning electron micr
(bottom).
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4. Searching for Laves Phase Superstructures: Structural and 2’Al NMR Spectroscopic
Investigations in the Hf—~V—Al System

E. C. J. GieBelmann, S. Engel, J. Baldauf, J. Kosterns, S. F. Matar, G. Kickelbick, O. Janka,
Inorg. Chem. 2024, 63, 8180-8193.

Contribution: SEM/EDX measurements

SEM/EDX measurements of the X-ray pure bulk samples prepared by Elias C. J. Gielelmann
were taken in the electron microscope. The EDX data is summarized in Table 3.32 and
representative SEM images are shown in Figure 3.60. The results are in good agreement with
the ideal composition, differences originate from the rough surface and the non-optimal
orientation of the sample to the electron beam. The compounds from a vanadium content of 0
(Hf(VoAl2)2) to 0.8 (Hf(VosAlo2)2) all crystallize exclusively in the MgZns type structure
(P63/mmc) with the exception of Hf(Vo.167Alo.833)2 and Hf(Vo.125Al0.875)2 these compounds
crystallize in a new superstructure first observed Hf4VAl; (P3m1). With x = 0.875 and 0.9 the
samples form both the MgZn, and the MgCu, type (Fd3m) of the corresponding compounds

and by increasing the vanadium content, only the MgCu, remains.34¢

10pur Uni Sb SEI 20.0kV X450 WD 9.9mm 10pum

Figure 3.60: Scanning electron microscopy images of Hf(VoosAloos)2 (top left), Hf(Vo.sssAlg4i7)2 (top right),
Hf(Vo.125Al0.875)2 (bottom left) and HfV, (bottom right).
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Table 3.32: SEM/EDX data of the Hf—V—Al series, standard deviations of +2 at.-%.

Composition Ideal P1 P2 P3 mean
Hf: 33.3 32 30 39 34
HIAL Al: 66.7 68 70 61 66
Hf: 33.3 34 32 33 33
Hf(Vo.0sAl.95)2 V: 33 3 3 4 3
Al: 63.4 63 65 63 64
Hf: 33.3 31 33 33 32
Hf(Vo.083Al0.917)2 V: 55 6 6 6 6
Al: 61.2 63 61 61 62
Hf: 33.3 31 36 36 34
Hf(Vo.125Al0.875)2 V: 83 7 7 8 7
Al: 58.4 62 57 56 58
Hf: 33.3 36 32 33 34
Hf(Vo.167A10.833)2 V: 11.1 11 11 10 10
Al: 55.6 53 57 57 56
Hf: 33.3 34 36 35 35
Hf(Vo,zsAlon)z V: 16.7 15 15 15 15
Al: 50.0 51 49 50 50
Hf: 33.3 36 32 35 34
Hf(Vo33Al0.67)2 V: 222 21 20 21 21
Al: 44.5 43 48 44 45
Hf: 33.3 39 36 35 37
Hf(V0_417A10,583)2 V: 27.8 27 26 26 26
Al: 38.9 34 38 39 37
Hf: 33.3 39 32 33 35
Hf(Vo5Alo5)> V: 33.3 30 30 29 30
Al: 334 31 38 38 35
Hf: 33.3 35 35 34 35
Hf(Vo.ss3Al0.417)2 V: 38.9 35 34 35 35
Al: 27.8 30 30 31 30
Hf: 33.3 37 34 35 35
Hf(Vos7Al033)2 V: 44.5 41 40 42 41
Al: 22.2 22 26 23 24
Hf: 33.3 38 36 35 36
Hf(Vo.75Al0.25)2 V: 50.0 47 55 47 50
Al: 16.7 15 18 18 17
Hf: 33.3 34 35 33 34
Hf(VosAlo2), V: 53.3 49 48 54 50
Al: 13.3 17 17 13 16
Hf: 33.3 35 36 36 35
Hf(Vos75Al0.125)2 V: 58.4 54 54 53 54
Al: 8.3 11 11 11 11
Hf: 33.3 36 35 37 36
Hf(Vo.9Alo.1)2 V: 60.0 55 56 57 56
Al: 6.7 9 9 6 8
Hf: 33.3 37 37 35 36
Hf(V0,95A]0,05)2 V: 634 60 58 60 59
Al: 6.7 4 5 5 5
Hf: 33.3 39 35 39 38
HIV V: 667 61 65 61 62
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5. Systematic Investigations of the Solid Solution Zr(Vi-xAly)> Adopting the Laves Phase
Structures

E. C.J. Gielelmann, L. Schumacher, S. F. Matar, S. Engel, G. Kickelbick, O. Janka, Chem. Eur.
J. 2025, 31, ¢202404248.

Contribution: SEM/EDX measurements

SEM/EDX measurements on samples of the Zr—V—Al system were performed for Elias C. J.
Gieflelmann. In analogy to the Hf—~V—Al system, the bulk samples are X-ray pure. The results
are listed below in Table 3.33 alongside SEM images of a few representatives of the samples
in Figure 3.61. The EDX data show a higher amount of zirconium in all samples compared to
the ideal composition, but the mean value is overall in good agreement with the ideal values,
taking the rough surface and non-perfect orientation of the crystals to the electron beam into

account.

o, =
VEAL 8

Uni Sb

! ,:' P"‘»
VAl :
R ) |
S AT '7_

X500 WD 10.1mm 10pm

Uni Sb 20.0kV X700 WD 9.7mm 10um SEI 20.0kV mm 10pum

Figure 3.61: Scanning electron microscopy images of ZrV, (top left), nominal Zr;V,Als (top right), nominal
Zr;V3Al (bottom left) and ZrAl, (bottom right).
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Table 3.33: SEM/EDX data of the Zr—V—Al series, standard deviations of £2 at.-%.

Nom”Ta.l Ideal P1 P2 P3 mean
Composition

o Zr: 333 38 36 33 36

2 V: 66.7 62 64 67 64
Zr:33.3 33 35 35 34

ZrV4Al V: 583 58 56 58 57
Al: 8.3 9 8 8 8

Zr: 333 34 35 36 35

Zr,V3Al V: 50.0 49 48 48 48
Al: 16.7 16 16 16 16

Zr: 333 36 34 36 35

Zr3ViAl V: 44.4 42 46 41 43
Al: 222 22 20 23 22

Zr: 333 33 34 35 34

Zr4VsAls V: 41.7 44 41 41 42
Al: 25.0 23 24 24 24

Zr: 333 34 33 35 34

ZreVoAls V: 38.9 41 39 37 39
Al: 27.8 25 28 28 27

Zr: 334 33 35 36 35

ZrVAl V: 333 37 35 28 33
Al: 33.3 30 30 36 32

Zr: 333 34 36 36 35

ZreVsAly V: 27.8 30 25 26 27
Al: 38.9 36 39 38 38

Zr:33.3 34 36 35 35

Zr;sV,oAl V: 222 23 19 24 22
Al: 44.4 43 45 41 43

7r:33.3 35 35 35 35

Zr;VAl; V: 16.7 16 16 16 16
Al: 50.0 49 49 49 49

7r:33.3 35 36 35 35

ZrsVAl; V: 8.3 10 8 9 9
Al: 58.3 55 56 56 56

Zr:33.3 36 36 36 36

ZrAly Al: 66.7 64 64 64 64
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6. Structure, Physical and 2’Al NMR Spectroscopic Properties of the Missing Members of
the Equiatomic REAIRh (RE = Sm, Tb, Dy, Er, and Lu) Series

M. Radzieowski, E. C. J. GieBelmann, S. Engel, O. Janka, Z. Naturforsch. 2024, 79b, 459-467.

Contribution: SEM/EDX measurements

SEM/EDX measurements were conducted for the bulk samples of YAIRh (TiNiSi type, Pnma,
a = 686.91(8), b = 418.66(4), ¢ = 794.21(8) pm)*¥’ and LuAIRh (TiNiSi type, Pnma, a =
673.31(7), b = 415.92(5), ¢ = 788.22(8) pm)**® for the work of Dr. Mathis Radzieowski
(Universitdt of Miinster). The EDX data are summarized in Table 3.34 and images of both
samples are shown in Figure 3.62. A good agreement of the EDX results with the ideal
composition is present, the deviations originate from the rough surface and non-perfect

orientation of the crystals with the electron beam.

Table 3.34: SEM/EDX data of YAIRh and LuAIRh, standard deviations of +2 at.-%.

Composition Ideal P1 P2 P3 mean
Y:333 33 34 35 34
YRhALI Rh: 33.4 33 32 31 32
Al: 33.3 34 34 34 34
Lu:33.3 36 33 35 35
LuRhAl Rh: 33.4 33 35 34 34
Al: 333 31 32 31 31

Uni Sb SEI 20.0kv X500 WD 9.5mm 10pm J 20.0kV A m 10um

Figure 3.62: Scanning electron microscopy images of YRhAI (left) and LuRhAl (right).
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7.  Working Title: NMR Spectroscopic Properties of the RE>AIE> Series (RE = Sc, Y, Lu; E
= Si, Ni)

E. C. J. Gielelmann, S. Engel, O. Janka, manuscript in preparation.

Contribution: SEM/EDX measurements

In cooperation with Elias C. J. GieBelmann, SEM/EDX measurements of the X-ray pure
samples Sc2AlSi> (MoxFeB: type, P4/mbm, a = 659.38(1), ¢ = 399.61(1) pm),3** Y,AlSi>

(W2CoBs type, Immm, a = 406.68(1), b = 573.96(1), ¢ = 869.38(1) pm),>*® LuxAlSi> (W2CoB>
type, Immm, a=398.65(1), b=569.63(1), c=839.39(1) pm),>>* Y, AINi, (W>CoB: type, Immm,
a=417.63(1), b = 542.77(1), ¢ = 837.76(1) pm),*3! and Lu,AINi» (W>CoB: type, Immm, a =
411.70(1), b =532.62(1), c = 816.62(1) pm)*>! were taken. The results are listed in Table 3.35.
Sc2AlSi; and Y2AISi; are in a good agreement with the ideal composition, but in case of the
lutetium-containing samples, an excess of the rare earth element is present. In Y>AINi> both Y
and Al show a lower amount compared to the ideal composition. Alongside the EDX data SEM

images are shown in Figure 3.63.

Table 3.35: SEM/EDX data of Sc,AlSi,, Y2AlSi», Lu,AlSi>, Y>AINi,, and
LuxAlNiy, standard deviations are £2 at.-%.

Composition Ideal P1 P2 P3 mean
Sc: 40 38 40 40 40
Sc2AlSi> Al: 20 21 20 20 20
Si: 40 41 40 40 40
Y: 40 41 40 40 40
Y>AlSi, Al: 20 19 20 21 20
Si: 40 40 40 39 40
Lu: 40 45 44 37 42
LuAlSi, Al: 20 17 22 21 20
Si: 40 38 34 42 38
Y: 40 37 41 38 39
Y,AINi, Al: 20 18 21 18 19
Ni: 40 45 38 44 42
Lu: 40 42 42 41 42
LuxAINi, Al: 20 18 22 20 20
Ni: 40 40 36 39 38
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Figure 3.63: Scanning electron microscopy images of Sc,AlSi, (top left), Y2AlSi> (middle left), Lu,AlSi, (bottom
left), Y>,AINi, (middle left), and Lu,AINi; (bottom right).
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I. Oxidation of Intermetallic Compounds

1. Mechanistic Studies on the Formation of Ternary Oxides by Thermal Oxidation of the
Cubic Laves Phase CaAl

E. C.J. Gielelmann, S. Engel, J. G. Volpini, H. Huppertz, G. Kickelbick, O. Janka, Inorg. Chem.
Front. 2024, 11, 286-297.

Contribution: synthetic work and SEM/EDX measurements.

For the oxidation studies of Elias C. J. Gielelmann, CaAl> was prepared from the elements in
the arc furnace, ground to a fine powder and subsequently oxidized repeatedly in a muffle
furnace for one minute at 1273 K with a heating and cooling rate of 15 K min™'. The PXRD
patterns of CaAl, and the second oxidation cycle are shown in Figure 3.64. The powder X-ray
diffractogram of CaAl, shows a mixture of the desired CaAl, (MgCuz type, Fd3m, a =
804.104(4) pm)'85 phase with 97 wt.-% and CaAls (BaAls type, I4/mmm, a = 436.69(5), ¢ =
1124.1(2) pm)'S with 3 wt.-% due to a slight evaporation of the Ca during the synthesis in the
arc furnace. After the first oxidation cycle, a mixture of the mayenite phase Cai2A114033 (own
type, 143d, a = 1203.86(3) pm, 67 wt.-%),352 the anticipated CaAl,O4 (own type, P2i/c, a =
878.1(4), b = 808.3(3), ¢ = 1746.4(9) pm, 3 wt.-%),353 Al (Cu type, Fm3m, a = 405.278(8) pm
9 wt.-%),3 ALOs (own type, R3c, a = 476.09(2), ¢ = 1299.8(1) pm, 13 wt.-%)55 and CaO
(NaCl type, Fm3m, a = 481.37(1) pm, 7 wt.-%)3%¢ formed. Figure 3.65 displays the change of
the phase composition after each oxidation cycle, the phase mixture changed during the
subsequent oxidation cycles to 62 wt.-%, 15 wt.-%, 2 wt.-%, 18 wt.-% and 3 wt.-%
corresponding to the aforementioned phases. Also, a stagnating of the phase change of the
mayenite phase and alumina is visible after only a few cycles, compared to the increase of
CaAlO4 and decrease of elemental Al and CaO. This indicates that the targeted CaAl>O4
originates rather from the reaction of Al, O and CaO during the later cycles and the oxidation

of CaAl, for one minute is not a viable route for a targeted synthesis of CaAl>Os.
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Figure 3.64: Rietveld refinement of the powder X-ray diffraction pattern of CaAl, top and various phases from
the binary and ternary Ca—Al-O systems at the bottom. Collected data are shown in black dots, the refinement as
red and the difference as blue line. Olive ticks indicate the Bragg positions of CaAl, (MgCu, type, Fd3m), green
ticks of CaAls (BaAls type, I4/mmm), violet of Ca12Al14033 (own type, 143d), orange of CaAl,O4 (own type, P21/c),

royal blue of Al (Cu type, Fm3m), wine-red of Al,O; (own type, R3c) and magenta ticks of CaO (NaCl type,
Fm3m) respectively.
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Figure 3.65: Change of phase composition over oxidation cycles. Violet dots indicate Ca;2Al14033 (own type,

[43d), orange CaAl;O4 (own type, P2y/c), royal blue Al (Cu type, Fm3m), wine-red Al,Os (own type, R3c) and
magenta dots as CaO (NaCl type, Fm3m) respectively.
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SEM/EDX analysis were performed additionally to the oxidation cycles and the PXRD
measurements. An image of the CaAl; and the CaAlLO, samples obtained after 97 h of
annealing with intermediate grinding and one from the oxidation with pure Oz over 5 h are
given in Figure 3.66 and in Table 3.C.9 the results of the EDX measurements are shown. The
oxidized sample after 97 h shows the highest amount of CaAl;O4 in the PXRD with 90 wt.-%,
whereas the second sample possesses a significantly higher amount of the mayenite phase. For
the EDX data, oxygen was measured but is not suited for the results based on the intrinsic
dependency of electron count for the measurement. So only Ca and Al values are shown in
Table 3.36 with regards to the difference in the ratios of Ca and Al in the CaAl2O4 and
Cai2Al14033 phases leading to a ratio of 33 : 67 at.-% and 42 : 58 at.-% respectively. The results
for CaAl; are in a good agreement, the difference between the ideal and measured values
originate from the rough surface and the orientation of the sample. The ratio of Ca and Al of
the oxidized samples show the expected trend, the 97 h sample exhibit nearly a 1 : 2 ratio,

whereas the 5 h sample only 1 : 1.3 due to the higher amount of the mayenite.

Figure 3.66: Scanning electron microscopy images of CaAl (top), CaAl,Ox 97 h annealing time (bottom right)
and CaAl>Ox 5h annealing time with pure O, (bottom right).
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Table 3.36: EDX measurements of CaAl,, CaAl,O, (97 h) and CaAlL,O; (5 h), including
the ideal values of the elements in the compounds and the mean values of the
corresponding three measurement points.

Compound Ideal Pl P2 P3 Mean value
Ca: 33 36 34 36 35
CaAl; Al: 67 64 66 64 65
21 17 16 18
CaAlLO; (97h)
Ca: 14 36 31 32 33
Al: 29 33 18 27 26
CaALO, (5 h) > hy pr 2
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2. Rapid Synthesis of a Green Emitting Phosphor by Sulfidation of Intermetallic EuAl; and
Its Use in a Hybrid Material

E. C. J. GieBelmann,® S. Engel,? S. Pohl, M. Briesenick, L. P. Riithing, C. Kloos, A. Koldemir,
L. Schumacher, J. Schmedt auf der Giinne, G. Kickelbick, O. Janka, Chem. Mater. 2024, 37,
97-108.

§ shared first author.

Contribution: synthetic work and SEM/EDX measurements.

In cooperation with Elias C. J. Gieelmann, EuAl>S4 and SrAl,S4 were prepared by synthesizing
the binary intermetallic aluminum compounds EuAl> and SrAl; from the elements in the arc
furnace and the subsequent sulfidation to the aforementioned sulfides in graphitized fused silica
ampoules. The Figure 3.67 shows the PXRD pattern of EuAl, (MgCux type, Fd3m, a =
812.25(2) pm)*** and EuAl:Ss (EuGasSs type, Fddd, a = 1211.35(2), b = 2038.85(4), ¢ =
2077.66(4) pm),37 both syntheses resulted in X-ray pure samples.
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Figure 3.67: Rietveld refinement of the powder X-ray diffraction pattern of EuAl, top and EuAlS4 bottom.

Collected data are shown in black dots, the Eeﬁnement as red and the difference as blue line. Olive ticks indicate
the Bragg positions EuAl, (MgCu, type, Fd3m) and green ticks EuAlLS4 (EuGasSs4 type, Fddd) respectively.
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The PXRD pattern of SrAl> as well as SrAl,S4 are shown in Figure 3.68, both display side
phases. Whereas the precursor formed the wanted SrAl, (KHg> type, Imma, a = 479.50(1), b =
789.49(1), ¢ = 796.03 (1) pm)'86 only to 46 wt.-% and the side phases SrAls (BaAls type,
I4/mmm, a = 44.64(1), ¢ = 1121.29(2) pm)'*! 45 wt.-%, SrsAls (own type, R3m, a = 587.48(2),
¢ =3566.4(2) pm)*'5 7 wt.-% and SrAl (InCl type, P213, a = 1273.4(3) pm )**® with 2 wt.-%,
the sulfidation lead to a nearly pure sample of SrAl>Ss (EuGaxS4 type, Fddd, a =1212.76(3), b
= 2045.98(5), ¢ = 2090.48(6) pm)*>® with 7 wt.-% S (own type, P12i/cl, a = 1523.5(5), b =
612.7(1), ¢ = 2070.3(5) pm, B = 133.89(2)°)3% as leftover and no other Sr or Al compounds.
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Figure 3.68: Rietveld refinement of the powder X-ray diffraction pattern of SrAl, top and SrAl,Ss bottom.
Collected data are shown in black dots, the refinement as red and the difference as blue line. Royal blue ticks
indicate the Bragg positions of SrAl, (KHg, type, Imma), wine-red of SrAls (BaAls type, 14/mmm), violet of SrsAlg

(own type, R3m), magenta of SrAl (InCl type, P2,3), bright blue of SrAl,S4 (EuGasS4 type, Fddd) and yellow ticks
for S (own type, P12i/c1) respectively.

Additional SEM/EDX data of the precursors EuAlz, SrAlx and the EuAlSs sample were
collected. The SEM images are shown in Figure 3.69 and EDX results are given in Table 3.37.
The EDX results of the binary compounds are in good agreement with the ideal composition.
In the case of the sulfidized sample, the measurement values show a significant difference of
the element amount, whereas an excess of Eu and Al is present, a deficit of S is observable. The

reason for the difference could be a decomposition of the compound in the electron beam,
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leading to a loss of sulfur and a higher amount of europium and aluminum in the remaining

sample. SrAl>S4 could not be measured due to its instability on air.

Figure 3.69: Scanning electron microscopy images of SrAl, (top left), EuAl, (top right) and EuALSs (bottom
right).

Table 3.37: EDX measurements of SrAl,, EuAl, and EuALSs, including the ideal
values of the elements in the compounds and the mean values of the corresponding
three measurement points.

Compound Ideal P1 P2 P3 Mean value
Sr: 33 35 35 35 35
SrAl Al: 67 65 65 65 65
Eu: 33 36 28 36 33
EuAl, Al: 67 64 7 64 67
Eu: 14 19 18 18 18
EuAlSs Al: 28 34 46 47 0
S: 57 47 36 35 39
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d. Review Articles and Book Chapters

The following review articles and book chapters were additionally published during the PhD
phase.

1. Review: On the Ytterbium Valence and the Physical Properties in Selected Intermetallic
Phases

The review was written in cooperation with Prof. Dr. Rainer Pottgen (University of Miinster),
PD Dr. Oliver Janka, Dr. Maximilian K. Reimann (University of Miinster) and Elias C. J.
Gieflelmann and as the title of the review states, the focus of the work is Yb and its valence
states. Due to the overwhelming amount of research on ytterbium compounds, only a small part
was used as representative examples. In the review the crystal chemistry, structural (XANES,

XPS, NMR) and physical property analyses of intermetallic Yb compounds were summarized.

S. Engel, E. C. J. Gieelmann, M. K. Reimann, R. Péttgen, O. Janka: On the Ytterbium
Valence and the Physical Properties in Selected Intermetallic Phases, ACS Organic &
Inorganic Au 2024, 4, 188-222 361

2. Review: Trivalent Europium — A Scarce Case in Intermetallics

Since the research of ternary intermetallic phases included RE elements and in particular
europium and synthesizing or substituting the new compounds EuAlsPt;, EuAlisPto,
EusAlisPto and EuxAlisPtexT%, a minireview about intermetallic europium compounds with a
trivalent oxidation state of Eu was prepared together with Prof. Dr. Rainer Pottgen (University
of Miinster), PD Dr. Oliver Janka and Elias C. J. GieBelmann. In this review, ternary Eu
compounds were showcased alongside their crystal chemistry, structural and physical property
analysis, by e.g. XANES and XPS to show the valency of the europium. Also, examples were
stated in which the valence of Eu can be altered through external factors like temperature or

pressure.

S. Engel, E. GieBelmann, R. Pottgen, O. Janka: Trivalent Europium — A Scarce Case in

Intermetallics, Rev. Inorg. Chem. 2023, 43, 4, 571-582.30

271



3. Book Chapter: “Bulk Metallic Glasses” in Applied Inorganic Chemistry

The book chapter “Bulk Metallic Glasses” in the book “Applied Inorganic Chemistry” was
written together with PD Dr. Oliver Janka, which gives a short historical overview of the class
of materials alongside their synthesis and properties. The main focus of this work is the
applications, which are sorted by the corresponding field, e.g. applications in consumer

products or in industrial applications.

S. Engel, O. Janka: ,,Bulk Metallic Glasses* in Applied Inorganic Chemistry
DeGruyter, 2022 Chapter 2.11362

4. Book Chapter: “Shape Memory Alloys” in Applied Inorganic Chemistry

Like the “Bulk Metallic Glasses” chapter, the “Shape Memory Alloys” chapter was also
composed for the book “Applied Inorganic Chemistry”, featuring the history of these materials
along with the shape memory effect and the accompanying phase transition from martensite to

austenite, followed by the different applications of shape memory alloys.

S. Engel, O. Janka: ,Shape Memory Alloy*“ in Applied Inorganic Chemistry
DeGruyter, 2022 Chapter 2.10%°
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4. Conclusion

Based on the DFG proposal with the title “Studies concerning the electronic structure and the
electron transfer in electron poor intermetallics” (DFG # 441210509) new structures could be
synthesized, crystallographically characterized and their properties as well as bonding situation
analyzed. The compound series based on CeAlsPt; and EuAlsPts could be extended not only to
the rare earth but also to the alkaline earth metals with the compounds crystalizing all isopointal
to the YNisSi3 type structure in space group Pnma. Of these phases, single crystal data were
collected from the Sr and the Er containing compound, validating the isotypism to the cerium
compounds and hence the isopointalism to the YNisSis type structure. A second compound
family which could be extended was the Ce2AlisPto type structure, of which the Sr, La and Eu
containing samples yielded single crystals, which confirmed the isotypism to the Ce>Ali6Pty
type structure crystallizing in space group /mmm. The crystal structures of Eu and Sr exhibit
full occupancy, whereas in the La compound a mixing on one Al site occurs. Bulk samples of
these compounds could be obtained for YAlsPts3, PrAlsPt; and GdAlsPts, whereas the samples
with the elements Nd, Sm, Tb, Dy, Ho and Er formed small quantities of AlsPt,. CaAlsPts,
SrAlsPt; and LaAlsPt; compounds always formed large amounts of the corresponding
M>Ali6Pto phase along AlsPta. All bulk samples of the M>AliPto phases also resulted in a
mixture of the target phase, MAlsPt; and Al;Pty, due to the peritectically decomposition of the
M>Al6Pto phase into the MAIsPt; compound and AlzPt, which could be shown by heat
treatment experiments on the lanthanum compound. The structure of the MAIsPt; could be
validated by 2’Al NMR spectroscopy on the X-ray pure YAlsPt; resulting in five signals,
corresponding to the five crystallographically independent Al sites in the structure. Besides
NMR spectroscopy, also magnetic measurements of YAlsPt; and the samples containing Ce-Nd
and Gd-Ho were recorded, showing the expected Pauli-paramagnetic behavior for the YAlsPts,
whereas the other compounds exhibit Curie paramagnetism. Additionally, an antiferromagnetic
transition was observable for the Nd, Gd-Ho containing compounds.

The third compound family was discovered based on the CesAli3Pto and PrsAli3Pty structures,
which crystallize in the HosGeolr13 type structure (Pmmn). The family was firstly extended by
the europium compound and subsequently for other lanthanides. Of these samples, the Nd
containing compound confirmed the isotypism to the CesAli13Pty through single crystal X-ray
diffraction measurements. X-ray pure samples could be obtained for the Nd and Dy containing
phases, whereas the other samples contain side phases like AlzPt>. The attempt to extend to
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family to isostructural Pd containing phases resulted in the formation of EusAlo.701)Pd2.3001),
which crystallizes in the MosSiB; type structure (/4/mcm) and exhibits a thus far unknown
composition.

To understand the bonding situation and charge transfer of these structure families, bonding
analyses via Bader charge calculations and integrated crystal orbital Hamilton populations for
both strontium compounds SrAlsPt; and Sr2AlisPto, YAlsPts and EusAlizPto were conducted in
collaboration with researchers at different universities. The Bader charges show positive values
for the Sr and lower positive charges for the Al atoms, whereas the Pt atoms exhibit a negative
charge, indicating a charge transfer from the Sr to the Pt atoms. The charge transfer is supported
by the low ICOHP values of the M—Pt and M—Al pairs, whereas the AI-Al and Al-Pt have a
significantly higher value and therefore a stronger bonding interaction, indicating the formation
of a polyanionic [Al,7y]>” network. Due to the structural similarity of the motif, all structures
can be described by the formation of the polyanionic network, which forms hexagonal prismatic
cavities in which the M°" resides in, providing the charge transfer to the polyanion.

Additional new compounds were discovered during investigation in the system Ca—Al-Pt,
resulting in two new structures the nominal compositions of CaAl:Pt; and Ca,Al3Pt, which
crystallize in the CaBe>Ge: type structure (P4/nmm) and Mg>CusSi type structure (P63/mmc),
respectively. Both compounds exhibit Al/Pt mixing with refined compositions of
CaAlz241)Pt1.76(1) and CaxAlz 09(1)Pto.g1(1). Besides the two structures also the literature known
Ca;AlPt; phase (CaxSilr2 type, C2/c) was found, which exhibits a fully ordered structure. No
X-ray pure samples of the newly found compounds could be obtained. The bonding analysis of
the structures showed a similar trend as in the three structure families, making these phases also
polar intermetallic compounds.

Subsequent to the discovery of CaAlx241)Pti76(1y and CazAls.09(1)Ptoo1(1), the LOBSTER
program package was used to perform bonding analysis based on DFT calculations by
calculating the Lowdin charges and ICOBI values of literature known binary and ternary
compounds in the Ca—Al-Pt system. The results show similarities to the ICOHP calculations
and Bader charges calculated on the three structure families, with a focus on the alkaline earth
samples SrAlsPt; and Sr2AlisPty compounds. The Ca atoms have a positive Lowdin charge
comparable to the Bader charge of the Sr atoms, due to being the less electronegative element,
hence transferring the valence electrons to the polyanionic network of Al and Pt. The Lowdin
charges of the Pt and Al atoms, as calculated with the parameters now, exhibits positive charges
for the Pt and negative charges for the Al atoms, being in contrast to the Bader charges and in

regard to the electronegativity. This is currently investigated rendering Lowdin charges maybe
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not as the best way to interpret charges in intermetallic compounds. The ICOBI values exhibit
significant covalent bonding interactions between the Al-Al and Al-Pt atoms, but have still the
highest values with Al-Al being the strongest, followed by the Al-Pt interactions. This is also
reported by the new and sole compound SrAlgRh, (CeAlgFe; type, Pbam). Besides the bonding
analysis via LOBSTER also temperature dependent electrical resistivity measurements were
performed, showing metallic behavior down to a minimum around 7.5 K. Below the 7.5 K, the
resistance rises, due impurity scattering. Additionally, a possible onset of a transition into
superconductivity below 0.6 K is observable.

The last new ternary compound discovered is the CaAlsNi>» which crystalizes in the PrAlsNi»
type structure with space group Immm, no phase pure bulk samples could be obtained yet, due
to evaporation of the Ca as well as the formation of CaAl> as main product.

Besides new ternary structures, also experiments on the valence change material EuzAl;sPts
were conducted by partially substituting the Pt sites with Pd, Ir and Au atoms. EuzAl;sPts
exhibits a temperature dependent valence transition at low temperatures (45 K), in which the
valence of the europium atoms change from divalent to trivalent. The substitution led to the X-
ray pure solid solution EuxAlisPtsPd, EuzAlisPtslr and EuAlisPtsAu. The magnetic
measurements of the X-ray pure samples resulted in a change of the transition temperature. The
Pd substituted solid solution exhibits a lower transition temperature of 42 K, whereas in the
case of the Ir substitution the transition temperature could be increased to 52 K. As for the Au
containing solid solution, due to the increased valence electron count, the valence transition

was suppressed.
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