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Abstract

Superconductivity in compounds without inversion symmetry in the crystal structure induced
intensive research interest during the last decades as many superconducting properties and
parameters do not comply with the standard BCS theory. The present work primary focuses
on the preparation and characterization of non-centrosymmetric intermetallic compounds and

the corresponding ternary systems and comprises of three main parts.

The first one deals with the reinvestigations of the superconducting equiatomic silicides or
germanides LaPtSi, LalrSi and HfRhGe with ordered non-centrosymmetric crystal structures,
deriving from the binary compounds a-ThSi,, SrSi, or AlB,. Additionally, the compound
CelrSi has been studied.

The second part concentrates on crystal structures and/or phase diagram investigations of
binary, ternary and quaternary borides. The binary Ir-B system has been reinvestigated
between 10 and 70 at. % boron by means of differential scanning calorimetry, electron probe
micro analysis, X-ray powder diffraction, X-ray single crystal diffraction and electron probe
micro analysis. Four binary phases have been found, namely IryBs.y, IrsB4.x and the high and
low temperature modification of IrsBs. X-ray single crystal diffraction studies have been
performed on IryBs.x (Ir4Bs type), IrsB4,x (IrsB4 type) and on the non-centrosymmetric low
temperature modification of Ir4Bs « (IrBgg type). The high temperature modification of IrsBs.«

(WC type; also non-centrosymmetric) has been confirmed by X-ray powder diffraction.

The crystal structure of W, 4B3 has been reinvestigated by X-ray single crystal diffraction and
revealed isotypism with the Mo;«B3 structure type. The solubility of Rh, Ir, Ni, Pd and Pt in
W.xBs as well as of Rh in Mo, «B3 has been investigated in as cast state and after annealing.
Furthermore, phase equilibria in the boron rich part of the corresponding isothermal sections
W-TM-B (TM = Rh, Ir at 1100°C, TM = Ni, Pd at 900°C and TM = Pt at 800°C) and Mo-Rh-
B (at 1100°C) have been established. A ternary compound W IrsB, (ReB, type) only forms
in the system W-Ir-B. The type of formation and crystal structure of diborides W TMB,
(TM = Ru, Os, Ir) isotypic with ReB, were studied by X-ray powder diffraction and electron

probe microanalysis in as cast state and after annealing at 1500°C.
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The solid solution CeRh;.xPdBgs (x=0, 0.5, 1.2, 1.5, 1.7, 2.5, 3) has been studied in as cast
state with respect to the crystal structure (superstructure formation) and valence change of

cerium.

The third part summarizes the results from the investigations of a large number of ternary
compounds EpT>X, or EpTX3 (Ep = Sr, Ba; T = Ni, Pd, Pt, Cu, Ag, Au; X = Si, Ge, Sn)
crystallizing with the non-centrosymmetric BaNiSn; structure type or another BaAly
derivative structure type. Superconductivity (< 3 K) has been found for 7 compounds
adopting the BaNiSnj3 structure type. Group — subgroup relations with the aristotype BaAly
were constructed focussing on the non-centrosymmetric structure types. In order to elucidate
formation, structure and properties of clathrate structures and other ternary compounds, the
silicon or germanium rich part of the ternary systems Sr-{Cu,Ag,Au}-{Si,Ge} and Ba-
{Ag,Au}-{Si,Ge} were investigated at 700 or 800 °C, depending on the system. Beside the
partial isothermal sections at 600 and 800°C, also the liquidus and solidus projections have
been constructed for the ternary system Ba-Ag-Ge. The ternary invariant reactions are shown
in form of a Schulz-Scheil diagram. The crystal structures and homogeneity ranges of more
than 20 new or already reported compounds have been explored by electron probe

microanalysis, X-ray powder diffraction and X-ray single crystal diffraction in several cases:

SrgCuyGeysx (clathrate type-I); SrCus.Geoy (ThCraSip type); Bag.ySryCuxGess. (clathrate
type-I); SroAgiSi3xyOy (S1LiSi3 type); SrAgr«Sivi (ThCrSis type); Sr(AgyGeix)> (AlB
type); SrAgr.Geyx (ThCrySiy type); Sr(AuiyOy)(SijAuy); (BaNiSnz type); SrAus.OSis
(BaAusSir-type); Sr(AuySijy) (x=0.25: CayAgSis type; x=0.375: AlB; type); Sr(AuGe; )
(AIB; structure type); SrAu,Ge,ix (x=0: ThCr,Si, type; x=0.5: CaBe,Ge, type and x=0.45:
BaCu,Sb; type); BagAg,Siss.x (clathrate type-I); BayAgSis (BasLisSie type); BagAgGessx-yOy
(clathrate type-I); BaAgyGesrix (ThCraSiy type); BaAgiGeorx (AlBj-type); BagAuySisex
(clathrate type-I); Ba(Au;«Six)2 (AlB,-type); BaAusSijx (BaAusGe-type); BaAus,Siy
(BaAusSir-type);  BagAuyGess.x.yOy  (clathrate  type-I);  Ba(Au;Gey)>  (AlBo-type);
BaAu;+xGesx (x=0.1: BaNiSns type; x=1.7: Ce(Ni,Sb)s-type); BaAu;Ge (BaAus;Ge-type);
BaAus.Ge,.« (x=0: BaAusSir-type; x=0.3: BaAus3Ge; 7 type).

As an additional contributions, the transport properties of various clathrates type-I are
presented and the resistivity and heat capacity measurements of SrgCus3Sis7. Resistivity
measurements of the new ternary compounds BaAu;Ge and BaAu3Si show metallic behaviour

with a superconducting transition at T.=2.4 and 1.6 K, respectively.
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Kurzfassung

Supraleitung in Verbindungen ohne Inversionszentrum in der Kristallstruktur erlangte in den
letzten Jahrzenten reges Forschungsinteresse, da viele Eigenschaften nicht mit der Standard
BCS Theorie iibereinstimmen. Die vorliegende Arbeit konzentriert sich hauptsédchlich auf die
Darstellung und Charakterisierung einfacher nicht-zentrosymmetrischer intermetallischer
Verbindungen und die dazugehorigen ternidren Systeme und besteht im Wesentlichen aus drei

grof3en Kapiteln.

Das erste Kapitel besteht aus Ergebnissen der Untersuchungen an den supraleitenden ternédren
dquiatomaren Siliziden und Germaniden LalrSi, LaPtSi und HfRhGe mit geordneten nicht-
zentrosymmetrischen Kristallstrukturen, die sich von den bindren Aristotypen a-ThSi,, SrSi,

oder AIB, ableiten. Des Weiteren wurde die Verbindung CelrSi untersucht.

Der zweite Teil der Arbeit konzentriert sich auf die Untersuchungen von Kiristallstrukturen
und/oder Phasendiagrammen von bindren, terndren und quaternidren Boriden. Das binire
Phasendiagramm Ir-B wurde im Konzentrationsbereich 10 bis 70 at. % Bor mittels
dynamischer Differenzkalorimetrie, Elektronenstrahlmikroanalyse,
Rontgenpulverdiffraktometrie und Rontgeneinkristalldiffraktometrie untersucht und erstellt.
Das System wird durch vier bindre Phasen IryBs.y, IrsBs4ix sowie die hoch- und tief
Temperatur Modifikation von IrsBs« bestimmt. Rontgenstrukturuntersuchungen wurden fiir
Einkristalle von IryBs.x (Ir4Bs type), IrsB4.x (IrsB4 type) und fiir die nicht-zentrosymmetrische
tief Temperatur Modifikation of IryBs.« (x=0: IrB¢ 9 type) durchgefiihrt wohingegen die hoch
Temperatur Modifikation von IrsBs;x (WC type; auch nicht-zentrosymmetrisch) mittels

Rontgenpulverdiffraktometrie bestitigt wurde.

AuBlerdem wurde die Kristallstruktur von W, B3 mittels Rontgeneinkristalldiffraktometrie
untersucht und ergab Isotypie mit dem Mo, B3 Strukturtyp. Die Loslichkeit von Rh, Ir, Ni,
Pd und Pt in W,B3 als auch von Rh in Mo;4Bs; wurde direkt nach dem Schmelzen im
Lichtbogen als auch nach dem Gliihen untersucht. Die Phasengleichgewichte wurden fiir den
borreichen Teil der zugehorigen isothermen Schnitte W-TM-B (TM = Rh, Ir bei 1100°C, TM
= Ni, Pd bei 900°C und TM = Pt bei 800°C) und Mo-Rh-B (bei 1100°C) erstellt. Nur im
System W-Ir-B bildet sich eine ternidre Phase W IryB, (ReB, type). AuBBerdem wurde die
Bildung und Kristallstruktur der isotypen Diboride W TMB, (TM = Ru, Os, Ir) im
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ungeglithten  Zustand als auch nach dem Sintern bei 1500°C  mittels

Rontgenpulverdiffraktometrie und Elektronenstrahlmikroanalyse untersucht.

Die feste Losung CeRhs;«PdiBos (x=0, 0.5, 1.2, 1.5, 1.7, 2.5, 3) wurde im ungegliihten
Zustand sowohl beziiglich der Bildung einer Uberstruktur als auch der Anderung der Cer

Valenz untersucht.

Im dritten Teil der Arbeit sind die Ergebnisse der Untersuchungen zahlreicher ternérer
Verbindungen EpT,X; oder EpTX; (Ep = Sr, Ba; T = Ni, Pd, Pt, Cu, Ag, Au; X = Si, Ge, Sn)
zusammengefasst, die mit dem nicht-zentrosymmetrischen BaNiSn; Strukturtyp oder mit
einem anderen BaAl; Abkommling kristallisieren. Supraleitung (< 3 K) wurde fiir 7
Verbindungen mit BaNiSnj3 Strukturtyp gefunden. Gruppe-Untergruppe Beziehungen mit dem
Aristotyp BaAls wurden mit dem Fokus auf die nicht-zentrosymmterischen Strukturtypen
erstellt. Dariiber hinaus wurden der Silizium beziehungsweise Germanium reiche Teil der
terndren Systeme Sr-{Cu,Ag,Au}-{Si,Ge} und Ba-{Ag,Au}-{Si,Ge} bei 700 oder 800°C,
entsprechend dem jeweiligen System, untersucht. Neben den teilweisen isothermen Schnitten
bei 800 und 600°C wurden fiir das Ba-Ag-Ge System auch die Liquidus- und Solidus
Projektionen erstellt, die terniren invarianten Reaktionen bestimmt und diese in Form eines
Schultz-Scheil Diagramms dargestellt. Die Kristallstrukturen und Homogenitétsbereiche von
mehr als 20 neuen oder Dbereits Dbeschriebenen Phasen wurden  mittels
Elektronenstrahlmikroanalyse, Rontgenpulverdiffraktometrie und in einigen Fillen mittels

Rontgeneinkristalldiffraktometrie untersucht.

SrgCuyGeysx (Klathrate Typ-I); SrCuyGezix (ThCr,Si; Typ); Bag.ySryCu,Gesex (Klathrate
Typ-I); SroAg1xSi3.x.yOy (SrpLiSiz Typ); SrAgs.xSizex (ThCr,Si; Typ); Sr(AgyGeix)2 (AlB;-
Typ); SrAgr.«Gesrwx (ThCrySix Typ); Sr(Auy,0,)(SijxAuy)z (BaNiSnz Typ); SrAus.OxSis
(BaAusSiy Typ); Sr(AuxSij), (x=0.25: CayAgSisz Typ; x=0.375: AlB; Typ); Sr(AuyGe;x)2
(AlB; Typ); SrAuyGeyiy (x=0: ThCr,Si, Typ; x=0.5: CaBe,Ge, Typ and x=0.45: BaCu,Sb,
Typ); BagAg,Siss.x (Klathrate Typ-I); BapAgSiz (Sr2LiSi3 Typ); BagAgGessyOy (Klathrate
Typ-I); BaAg, «Gesix (ThCr,Si; Typ); BaAgiGe, «x (AlB; Typ); BagAu,Sisex (Klathrate Typ-
I); Ba(Au;.xSix), (AlBy Typ); BaAusSijx (BaAusGe Typ); BaAus,Sirx (BaAusSi, Typ);
BagAu,Gess.yOy (Klathrate Typ-1); Ba(Aui.Gey)> (AlBy Typ); BaAui.Ges, (x=0.1:
BaNiSn; Typ; x=1.7: Ce(Ni,Sb)s; Typ); BaAu3Ge (BaAu3Ge Typ); BaAus,Ge,x (x=0:
BaAusSi, Typ; x=0.3: BaAus3Ge; 7 Typ).



Als zusitzliche Beitrdge sind die Transporteigenschaften von zahlreichen Klathraten Typ-I
zusammengefasst als auch die FErgebnisse der Widerstand- und Spezifischen Wéirme
Messungen von SrgCus 3Sis0 7. Widerstandsmessungen der neuen Verbindungen BaAus;Ge und

BaAusSi zeigen metallisches Verhalten mit einem supraleitendem Ubergang bei T.=2.4 sowie

1.6 K.
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1 Introduction

After the first liquefaction of Helium by Kamerlingh-Onnes in 1908, he investigated the
electrical resistivity of very pure metals and found for mercury a precipitously drop below a
measureable value at ~ 4.2 K. Kamerlingh-Onnes called this phenomena superconductivity
and the transition temperature from the normal to the superconducting state the critical
temperature (7.). Beside the temperature, the superconducting state is also limited by the
current density (j.) and the external applied magnetic fields (H.). Superconductors also expel
magnetic fields, which is called the ~MeiBiner-Ochsenfeld Effect” (Meissner W. 1933).
Superconductivity is related to the formation of Cooper pairs [BCS theory (Bardeen J. 1957);
bound state of two electrons of opposite momentum and spin close to the Fermi energy,
forming a coherent condensate], mediated by electron-phonon interaction, for most of the
known superconducting (SC) materials. This pair formation is rather short ranged, so that only
pairing states are favourable, having the highest possible symmetry. In case of full rotational
symmetry, this refers to a relative angular momentum (1 = 0) and a spin-singlet confirmation
(S =0). This “s-wave” pairing state is representing the “conventional ” superconducting phase

(Sigrist M. 2005).

When the magnetic intermetallic compound CeCu,Si, was found to undergo a transition into a
superconducting ground state around 0.7 K (Steglich F. 1979), many of the superconducting
properties and parameters did not coincide with the standard BCS theory. CeCu,Si, and the
large family of high 7. superconductors [f.e. layered perovskite copper oxides (Bednorz J.G.
1986)] caused intense research activities on a growing group of superconducting materials,
known as “unconventional superconductors”. In these materials, time reversal and/or crystal
symmetry can be violated spontaneously in addition to the gauge symmetry (Sigrist M. 2005).
Strong deviations from usual Cooper pairing are expected, if time reversal and inversion
symmetry are missing in the normal state (Sigrist M. 2005). The absence of inversion
symmetry together with parity violating antisymmetric spin-orbit coupling (ASOC) allows an
admixture of spin singlet and spin triplet components and the structure of the quasiparticle
gap function may include point or line nodes [ (A. D. Sigrist M. 2007), (Frigeri P.A. 2004)].
Therefore, a power law thermal dependence of the thermodynamic properties (f.e. specific

heat: Cg o< T?) is expected for such a superconductor (U. K. Sigrist M. 1991).



There are still only a few further Ce-based heavy fermion superconductors known in
literature. Pressure induces SC in the compounds such as CeCu,Ge; [P=101 kbar: 7,=0.64 K
(Jaccard D. 1992)], CePd,Si, [P ~ 28 kbar: T. ~ 430 mK (Grosche F.M. 1996)], CeRh,Si, [P
~ 9 kbar: T, ~ 350 mK (Movshovich R. 1996)], CePtSi, [P ~ 1.7 GPa: T. ~ 140 mK (Nakano
T. 2009)] and CeRhIns [7."" = 2.1 K, (Hegger H. 2000)]. Superconductivity at ambient
pressure has been found in CeMIns [M = Co: T, = 2.3 K (P. P. Petrovic C. 2001); M =1Ir: T, =
0.4 K (Petrovic C. 2001)]. All these compounds crystallize with a centrosymmetric structure
type. CePt;Si [T, = 0.75 K (Bauer E. 2004)] was the first examples of a heavy fermion SC
without inversion symmetry. Other members of this class of materials are f.e. Ulr [P ~ 2.6-2.7
GPa: T. < 140 mK (Akazawa T. 2004)], CeRhSi; [P ~ 20 kbar: 7. ~ 1 K (Kimura N. 2005)]
and CelrSi3 [P ~ 2.5 GPa: T, ~ 1.6 K (Sugitani 1. 2006)] but only CePt3Si shows SC already at

ambient pressure.

Superconductivity at ambient pressure also appears in the non-magnetic homologues LaPt3Si
[T, ~ 0.6 K (Shiotsuki M. 2011)], LaRhSi; and LalrSis [7,=1.9-2.7 K (Lejay P. 1984)].
Further examples of already studied non-centrosymmetric superconductors are Y,Czux [T, = 6-
18 K, depending on x (Krupka M.C. 1969), (Amano G. 2004)], Liy(Pd; «Pty)sB [T, = 2.8-8 K,
depending on x (Badica P. 2005), (Togano K. 2004)] and Mos;AlL,C [T, =9 K (R. G. Bauer E.
2010)].

The present work has been carried out as one part of the research project “Non-
centrosymmetric Superconductors” with the aim to discover, prepare and characterize non-
centrosymmetric compounds. For this work, the knowledge about phase formation, crystal
structures and also about the phase equilibria is mandatory. Therefore, microstructures of the
as cast (after arc melting) and annealed alloys have been analysed using scanning electron
microscopy and the chemical composition has been determined with electron probe
microanalysis. The melting temperatures (behaviors) of compounds, phase transitions and/or
invariant reactions have been studied by differential scanning calorimetry. The crystal
structures have been investigated by X-ray powder diffraction and X-ray single crystal

diffraction.
The tasks of this work more detailed are:

1) The preparation and characterization of already known intermetallic non-

centrosymmetric superconducting materials without strong correlations among f-



electrons, which have not been investigated with respect to the lack of symmetry
(equiatomic silicides or germanides LaPtSi, LalrSi and HfRhGe).

i1) The crystal structures and/or phase diagram investigations of binary (Ir-B system),
ternary [W-TM-B (TM = Rh, Ir at 1100°C, TM = Ni, Pd at 900°C and TM = Pt at
800°C) and Mo-Rh-B (at 1100°C)] and quaternary borides [solid solution CeRhj.
«PdBos (x=0, 0.5, 1.2, 1.5, 1.7, 2.5, 3].

i) The systematic search for novel ordered non-centrosymmetric and possible
superconducting compounds in the ternary systems Ep-7-X (Ep = Sr, Ba; T = Ni,
Pd, Pt, Cu, Ag, Au; X = Si, Ge, Sn) inclusively phase formation, crystal structures
and phase equilibria.

v) The investigations of novel even centrosymmetric ternary compounds and
thermoelectric materials like clathrates, which are present in the Ep-T-X systems

and which might exhibit interestingly physical properties.

The corresponding physical properties of the non-centrosymmetric compounds have been
studied in the group of Prof. Ernst Bauer at the Technical University of Vienna and are
therefore only briefly summarized and all calculations have been performed in the group of

Prof. Raimund Podloucky from the University of Vienna as concluding part of this project.



2 Experimental techniques

2.1 SAMPLE PREPARATION

Samples of about 0.5-1.5g were prepared by arc melting under an argon atmosphere. An extra
amount of the most volatile element has been added in advanced to compensate the weight
loss during arc melting. Weight losses were therefore much smaller 1 mass.%. Either
stoichiometric quantities of the pure metal ingots (Sr 99.9, Ba 99.9, La 99.9, Ce 99.9, Eu 99.9,
Yb, 99.9, Ni 99.99, Pd 99.99, Pt, 99.9, Cu 99.9, Ag 99.9, Au 99.9, Si 99.999, Ge 99.999 and
Sn 99.99 mass.%, all from Alfa Aesar) or of metal powders (V 99.99, Hf 99.9, Mo 99.9, W
99.99, Ru 99.99, Os 99.99, Ir 99.99, Rh 99.99, Ni and crystalline B 98-99% mass.%, all from
Alfa Aesar) have been used. The moisture/oxygen sensitive alkaline and rare earth elements
were mechanically surface cleaned and handled and weight under cyclohexane. Metal
powders were carefully mixed and cold compacted before arc melting. The arc melted buttons
were cut and appropriate pieces, vacuum-sealed in quartz tubes (wrapped in Ta or Mo foil,
depending on the system) and annealed at temperatures between 600 and 1100 °C. The
accurate annealing conditions are given separately in each chapter. Above 1100 °C, the
samples were annealed on a BN-substrate in a high vacuum furnace of 3x10™ Pa with a W-

sheet metal heater.

To achieve large (~ 1 cm’) dense clathrate samples (from the ternary systems Ba-{Ag,Au}-
{Si,Ge}) for physical properties measurements, appropriate amounts of the annealed arc-
melted buttons (800°C for 1 week) were crashed inside the glove box and hand milled to gain
first powders (grain size < 100 pm). Afterwards, these powders were ball milled via high
energy ball milling under argon and then compacted in a hot press. In a final step, the alloys
were annealed again for 5 days at 800°C. To determine the relative density (p; in %), we used

Archimedes™ principle for the density p, which we measured on the cylindrical sample in

MyZ
Vu'Ng’

distilled water. In comparison with the calculated X-ray density ( p, = M,...molar

mass; Z... number of formula units/unit cell; V,... volume of the unit cell and N,...Avogadro

constant) a relative density (p/px) was achieved higher than 96%.



2.1.1 Arc furnace

A standard arc melting furnace consists of a copper hearth, tungsten electrode and water
cooling system and reaches temperatures up to 3500°C. The furnace chamber is evacuated
with a vacuum pump and backfilled with argon. This procedure is repeated between 3 and 5
times. Before melting, the chamber is filled with argon up to a pressure of 0.7-0.8 bar.
Titanium is always molten as a getter first and afterwards the sample. The arc melted buttons

were reversed and remelted at least 3 times to ensure homogenisation in the alloy.

2.1.2  Ball mill

Pregrinded powders of the alloys were filled inside the ball milling containers in a glove box.
The ball milling was performed in a Vario-Planetary Mill Pulverisette 4 (see Figure 1(a))
using containers and balls of steel. The grinding containers can be fixed on a rotating support

disc (see Figure 1(b)) and the rotation speed of the disc and the grinding bowls (can be set

Speed of container
Speed of the disc

independently) is connected via the planetary ratio =

—_
O
~

Horizontal Section >
Movement of the

supporting disc

Centrifugal
force

Rotation of the grinding bowl

Figure 1:(a) Picture of the Vario-Planetary Mil Pulverisette 4; (b) schematic representation of the rotating
support disc with the container holders and (c) possible movement/trajectories of the balls inside the bowl
(Fritsch GmbH).

As the support disc and the vials are rotating in opposite directions (see Figure 1(b)), the
centrifugal forces alternately act in forward and opposite direction. The movement or
trajectories of the balls inside the containers can be determined by changing PR. The balls can
impact the walls (see Figure 1(c)) vertically (high impact energy), tangentially (high friction)
or roll along the walls of the container (centrifugal milling) (Fritsch GmbH). Various

parameters like size and material of the balls and container (Cr-Ni steel, WC, chrome steel,
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corundum, zirconia), the ball to powder ratio, the size of the balls, the temperature, the milling
time, the milling atmosphere (vacuum, inert gas, air) and/or a process control agent (stearic
acids, ethanol, hexane...) influence the result and therefore should be optimized. The applied
ball milling parameters are in this case are: rotation speed of the disc = 175 rpm, PR = -2.5,

size of the balls = 10 mm, milling atmosphere: Argon.

2.1.3 Hot Press

A hot press (HP W 200/250-2200-200-Ks, FCT System GmbH; see Figure 2) has finally been
used to compact the fine powders after ball milling into a bulk sample. The powders are
transferred inside the glove box to a graphite die with a diameter of 10 mm. The furnace is
also build-up of high density graphite. Working temperatures and forces can achieve 2200°C
and 140 kN. The sintering process can be operated under vacuum, nitrogen or argon. Ge-

based alloys were hot pressed at 700°C (56 MPa) and Si-based at 800°C (56 MPa).

Figure 2: Hot Press HP W 200/250-2200-200-Ks, FCT System GmbH (FCT System GmbH 2006).

2.2 SAMPLE CHARACTERIZATION

All alloys have been characterized in as cast state (after arc melting) and/or after annealing by
X-ray powder diffraction (XPD) and electron probe micro analysis (EPMA). X-ray single

crystal diffraction (XSCD) studies have been done in various cases in order to investigate the
6



crystal structure of new compounds or to verify already reported structure types from
literature. Differential scanning calorimetry (DSC or differential thermal analysis (DTA))
experiments have been carried out to study the melting temperature (behavior) of compounds,

phase transitions and invariant reactions.

2.2.1 X-ray diffraction

Only short wavelength X-rays, which are in the range of a few Angstréms to 0.1 Angstrérn (1
keV - 120 keV), can be used for diffraction experiments. As the wavelengths of X-rays are
comparable to the spacing of lattice planes, they are ideally suited for probing the structural
arrangement of atoms in a wide range of materials. The 3-dimensional periodic lattice works
as diffraction grating for X-rays as discovered by Max and Laue. The energetic X-rays can

penetrate deep into the investigated material and provide information about the bulk structure.

The X-rays are generated in an X-ray tube, when a focused electron beam is accelerated
across a high voltage field (30-60 kV) and strikes a stationary or rotating solid target. Through
the deceleration of the electrons in the electric fields of the metal ions, the kinetic energy is
partially transferred into radiation. This continuous spectrum of X-rays (Bremsstrahlung) is
always emitted (Massa W. 2011). The high energy electrons also eject inner shell electrons
from the atoms. When an electron from a higher orbital fills this level, an X-ray photon is
emitted with a characteristic energy for the transition. Therefore, each metal has its
characteristic X-ray emission spectrum. Common targets used in X-ray tubes are Fe, Cu or
Mo, which emit X-rays with corresponding wavelengths of K, (Fe)=1.93604 A (K»=1.93997
A), Ku(Cu)=1.54059 A (K,=1.54443 A) and K,(M0)=0.70932 A (K=0.71361 A),
respectively (Int. Tabl. of Crystallogr. C 2004). The energy (E) of an X-ray photon and its
wavelength (1) is related by the equation E = hc/A, where h is Planck's constant and ¢ the

speed of light.

When X-ray photons collide with electrons, some photons from the incident beam will be
scattered without changing the wavelength (coherent or elastic scattering) at various angle 0,
depending on the d spacing between the lattice planes. Constructive interference occurs
according to Bragg if: 2dsinf = nA. In this equation, Ais the wavelength of the X-
ray, @1is the scattering angle and » is an integer representing the order of the diffraction peak.

The present background in all diffraction experiments mainly results from fluorescence X-



rays and inelastic scattering (incoherent scattering) of X-rays (Materials Research Laboratory,
2014). The intensity of the diffracted X-rays is equal (proportional) to the square of the
structure factor. The structure factor for any plane hk/ with N atoms in the unit cell and the n"

atom located at (x,ynzy) i given as:

F=3%n-1fne' P =30_1 fu (cos ¢ +isingy) (1)
with the total phase difference @,=2x(hx, + ky, + Iz,) (2)

The atomic scattering factor of the n™ atom (f,) is dependent from the number of electrons and

therefor from the atomic number (Z). It is given as (Swaminathan P. 2013):

f __amplitude of wave scattered by atom
amplitude of wave scattered by electron —

3)

At 26=0 it correspond to the atomic number and decreases with increasing 6 values. The
polynomials with 9 parameter and values of f are given for almost all atoms and ions in the
International Tables of Crystallography C (Int. Tabl. of Crystallogr. C 2004). The oscillation
of an atom around the ideal position leads to a further weakening of f with increasing 6 and

can be expressed as:

f' =f- e—8m?U(sin? 6/2%) 4)
where U is the isotropic displacement factor (formerly called temperature factor), which is the

squared mean oscillation amplitude u? (Massa W. 2011).

2.2.1.1 X-ray Powder Diffraction (XPD)

XPD is currently the most established X-ray diffraction technique for characterizing materials
in laboratories. The sample is usually in a powdery form, consisting of very fine grains of a
crystalline material and the crystalline domains should be randomly oriented. XPD data are
most frequently collected using reflection (Bragg-Brentano geometry) or transmission
(Guinier geometry) geometry, as shown in Figure 3. In the Bragg-Brentano geometry, either
the X-ray tube is fixed (0:20 instrument) and the sample rotates at 6 °/min and the detector at
20 °/min (20-diffraction angle) or the sample is fixed (0:0 instrument) and the X-ray tube
rotates with a rate of -0 °/min and the detector with a rate of 6 °/min. The diffraction vector

vq 1s always normal to the sample (see Figure 3(a)).
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Figure 3: Schematic drawing of the (a) reflection and (b) transmission geometry (®-incident angle; 20-
reflection angle; v4-diffraction vector).

The transmission geometry is realised in the Huber Guinier camera G670 (see Figure 4; Cu-
Kq1 or Fe-K; radiation) applying an image plate (IP) to allow the entire diffraction pattern to
be collected in a single exposure (8° < 26 < 100°). The used incident beam monochromator
(oriented Si or Ge single crystal) eliminates the bothersome K, radiation. The Camera
consists of an image storage foil positioned inside the camera housing with the sensitive site
facing inward on the focal circle with radius 90 mm (Huber). This foil consists of polyester
and is coated with a homogeneous powder of photo-stimulatable phosphor consisting of
bariumflourobromide with traces of Europium (2+) which acts as a luminescence centre
(BaFBr:Eu®*). After the exposure, the image plate is scanned by a vertical linear red diode
laser beam (~5 seconds). The thus resulting blue photo-stimulated luminescence (PSL)
eradiating from the areas subject to X-ray exposure is amplified during the scanning process
by a photomultiplier and then registered. This initially analogue signal is then converted into
digital number counts by a 16-bit A/D converter. A white halogen lamp is deleting the
registered image structure and the system is ready for the next exposure (Huber). The received

data can be stored in different formats for visualization programs or for performing a Rietveld

refinement.

1|
Sample holder
with sample |

b)

X-ray

% Image plate
camera

Figure 4: (a) Picture of the Huber Guinier Camera G670 with X-ray tube (Cu-radiation) and
monochromator (b) schematic drawing (Huber) and (c) picture from the inner part of the camera (laser
recording unit with photomultiplier and preamplifier.



2.2.1.1.1 Determination of the Lattice parameter

The X-ray powder diffraction patterns were measured also with small amounts of Si or Ge as
standard for precise lattice parameter determination. External or internal standards are used to
eliminate the total error caused by a lot of different influences like sample displacement or
misalignment of the diffractometer parts. High symmetric substances with already very
precisely measured lattice parameters are suitable as standards. Only those sample reflections
in between the first and the last reflection of the standard substance should be taken, as
extrapolation can cause severe errors. Furthermore, the peaks of the standard and the sample
should not overlap and the strongest reflection of the sample and the standard should have
about the same intensity. The difference of 20,ps and 20.,c (A20) is plotted versus 20, to
define a proper correction function. Usually a polynomial function of 0" to 4™ order is
calculated as an approach function. The procedure has been carried out with the programs
STRUKTURE (Wacha W. 1989), X15, LAZY PULVERIX and GITTER. The last two are
integrated in the program MENUE.

2.2.1.1.2 The Rietveld refinement

H.M. Rietveld developed in the 1970"s ( (H.M. Rietveld 1967), (H.M. Rietveld 1969)) a
method for the mathematical description of powder patterns (first it was developed for
neutron diffraction data only) applying structure related, profile related and instrument related
parameters, which are refined in least square processes. Mandatory for the implementation of
a Rietveld refinement is a proper structure model (space group, lattice parameter, atomic

positions) for all phases. The profile can be modeled with the following expression:

Vei = 2 Sp 2nlpn2(T; — Ty p) + b &)

where y.; are the calculated counts at step i, the vector & labels the Bragg reflection and the
subscript ¢ labels the phase and ranges from 1 to the number of phases existing in the model

(Rodriguez-Carvajal J. 2006). The integrated intensity Iy, can be written as:
Ion = {LACPMF?}4, (6)

The meanings of the various terms in the previous equations are:
S4— Scale factor of the phase ¢

Q) — Reflection profile function that models sample and instrumental effects
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T — Scattering variable (here: scattering angel 0 or 20)

b; — Background intensity

Ly, — Lorentz polarization

M), — multiplicity factor

Aj, — Absorption correction

C;, — Special corrections (non linearity, efficiencies, special absorption corrections, extinction)
P;, — Preferred orientation function

F;, — Structure factor

The Rietveld method can be expressed basically as the minimization of the weighted squared
differences between the observed {y;};=;., and calculated pattern {y.(a)}=1. ., against a

parameter vector a=(0... a,) (Rodriguez-Carvajal J. 2006). The function is written as:

X% = 2w i — yei (@)} (7)
with w; = /o ((512— variance of y;) (Rodriguez-Carvajal J. 2006).

The generally given agreement factors from the Rietveld refinement are:

. Ty o 211/2
Weighted Profile factor: Ryyp = 100 [El:l‘nwlly : 3;“' ] 8)
Yi=1,n WiVi
. — 2h|10bs,h_1calc,h|
Bragg factor: Ry = 100 =22t —caloh] 9)
Zallobs,nl
1 . — Eh|F0bs,k_Fcalc,h|
and the crystallographic RF factor: R = 100 (10)

ZhlFobskl
All Rietveld refinements have been carried out within the program FULLPROF (Rodriguez-
Carajalv J. 1993).

2.2.1.2 X-ray single crystal diffraction

Small pieces of suitable samples (details about sample composition and preparation conditions

are given in each chapter) were mechanically crushed in a mortar and single crystals with a size

of 20-50 um were presorted under a light microscope. Proper crystals were glued on top of a

glass capillary, which is fixed with wax in a small brass tube. An AXS-GADDS (General Area

Detector Diffraction system using a HI-STAR Area Detector System) texture goniometer has

been used for checking the crystal quality, unit cell dimensions and Laue symmetry. X-ray single

crystal diffraction (XSCD) data were collected at room temperature on a Bruker APEXII
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diffractometer and at low temperatures (200 and 100 K) on a four-circle Nonius Kappa
diffractometer. The crystal structures were solved applying direct methods (SHELXS-97,
(Sheldrick 1990)) and refined against F? (SHELXL-97-2, (Sheldrick G. M. 1997)) within the
programs WINGX (Farrugia L. J. 1999) or OSCAIL (McArdle P. 2004). All crystal structures
were standardized with the program Structure Tidy (Gelato L.M. 1987). For the graphical
representation of the Difference Fourier Synthesis the program GFourier has been used, which is
integrated in the program FULLPROF (Rodriguez-Carajalv J. 1993). Pictures of the unit cells

and coordination polyhedra have been created with the program ‘Diamond’.

2.2.1.2.1 Bruker Kappa APEXII and Nonius Kappa diffractometer

Single crystal diffraction experiments have been carried out either on a Bruker Kappa APEXII
diffractometer or on a Nonius Kappa diffractometer when measurements at different
temperatures were required. Both diffractometer (see Figure 5(a) and (b)) basically consists of
the X-ray source, X-ray optics, a Microscope or video camera (Bruker APEXII), the 4 axis
goniometer (Kappa, omega, phi) for orienting the crystal and 2-Teta for the detector.
Additional, the distance Dy from the crystal to the detector (charge coupled device (CCD))
can be changed. A phosphor converts X-rays to light in this 2-dimensional detector, a fibre
optic taper reduces the image and cooled CCD measures the light signal. The APEXII
detector is a 4k by 4k solid state CCD full frame sensor. The X-rays are generated in the
Nonius kappa diffractometer through an X-ray tube with rotating anode (Mo K, radiation; C-
monochromated) and in the Bruker APEXII diffractometer by an Incoatec Microfocus Source
IuS (30 W, multilayer mirror, Mo-K,). The descriptions of the instruments are mainly based
on the user manuals of the 2 diffractometers. Several sets of phi- and omega-scans with 2.0°

scan width were measured at a crystal-detector distance of 3 cm (full sphere; 2° <26< 70°).

a)' quuid‘cooler b_) ;
: o Microscope

Ca
Detector  f

H-ray tube
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Figure 5: Kappa 4 axis goniometer components (a) Nonius kappa diffractometer
(http://www.nonius.nl/KappaCCD/manuals/technical/userman.html) and (b) Bruker Kappa APEXII
(http://www.univie.ac.at/Mineralogie/ccd.htm).

2.2.1.2.2  Crystal structure solution

After the XSCD, the collected diffraction data consist of a list of miller indices and
corresponding intensities. The electron density map within the unit cell in the crystal is
reconstructed by a Fourier transformation of the integrated intensities of the diffraction peaks.
A high degree of completeness as well as redundancy in diffraction data is necessary to
achieve a high accuracy, which means that all possible reflections are measured multiple

times to reduce systematic and statistical errors (Materials Research Laboratory, 2014).

The main difficulty in X-ray crystal structure determination is known as the “phase problem”:

(11)

¢ = arctan (M)

Y fncosdn
¢ cannot be determined experimentally, as only the absolute value of the amplitudes can be
calculated through the conversion of the measured intensities (Massa W. 2011). Several
methods have been developed for crystal structure solutions, like direct methods or Patterson

method.

2.2.2 Scanning Electron Microscopy (SEM, Electron Probe Microanalysis (EPMA))

For SEM and EPMA, sample pieces were embedded in a conductive resin by a SIMPLIMET
3 hot mounting press (Buehler, Lake Bluff, Illinois USA, operation parameters: 2.9><107Pa;
150°C; duration 1.5 min). The embedded samples were grinded using sand papers of different
SiC grit size and polished afterwards on fine polishing towels with Al,O3 powders (grain size
0.3, 0.1 and 0.05 micron) under water or glycerine (moisture or oxidation sensitive materials).

Finally, they were cleaned with acetone.

In a Scanning electron microscope (SEM, Zeiss Supra 55 VP; operated at 20 kV and 60 pA),
an electron beam generated by an electron source (field emission cathode) is focused through
an electromagnetic lens system to a point and scans in a raster pattern over the surface of the
sample. The high energetic electrons can be elastic (backscattered electrons (BSE)) or

inelastic scattered (secondary electrons (SE)) in the surface layers of the sample ((SEM)
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2014). These two types of electrons are used for making an image of the sample. As SE’s
have low energy, only electrons very close to the surface can escape and they have to be
attracted towards the SE detector using a positive bias on the front of the detector. The signal
strength and brightness of a SE image is depending on the angle between sample and detector
and the image is therefore highly topographical ((SEM) 2014). BSE images display an atomic
number contrast, as the probability for the generation of BSE is larger in areas with higher
average atomic number. Higher energetic BSE are more likely scattered at higher angles and
therefore, the detector is placed directly above the sample ((SEM) 2014). Characteristic X-
rays (and Bremsstrahlung) are also emitted through the interaction of the primary electrons
(PE) with the sample, which can be used for a quantitative analysis (EPMA). These X-rays
can be detected either sensitive to variations in energy (energy dispersive X-ray analysis
(EDX)) or wavelength (wavelength dispersive X-ray analysis (WDX)). The main advantage
of the EDX detection is the rapid data collection, since X-rays from all detectable elements
are collected parallel. Also impurities and contaminating elements can be detected. An
example of an EDX spectrum measured on a phase containing Ba, Ag and Ge with an
acceleration voltage of 20 kV is shown Figure 6. The sampling volume of X-rays is between 1
and 2 pm3 and is therefore much larger than the incident beam (Moore J.C. 2003). EDX
detectors have usually a resolution of 100-150 eV, so overlapping peaks are quite often a

problem.

il

2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 keV

Figure 6: EDX spectrum of a phase containing 20.4 at.% Ba, 35 at.% Ag and 44.6 at.% Ge.

14



With a WDX detector, the emitted X-rays from the sample are analysed by their characteristic
wavelength. The wavelength is measured using Bragg-diffraction by a spectrometer crystal,
with a mechanical system changing the angle between sample, crystal and X-ray detector
(Moore J.C. 2003). Therefore, a large number of different crystals are required, so that many
different wavelengths can be accessed. This procedure is much slower compared with EDX
detection and can only be used for a number of preselected elements. The biggest advantage is
the energy resolution of 5-10 eV (Moore J.C. 2003). This removes most of the problems with
overlapping peaks using EDX detection. Also the detection limit can be improved and with
the appropriate standards, the compositional accuracy can be at least 1 at.% (Moore J.C.
2003). The weight fraction of the element in the sample is not directly related to the measured
intensities of the X-rays and so a number of corrections have to be applied in both cases to

gain a quantitative compositional analysis (Moore J.C. 2003).

2.2.3 Differential scanning calorimetry (DSC) and Differential Thermoanalysis (DTA)

In both techniques, a sample and an inert reference material are heated up applying a strict
linear temperature program. In the DTA method, the temperature difference between sample
and reference is recorded versus temperature or measurement time (Hohne G.W.H. 2003). In
the DSC setup, the sample and the reference are kept at the same temperature. A thermal
effect (exothermic or endothermic) is compensated through an increased heating of the colder
site. The DSC measures the change of the difference in the heat flow rate to the sample and to

a reference material (Hohne G.W.H. 2003).
The DSC is a widely used technique to gain information on:

e Melting -, re-crystallization -, polymorphous transition -, reaction -, or glass transition
temperatures

e Melting -, crystallization -, transformation -, or reaction heats (enthalpies)

e Decomposition, thermal stability

e Oxidative stability

e Specific heat etc.

DSC/DTA measurements have been carried out on the annealed samples in either a Netzsch
404 Pegasus DSC in our laboratory or in a 409 STA CD /3/403/5/G equipment in the faculty

of Science at the Masaryk university under a stream of 6N argon and heating rates of 5 or 10
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K/min. The samples were measured in standard Al,O3 crucibles coated with Y,O3; or BN
(Borides). Alloys containing moisture sensitive BaGe,, were measured in sealed quartz
ampoules using the DTA setup. Both equipments were calibrated in the temperature range
from 300 to 1400°C against pure standard metals supplied by Netzsch to be within +£1°C (in
case of the DTA setup within £3 °C).

2.3  PHYSICAL PROPERTIES

Physical properties were measured in collaboration with the group of Prof. E. Bauer at the TU
Vienna. For the electrical resistivity, thermopower (Seebeck coefficient), Hall effect and low
temperature thermal conductivity measurements, the samples were cut into thin bars and for
high temperature thermal conductivity measurements a thin carbon coated disk has been used.
The electrical resistivity has been measured either in a conventional “He cryostat using a dc
four point technique in the low temperature range between 4.2 and 300 K or by an ac
resistance bridge (Lakeshore 370). Resistivity measurements from 350 mK to room
temperature at magnetic fields up to 12 Tesla were performed in a cryogenic *He setup. At
high temperatures (>300 K), electrical resistivity and thermopower have been measured
simultaneously on an ULVAC ZEM-3 equipment. Thermopower measurements at low
temperatures have been performed employing a differential method. The absolute
thermopower S,(7) can be calculated with the equation: Sy(7 ) = Spp(T )—Vpy/x/AT. Spy is the
absolute thermopower of lead, Vpy/x is the thermally induced voltage across the sample and
AT the temperature difference. Hall effect and specific heat measurements have been carried
out in a conventional Quantum Design Physical Property Measurement System (PPMS).
Specific heat measurements were carried out down to 400 mK with a He inset. Thermal
conductivity data were obtained below room temperature by a steady state heat flow method

and above room temperature from a Anter Flashline FL.3000 unit.
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3 The Non-Centrosymmetric Equiatomic Compounds HfRhGe, LaPtSi,
LalrSi and CelrSi

The first experimental chapter focuses on formation and crystal structures of the non-
centrosymmetric compounds HfRhGe, LaPtSi, LalrSi and CelrSi and briefly summarizes the
results from physical properties measurements. Results are partially published in the paper
““Synthesis, characterization, electronic structure, and phonon properties of the
noncentrosymmetric superconductor LaPtSi”” (Kneidinger F. 2013) and in the PhD thesis on
“*Non-centrosymmetric superconductivity of intermetallic compounds in absence of strong

correlations among electrons”” (Kneidinger F. 2014).

3.1 THE NON-CENTROSYMMETRIC SUPERCONDUCTING COMPOUND HfRhGe

A wide variety of intermetallic crystal structures without an inversion center can be found in
the AIB, family (see (Hoffmann R. D. 2001), (Zumdick M. F. 1999)). One of them is the
ZrNiAl structure type ((Krypyakevich P.I. 1967); space group P62m; a=0.6917(4) and
¢=0.3472(2) nm), which is considered as an ordered variant of the non-centrosymmetric Fe,P
structure type and therefore a ternary derivative structure type of AlB; (see (KuBmann D.
1998)). Superconductivity for the isotypic compound HfRhGe (a=0.6595 and ¢=0.3883 nm,
from X-ray powder diffraction) at T.=1.7 K has been reported from resistivity measurements
by Zhong et al. (Zhong W.X. 1987). According to these authors HfRhGe exhibits an
allotropic transition from a non-centrosymmetric high temperature modification (ZrNiAl type)
to a low temperature centrosymmetric form (TiNiSi type; space group Pnma; a=0.6511,
b=0.3936 and ¢c=0.7547 nm; T.=2.46 K).

The results from the reinvestigation of the crystal structure of HfRhGe by X-ray single crystal

diffraction particularly in respect to a possible homogeneity range are summarized in this part.

3.1.1 Results and Discussion

3.1.1.1 Formation and Crystal structure of HfRhGe

As the high temperature non-centrosymmetric modification (ZrNiAl type) has been reported

for quickly quenched stoichiometric HfRhGe alloys (Zhong W.X. 1987), the compound has

been studied in as cast state by EPMA, XPD and XSCD. Annealing even at rather high
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temperatures (1100°C and quenching in cold water) leads to the formation of the
centrosymmetric HfRhGe modification (TiNiSi type) and results in a mixture of both
structure types in the sample. EPMA measurements on alloys with slight off-stoichiometric
compositions showed a very small phase width for Hf ,xRh; Ge with -0.5 <x < 0.5 in as cast
state. One single crystal has been selected from a mechanically fragmented alloy with
nominal composition HfRhGe right after arc melting. The single crystal diffraction data
confirmed the hexagonal primitive unit cell (a=0.65919(3) and ¢=0.38838(2) nm) without
further systematic extinctions. Single crystal solution and refinement in space group
P62m rapidly converged to a rather low Rp=0.029 value revealing a fully ordered
arrangement of Hf atoms in the crystallographic site 3f (0.57641(6),0,0), Rh in 3g
(0.2479(1),0,1/2) and Ge atoms in the crystallographic sites 1a (0,0,0) and 2d (1/3,2/3,1/2).
After isotropic refinement of the displacement parameters, the difference Fouriere map
showed electron density peaks approximately 0.02 nm outside the mirror plane for the Rh
atoms in 3g. These residual electron densities could be covered by the anisotropic refinement
of the displacement parameters but results in more than 2 times larger Usz (0.0102 10%nm?)
compared with Uy (0.0033(2) 10°nm?) or Uy, (0.0046(3) 10°nm?). Therefore, the rhodium
atoms have been placed on the half-filled general position 6i (0.2479,0,0.4799). Refinement in
this case yielded spherical ADPs in all sites, Rg=0.018 and residual electron densities less

than + 1.75 e/A°. Details of the crystal structure refinement are given in Table L.

Table I: X-Ray single crystal data for HfRhGe at RT (ZrNiAl-type; Anisotropic displacement parameters
Uj;; in [10*nm’]

Parameter/ Compound HfRhGe
Space Group P62m
Formula from EPMA HfRhGe

Formula from refinement

HfRhGe

a, ¢ [nm]

0.65912(2), 0.38821(1)

a, ¢ (Ge) [nm]

0.65919(3), 0.38838(2)

abs [mm™] 50.9

V (nm?) 0.14607

P (gem’) 121
Reflections in refinement 367>4c(F,) of 369
Number of variables 17

RE = ZIFy-F.I/ZF, 0.018

Rint 0.063
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wR2 0.038

GOF 1.102

Extinction (Zachariasen) 0.00023(4)

Residual density e/A3 . max; 1.70; -1.75
min

Atom parameters

Hf in 3f (x,0,0); occ. 1.02(2)

X, 0.57641(6)

Uy, Up=Us; 0.0064(2), 0.0045(1)

Rh in 6i (x,0,z); occ. 0.504(2)

X, Z 0.2479%, 0.4799(1)

Uy, Up, Uss 0.0037(2), 0.0049(3), 0.0040(3)
Gel in 1a (0,0,0); occ. 0.99(1)

U;1=Uy,, Usz 0.0093(4), 0.0052(5)

Ge2 in 2d (1/3,2/3,1/2); occ. 1.01(1)

U 1=Uy,, Usz

0.0042(2), 0.0021(3)

Interatomic distances [nm]; Standard deviation < 0.0001

Hf - 4Ge2  0.2764 —2Rh  0.2830
-1Gel 0.2792 —2Rh 0.2834

—2Rh  0.2856 —-1Hf  0.2857

—2Rh  0.2961 —1Hf  0.2960

—4Rh  0.3062 —2Hf  0.3062

—4Rh  0.3159 -2Hf  0.3159

—4Hf  0.3409 | Gel - 6Rh  0.2478

Rh - IRh  0.0156 —-6Rh  0.2597
—1Gel 0.2478 -3Hf  0.2792

—2Ge2 0.2527 | Ge2 - 6Rh  0.2527

—1Gel  0.2597 _6Hf 0.2764

*fixed during refineme

The unit cell of HFRhGe including the coordination polyhedra is shown in Figure 1(a).
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Figure 1: (a) Unit cell of HFRhGe including the coordination polyhedra for hafnium (green:
Hf[Hf,RhsGel,Ge2,]), rhodium (violet: Rh[Hf;Rh,Gel,Ge2;]) and germanium atoms (blue: Gel[Hf;Rhg]
and yellow: Ge2[HfsRh;]); rhodium atoms at the half-filled split position are only counted as one atom; (b)
Rietveld refinement of HfRhGe.

Tricapped trigonal prisms (tetrakaidecadra) can be found around the germanium atoms
(Gel[Hf3Rh6] and Ge2[Hf6Rh3]) and larger coordination polyhedra with 12 vertices for
rhodium (Rh[Hf6Rh2Gel12Ge22]) and 15 vertices for hafnium (Hf[Hf4Rh6Gel1Ge24]). No
superstructure reflections have been observed either from XSCD or XPD (see Figure 1(b))
which would lead to the formation of a larger unit cell as has been reported for the compounds
ZrIrSn, HfCoSn and HfRhSn (space group P62c; a=azmial and c=2Czmial) by Zumdick and
Pottgen (Zumdick M. F. 1999). Detailed discussions on the ZrNiAl structure type also in
terms of group-subgroup relations with the aristoptype AlB, can be found f.e. in the papers of
Hoffmann et al. (Hoffmann R. D. 2001), Zumdick and Pottgen (Zumdick M. F. 1999) and
Kufmann et al. (KuBmann D. 1998).

3.1.1.2 Physical properties

Results from electrical resistivity and heat capacity measurements show a superconducting
transition at 1.69 and 1.66 K, which is in good agreement with the reported transition at 1.7 K
(Zhong W.X. 1987). Further details concerning the physical properties of HfRhGe can be
found in (Kneidinger F. 2014).
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3.2 THE NON-CENTROSYMMETRIC COMPOUNDS LaPtSi, LalrSi and CelrSi

The crystal structures of the non-centrosymmetric compounds LaPtSi and LalrSi have already
been defined by Klepp and Parthe in 1982 ( (Klepp K. 1982), (Parthe E. 1982)) from single
crystal investigations. Simultaneously, Chevalier and coworker (Chevalier B. 1982) solved
the crystal structure of LalrSi from X-ray powder diffraction and found isotypism with the
cubic ZrOS structure type. A superconductive transition at 2.3 K has been determined by
resistivity measurements and an a.c. induction method (Chevalier B. 1982) in annealed
samples (800°C). Evers et al. (Evers J. 1984) reinvestigated the superconducting transition of
LalrSi samples in as cast and annealed state by a.c. susceptibility measurements. As the
critical temperature differs in as cast (T.=1.5 K) and annealed (T.=2.3 K) state, they suggested
that superconductivity in LalrSi is not a bulk property. In the same work (Evers J. 1984),
superconductivity has been reported for LaPtSi with a transition temperature of 3.3 K.
Ramakrishnan and coworker (Ramakrishnan S. 1995) studied in detail the superconducting
properties (T.=3.3 K from resistivity, specific heat, susceptibility) of LaPtSi and the influence
of substitution with Ce and Nd on the transition temperature but no investigations have been
made concerning the non-centrosymmetry. The isotypic compound CePtSi has been defined
as a heavy fermion and coherent dense Kondo lattice compound without a magnetic or
superconducting transition down to 70 mK by Lee and Shelton (Lee W.H. 1987).

Synthesis, structure and magnetic properties (measured between 2 and 300 K) of CelrSi have
been reported by Heying et al. (Heying B. 2004) together with other rare earth silicides REIrSi
(RE = Pr, Er, Tm, Lu) and Smlr.o3Si.; 7. Magnetic susceptibility measurements on CelrSi
showed Curie-Weiss paramagnetism above 100 K. Deviations below 50 K from Curie-Weiss
law have been interpreted as crystal field splitting of the ground state of Ce**-ions and the
beginning of short range magnetic fluctuations as well (Heying B. 2004).

This chapter covers formation and crystal structures of LalrSi, CelrSi and LaPtSi. The results

from physical properties measurements are briefly summarized for LalrSi and LaPtSi.

3.2.1 Results and Discussion
3.2.1.1 Formation and crystal structure of LalrSi, CelrSi and LaPtSi

The compounds LalrSi and CelrSi form incongruently from the melt. In both cases, the 1:2:2
compound Lalr, ;Si;9 or Celr,Si; (Compositions from EPMA) is the primary crystallizing

phase. Therefore, both compounds have been annealed at 800 °C for 2 weeks. The LalrSi
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sample contained small amounts (< 1%) of Lalr,Si, as an impurity phase and the CelrSi

contained also about 2% of Celr,Si; and CeSi; ; as impurities after annealing. Results from

XPD and EPMA for the annealed alloys LalrSi and CelrSi are summarized in Table II.

Table II: Crystallographic data from XPD and results from EPMA measurements.

LalrSi CelrSi
Space group P2,3 P2,3
a (nm) 0.63766(3) 0.62951(1)
RE 4a (X,X,X) X = 0.36714(6) 0.3683(2)
Ir4a (x,x,x) x = 0.07740(5) 0.0830(2)
Si4a (x,x,x) X = 0.6635(2) 0.6693(6)
RE 0.028 0.062
EPMA (at.%)
RE; Ir; Si 33.4;34.7;31.9 | 34.3;32.7; 33.0

The compounds LalrSi and CelrSi crystallize in the primitive cubic ZrOS structure type

(space group P2;3; a = 0.5881(2) nm (McCullough J.D. 1948)), an ordered ternary derivative

of the also non-centrosymmetric SrSi,-type (space group P4;32; a = 0.6515 nm (Pringle G.E.
1972)) ( (Parthe E. 1982), (Chevalier B. 1982)). The unit cells of both compounds and the

group-subgroup relations in form of a Bérnighausen tree ( (Barnighausen H. 1980), (M. U.

Bérnighausen H. 1996)) are shown in Figure 2 together with the Rietveld refinement for

LalrSi.

37000

Sr:4a | Si: 8¢
P4,32 32 3 32000 | B
LalrSi
SrSi, 0.375 | 0.077 ok P2.3; ZrOS type ]
0.375 | 0.077 a=0.63766(3) ]
0.375 | 0.077 oo | La 4a (x,x,x) x =0.36714(6) |
= Ir 4a (x,x,x) x = 0.07740(5)
z Si 4a (x,x,x) x = 0.6635(2)
3 om0 R=0.028
2 g .
obs
_‘E‘ 12000 |- Sy -
= calc
l - 2 | Bragg-Position 1
La:4a | Ir:d4a | Siz4a |~ ™0 ]
P23 3. 3 3. U b
2000 | .
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0.367 | 0.077 | 0.663 -3000 - Al=l gl 1
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20 (%)

Figure 2: Group-subgroup relations for SrSi,-LalrSi (for a better representation, two unit cells are shown
in b-direction for both compounds) and Rietveld refinement for LalrSi.
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In spite of LaPtSi forms congruently from the melt, the sample has been annealed for 1 week
at 800°C.

LaPtSi (space group I41md; a = 0.42490(3), ¢ = 1.4539(2) nm (Klepp K. 1982)) is and ordered
ternary derivative structure type of a-ThSi, (space group I4,/amd; a = 0.4126, ¢ = 1.4346 nm

(Brauer G. 1942). The corresponding group-subgroup relations are shown in Figure 3.

33000 T T T T T T T T

20000 b :  LaPtSi
14,md; own type
oy a=0.42502(1); c=1.4525(5) nm
21000 b La 4a (0,0,z) z=0.5805(4) ]
0.394Pt + 0.006Si 4a z=0.1670(3)
17000 ‘0.3738i +0.007Pt 4a z=0.00 7
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Figure 3: Group-subgroup relations in form of a Biirnighausen tree for a-ThSi, - LaPtSi (non-
standardized setting) and the Rietveld refinement for LaPtSi (standardized setting).

Note that in this case, this is not the standardized setting of this crystal structure. The three-
dimensional Si-Pt framework formed by two sets of perpendicular Si-Pt zig-zag chains can be
seen in Figure 3. Intrachain and interchain distances are rather homogeneous. Also, the Pt-Si-
Pt bond angles are almost identical, with only a slight deviation from 120°. This reflects the
fact that LaPtSi is an ordered representative of the a—ThSi2-type structure, which in turn is a
shift variant of the hexagonal AlIB, type.

The Rietveld refinement for this compound including crystallographic data is also shown on
the right side in Figure 3. Refinement of the occupations in the crystallographic sites 4a

(0,0,0.1670(3)) and 4a (0,0,0.00) revealed a slight mixture of Si and Pt in both sites.

3.2.1.2 Physical Properties

As the superconducting transition in LalrSi varies with the preparation conditions (1.5 K as
cast (Evers J. 1984), 2.3 K after annealing at 950 °C ((Evers J. 1984), (Chevalier B. 1982)),
Evers (Evers J. 1984) concluded, that is probably not a bulk property. Specific heat
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measurements for LalrSi showed an almost perfect metallic behavior without any hint for a
phase transition.

The reported values for the superconducting transition of LaPtSi vary from 3.18 to 3.8 K (
(Evers J. 1984), (Klepp K. 1982), (Lee W.H. 1987)). Bulk superconductivity below 3.35 K for
LaPtSi has been proven by electrical resistivity-, heat capacity- and magnetic susceptibility
measurements. As an example of these measurements, the temperature dependent electrical

resistivity of LaPtSi is shown in Figure 4.
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Figure 4: Temperature-dependent electrical resistivity p of LaPtSi. The red solid line is a least-squares fit.
The inset shows the magnetic field dependence of the resistive superconducting transition. The dotted line

indicates the phase transition temperature at yH =0 T.

The superconducting transition is obvious from the drop of the electrical resistivity from
about 25 nQ to zero at 3.4 K. Above the superconducting transition, the resistivity curve
follows a metallic behavior. A least squares fit (Wilson model (Wilson A. H. 1938)) to the
experimental data is shown in Figure 4. The suppression of superconductivity through
external applied magnetic fields can be seen from the inset in Figure 4. Further details
concerning physical properties and performed DFT calculations can be found in (M. H.-S.
Kneidinger F. 2013).

In conclusion, CelrSi has not been found superconducting and bulk superconductivity has
been excluded for LalrSi. Analysis of all experimental results for LaPtSi revealed a fully

gapped s-wave superconducting state.
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4 Crystal Structures and Phase Diagram Investigations of Various

Transition Metal Borides

The second part concentrates on crystal structure and/or phase diagram investigations
of binary, ternary and quaternary borides. The results shown in this chapter are
partially reported in the publications ““Crystal Structure of W; B3 and Phase
Equilibria in the Boron-rich Part of the Systems Mo-Rh-B and W-
{Ru,Os,Rh,Ir,Ni,Pd,Pt}-B”" (Zeiringer 1. 2014) and “"Crystal structure and Ce valence
variation in the solid solution CeRh3 «PdsBg 5" (S. J. Zeiringer 1. 2014).

4.1 CRYSTAL STRUCTURES AND CONSTITUTION OF THE BINARY
SYSTEM IRIDIUM - BORON

The search for superhard and/or incompressible materials has led to a renewed research
interest in binary transition metal borides especially on those with the highest boron
contents (see (Ivanovskii A.L. 2011)). For example, W, B3 possesses a load independent
Vickers hardness of 31.8 GPa (but 46.2 GPa at 0.5 N, (Gu Q. 2008)) and polycrystalline
ReB, exceeds an average load independent Vickers hardness of about 30 GPa (48 GPa
(0.5 N), (Chung H.Y. 2007)) or 26.6 GPa (39.3 GPa (0.5 N), (Gu Q. 2008)) with rather
different hardness values due to the anisotropic crystal structure (details on the crystal
structure of W, B3 can be found in the next chapter). Vicker’s hardness measurements on
the boron richest iridium boride IrB; 35 revealed a load independent value of 18.2 GPa (at
9.81 N) and 49.8 GPa at 0.49 N (Rau J.V. 2009) and at such low loads is therefore
comparable with bulk samples of ReB,. Quite high hardness values were also recorded
for IrB, ; thin films (on SiO; substrate) revealing an intrinsic film hardness of 43(+5) GPa
(Latini A. 2010).

First investigations on the constitution of the binary system Ir-B revealed the existence of
three compounds Ir;B,, IrB and IrB, ((Buddery J.H. 1951), (Samsonov G.V. 1972),
(Haschke H. 1966), (Brukl C.E. 1967)). Some of the early reports were mainly concerned

with the metal-rich eutectic (1046°C at 21.4 at.% B, (Reinacher G. 1965)), with the
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optimization of synthesis techniques (Samsonov G.V. 1972) and with the stability of
IrB;; against various acids and bases (Kosenko und Zhidkova 1974). Melting point
(T=1190+20°C), microhardness 1652480 kgf/mm?, Seebeck coefficient (20-800°C,
Sv,min = -9 uV/K at 350°C) and electrical resistance (20-800°C) for IrB;,; were reported
by Samsonov et al. (Samsonov G.V. 1972). X-ray powder and single crystal
(Weissenberg) photographs served to evaluate the crystal structure of IrB;;, which was
reported to be isotypic with the a-ThSi, structure type (space group /4,/amd; a = 0.2810,
¢ =1.0263 nm) exhibiting a severe defect at the boron sites (8e sites randomly occupied
by ~50 % of B atoms) (Aronsson B. 1960). For the compound richest in boron, “IrB,”,
monoclinic symmetry (space group C2/m) was established from X-ray single crystal
multi-film Weissenberg photographs yielding a crystal structure described as a stacking
of puckered boron layers (A) and puckered double layers of metal atoms (B) in the
simple sequence ABAB in c-direction (Aronsson B. 1963). Due to boron defects in two
of the four B-sites a formula of IrB; 35 was derived. A reinvestigation of the structure
employing X-ray single crystal data from an automatic diffractometer by Lundstrom et al.
(Lundstrom T. 1973) confirmed the monoclinic symmetry (space group C2/m; a ~ 1.053,
b ~0.290, ¢ ~ 0.610 nm and B = 91.1°) but suggested Ir-atoms off the mirror plane in the
general position 8j (x,y,z) with an occupation of /2. Difference Fourier maps furthermore
gave hints for only 3 boron positions instead of 4 with one of them only half occupied.

The corresponding composition was thus close to IrsBa.

For the third iridium—boride, “Ir;B,”, richest in Ir, it is interesting to note that the X-ray
powder photograph obtained by Haschke at 1200°C (labelled as “Ir-; ,B”, (Haschke H.
1966) showed remarkable differences to that one, for which Brukl et al. (Brukl C.E.
1967) reported sin’0 values. Obviously a low- and high-temperature modification exist,
the crystal structures of which were determined by Rogl et al. (Rogl P. 1971). The high
temperature modification (labelled "IrByo”, WC type; space group P6m2; a = 0.2815, c =
0.2823 nm) was observed above 1200°C, whereas the low temperature modification
crystallizes with a unique structure type (space group Cmc2;; a=0.2771,b=0.7578, c =
0.7134 nm; from X-ray single crystal multi-film Weissenberg photographs, Rg=0.07).
Vandenberg et al. (Vandenberg J. H. 1975) searched for superconductivity in the high

temperature modification, but the alloy remained normal down to 1.28 K.

Theoretical studies of IrB and IrB, using first principle calculations (Zhao W.J. 2009)

revealed a hexagonal structure (space group P6s3/mmm; a ~ 0.35, ¢ ~ 0.39 nm) to be
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elastically stable for IrB and a stable orthorhombic structure for IrB, (space group Pmmn;
a~0.31;b~0.45, c~0.40 nm). In a later work, Wang et al. (Wang D.Y. 2012) predicted
also an orthorhombic structure for IrB (space group Pnma; a ~ 0.443, b ~ 0.287 and ¢ ~
0.702 nm) while IrB, was said to be isotypic with OsB, (space group Pmmn; a ~ 0.315, b
~ 0.445 and ¢ ~ 0.404 nm) ( (Wang D.Y. 2012), (Hao X. 2007)). The calculations
considered a series of alternative structure types: CsCl, FeB, WC, anti-NiAs, as well as
AlB,, ReB,, WB,. Among all these structures orthorhombic IrB (space group Pnma; a ~
0.443, b ~ 0.287 and ¢ ~ 0.702 nm) and IrB, with the OsB,-type were found to be
dynamically and mechanically stable. At a pressure of about 5 GPa orthorhombic IrB was
said to undergo a phase transition to the anti-NiAs phase. In another theoretical study
(Wang Y. 2012) on the 4d and 5d transition metal monoborides, IrB with WC crystal
structure has been found to be thermodynamically stable at zero pressure. From the
calculation, stoichiometric IrB is mechanically unstable, indicating together with the
difference in experimental and calculated lattice parameters, the presence of boron
vacancies in the crystal structure.

First experimental studies concerning the binary Ir-B phase diagram have been carried
out by Reinacher on a hot stage microscope under argon (Reinacher G. 1965). He reports
a very low melting eutectic at 1046°C on the iridium rich side (~21 at.% B). Brukl and
Rudy (Brukl C.E. 1967) established the first binary phase diagram on the basis of
metallography, XPD and pyrometric melting point data employing the Pirani method.
Later, Spear (Spear K.E. 1977) predicted a phase diagram on the basis of some
intermediate phases, but it is not in good agreement with crystallographic findings.

Isothermal reactions, reported in the literature, are summarized in Table I.

Table I: Isothermal reactions in the binary Ir-B system reported in literature.

Reaction Type: Temperature (°C) | Reaction B content (at.%) | Ref.
Eutectic: 1259 + 4 Le(In)+IrBg; 37.5 (Ipser H. 1981)
Le(Ir)+IrB; 4 (Rogl P. 1988)
Eutectic: ~1040 Le(In)+IrB 21 (Reinacher G. 1965)
Eutectic: 1250 £ 6 Le(Ir)+IrsB, 36+1 (Brukl C.E. 1967)
Eutectic: ~1045 Le(In)+IrB ~35 (Spear K.E. 1977)
Congruent Melting: 1287 5 LeIrBg, 38.5 (Ipser H. 1981)
LeIrB (Rogl P. 1988)
Congruent Melting: 1270 + 20 LeIrB, ~40 (Brukl C.E. 1967)
Congruent Melting: ~1057 LeIrBy ~38.5 (Brukl C.E. 1967)
Eutectic: 1258 +£5 LeIrBy,+1rBgo ~40 (Ipser H. 1981)
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LeoIrB+IrBs (Rogl P. 1988)
Eutectic: 1238 + 8 L Ir;By+1rBg g9 ~43 (Brukl C.E. 1967)
Eutectic: ~917 LeIrB +IrBs ~44 (Spear K.E. 1977)
Congruent Melting: 1333 +5 LeIrBoy 46.5 (Ipser H. 1981)
LeIrBy (Rogl P. 1988)
Congruent Melting: 1328 + 10 LeIrBggo ~47 (Brukl C.E. 1967)
Congruent Melting: ~1093 LeIrBo ~49 (Spear K.E. 1977)
Peritectic: 1274 £ 5 L+IrByo—IrB 50 (Ipser H. 1981)
L+IrB, x~IrB (Rogl P. 1988)
Eutectoid: 1209 +3 IrB—IrBgot+ IrB 35 | 50 (Ipser H. 1981)
IrB<IrBy (+114Bs (Rogl P. 1988)
Eutectic: 1248 + 3 LeIrB+IrB) 35 54 (Ipser H. 1981)
Le—IrB+r,Bs (Rogl P. 1988)
Eutectic: 1250 + 10 LeIrBggo+IrBy s 51 (Brukl C.E. 1967)
Metastable Eutectic: 1235 LeIrBgo+IrB 35 53 (Ipser H. 1981)
LeIrBy +ryBs (Rogl P. 1988)
Congruent Melting: 1287 5 LeIrBg 35 57.5 (Ipser H. 1981)
LeIrgBs (Rogl P. 1988)
Congruent Melting: 1315 + 15 LeIrBy s ~60 (Brukl C.E. 1967)
Eutectic: 1255 + 4 Le By 35+(B) 60 (Ipser H. 1981)
LeIrgBs+(B) (Rogl P. 1988)
Eutectic: 1240 £ 8 L& IrB; s+(B) ~66 (Brukl C.E. 1967)
Eutectic: ~1000 LeIrBo+(B) ~52 (Spear K.E. 1977)

Ipser and Rogl (Ipser H. 1981) published invariant reaction temperatures and liquidus
temperatures for the binary system and the complete phase diagram in the range from 20
to 70 at.% boron has been reported by Rogl (Rogl P. 1988). Based on this phase diagram
evaluation, Zikovic et al. (Zivkovic D. 2005) estimated the thermodynamic activities in
the liquid state at 2800 K, 2900 K and 3000 K for 0<xy<0.35 and 0.6<x;<1.0 (regular
solution approach). For IrB; 35 the standard enthalpy of formation (AHJQ =—-491+24
kJ/mol) has been derived by Meschel and Kleppa (Meschel S.V. 1991) from direct
synthesis calorimetry at 1200°C. A high temperature mass spectrometric study reported a
stable gaseous monoboride IrB and prompted the dissociation energy (DJ=508.5+17

kJ/mol IrB(g)) as well as the heat of formation AHY(3™ law) = 43.6 kJ/mol for “IrB”

(structure not specified) (Van der Auwera-Mahieu A. 1970).

As there still remained open questions concerning crystal structures and especially the
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composition of the reported phases, this part focuses on crystal structures and
compositions of the Ir-B phases and the re-evaluation of the constitution of the binary
phase diagram on the basis of differential scanning calorimetry, X-ray powder diffraction

as well as by electron probe microanalysis.

4.1.1 Results and Discussion
4.1.1.1 Binary phases in the Ir-B system

In the binary Ir-B system, four intermediate phases have been reported so far in literature,
namely IryBs (earlier labelled as IrB; 35), IrB; 1, h-IrBg o (high temperature modification)
and (-IrBpo (low temperature modification). Crystallographic data for all phases are

summarized in Table II.

Table II: Crystallographic data on the binary Ir-B phases.

Space | Structure Lattice parameter [nm]
Phase group rpe - - . Method Ref.
(BB) R3m BB 1.09276(5) - 2.38141(15) | XPD (Crespo A.J.
1800°, 1981)
24 h
(BB) R3m BB 1.09287(5) - 2.38274(24) | XPD (Crespo A.J.
0.02 1981)
at% Ir *
Ir,Bs,4 C2/m Ir,Bs 1.0525 0.2910 0.6099 XSCD | (Aronsson B.
B=91.07 ° 1963)
C2/m IryBs 1.052(1) 0.2889(1) 0.6094(7) XPD &
B=91.094) °
IryBs C2/m IrsBs 1.0530009) | 0.29038(3) | 0.61013(5) | XSCD | (Lundstrom T.
B=91.119(9)° 1973)
boron rich
IryBs C2/m IryBs 1.05421(10) | 0.28905(3) | 0.61003(4) XPD (Lundstrom T.
B=91.143(6)° 1973)
boron poor
IryBs C2/m IryBs 1.05200(2) | 0.289564(6) | 0.60958(1) | XSCD *
B=91.156(2)°
IrBy, | I4/amd ThSi, 0.2810 - 1.0263 XPD (S.E.
Aronsson B.
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1960)
IrB,, | l4/amd ThSi, 0.2808 - 1.0259 XPD IrssBys
0.2811 1.0248 XPD IrsoBso
(Brukl C.E.
1967)
IrBy; | l4y/amd ThSi, 0.281 - 1.026 XPD (Samsonov
G.V. 1972)
IrsB, 141/a IrsB, 0.62777(1) - 1.02599(2) | XSCD *
IrBoy | P6m2 WC 0.2815 - 0.2823 XPD | (N.H.RoglP.
1971)
(hT) P6m2 wC 0.2813(1) - 0.2826(2) XPD &
IrBoy Cmc2, IrBoy 0.2771 0.7578 0.7314 XSCD | (N.H.Rogl P.
(T) 1971)
Ir,B; Cmc2, IrBoy 0.27728(1) 0.75742(2) | 0.73152(2) | XSCD *
am
(Ir) Fm3m Cu 0.38392 - - (Villars P.
2013/14)

*This work; # calculated from the original data (0.31 mass% Ir in (fB)) as published by Crespo et al.
(Crespo A.J. 1981); & evaluated from XPD un-indexed sin?0 values published by Brukl and Rudy
(Brukl C.E. 1967)

A solubility of about 2 at.% iridium in beta-boron (space group R3m; a = 1.09287(5) and
¢ = 2.38274(24) nm) has been reported by Crespo et al. (Crespo A.J. 1981). However, a
recalculation of the mass.% Ir in BB, as published by Crespo et al., revealed a much
smaller solubility of only 0.02 at.% Ir consistent with the small volume expansion
observed (Crespo A.J. 1981). The crystal structures of the binary phases are discussed in

detail in the next chapters.

4.1.1.2 The crystal structure of Ir4Bs.. (formerly IrB; 3s)

A single crystal suitable for X-ray structure analysis was selected from an arc melted
sample with nominal composition Irs46Bss (in at.%) which was crushed in a WC-
mortar. Careful inspection of the extinction conditions confirmed the monoclinic
symmetry and structure solution by direct methods was successful in space group
C2/m. A first refinement shows consistency with iridium atoms in two 4i (x,0,z) sites
(both on a mirror plane), however, with rather strong anisotropic atom displacement
parameters (ADPs). This structure model (see model 1 in Table III) is essentially

consistent with the one earlier described by Aronson et al. (Aronsson B. 1963).
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Table III: Comparison of different structural models for Ir Bs (earlier “IrB,3s”).

The non-

standardized setting is kept for an easier comparison with the literature data. Anisotropic

displacement parameters (U;) and isotropic temperature factors Ui, and B;, (= 8n2Uiso) are given

in 10”nm’.

Compound | IrB; 35 (model 1) IryB;5 (model 2) IryBs (model 1) IryBs (model 2)
Aronsson et al. 1963 | Lundstrom et al. 1973 This work This work

Space group | C2/m C2/m C2/m C2/m

Lattice a=1.0525, a=1.05300(9), a=1.05200(2), a=1.05200(2),

parameter b=0.2910, b=0.29038(3), b=0.289564(6), b=0.289564(6),

[nm] ¢=0.6099 ¢=0.61013(5) ¢=0.60958(1) ¢=0.60958(1)

B(°) 91.07 91.119(9) 91.156(2) 91.156(2)

R 0.095 (h0C), (h1¢€) 0.082 (632 refls) 0.033 0.030

Atomic parameter

Irl/Wycoff | 4i 8j 4 8j

Pos.; (0.0994(1),0, (0.09933(9),0.0310(5), (0.09936(4),0, (0.09936(3),0.0188%,
0.1387(2)) 0.1386(1)) 0.13840(7)) 0.13838(4))

Occ.; 1 0.5 1.001(3) 0.47(5)

U;=Us;, - - 0.0014(2), 0.0011(1),

Uy Biso 0.2 0.56(2) 0.0043(4) 0.0012(2)

Ir2/Wycoff | 4i 8j 4 8j

Pos.; (0.3575(1),0, (0.35745(9),0.0292(5), (0.35747(4),0, (0.35746(3),0.0165%,
0.2885(2)) 0.2886(1)) 0.28853(7)) 0.2883(5))

Occ. 1 0.5 0.988(4) 0.48(4)

U1=Us, - - 0.0016(2), 0.0011(1),

Uz Bigo 0.2 0.59(2) 0.0038(2) 0.0010(2)

B1/Wycoff | 4i 4 4 4

Pos.; (0.555(4),0,0.388(6)) | (0.554(4),0,0.381(5)) (0.558(1),0,0.385(1)) | (0.558(1),0,0.384(1))

Occ. 1 1 0.99(1) 1.0

Uiso Bi,=0.4 Bio=1.3(3) 0.004(1) 0.005(2)

B2/Wycoff | 4i 4 4 4

Pos.; (0.183(4),0,0.468(6)) | (0.180(2),0,0.469(3)) (0.178(2),0,0.462(2)) | (0.180(1),0,0.462(1))

Occ. 1 1 0.98(7) 0.93(5)

Uiso B;,=0.5 Bi50=0.6(2) 0.003(1) 0.004(2)

B3/Wycoff | 4i 4 4 4

Pos.; (0.74(2),0,0.06(2)) (0.75(1),0,0.06(1)) (0.739(2),0,0.053(4)) | (0.738(2),0,0.053(3))

Occ. 0.37 0.5(1) 0.474) 0.44(3)

Usiso Bio=2.9 Biso=1.909) 0.003 0.003

B4/Wycoff | 4i - - -

Pos.; (0.73(2),0,0.32(3))

Occ. 0.37 - - -

Usso Bi,=2.4

*fixed before anisotropic refinement of the displacement parameter
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However, the boron atoms located from our difference Fourier map unambiguously
revealed only 3 boron positions (B1, B2, B3) instead of the 4 sites reported by
Aronson et al. (Aronsson B. 1963) of which one (B3) was only half occupied. A
difference Fourier map after isotropic refinement of the iridium atoms and subtracting
the contribution of the boron atoms, revealed electron density peaks at ~0.1 A off the
mirror plane (see Figure 1) as has been previously described by Lundstrom et al.

(Lundstrém T. 1973).

a) b)
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I't ;102
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Figure 1: Difference Fourier maps for a) Ir1 and b) Ir2 after subtracting the contribution of the
iridium atoms in the crystallographic sites 4a (x,0,z).

Following the arguments by Lundstrom et al. (Lundstrom T. 1973), Ir-atoms were
placed in a half filled general position 8j (x,y,z) to satisfy the electron density peaks
observed in the difference Fourier map. Refinement in this case (see model 2 in Table
II) yields rather spherical ADPs for both Ir-atoms and low residual electron densities
< 4.88 ¢/A* at Rp=0.033. Needless to say that model 2 in all features confirms the
crystal structure reported by Lundstrom (Lundstrém T. 1973). Figure 2 shows the unit

cell of Ir4Bs and the corresponding coordination polyhedra for all atoms.
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Figure 2: (a) Unit cell of IryBs (model 2) and corresponding coordination polyhedra (b)
Ir1[B1,B2,B3;Ir1¢Ir2¢], (c) Ir2[B1,B2;B33Ir1(Ir2,], (d) B1[B1,B2,Ir1,Ir2,], (e)
B2[B1,B2,Ir1,Ir2¢] and (f) B3[B3,Ir14Ir2¢]). Ir atoms are presented with anisotropic
displacement parameters, whereas B-atoms are presented with isotropic ADP’s from single
crystal refinement.

The shortest interatomic bonding distances between the iridium atoms, the iridium
and boron atoms and the boron atoms are: dy=0.2660 nm, dp.p=0.2089 nm, dg;.
g1=0.1877 nm, dg;.g>=0.1990 nm, dg,5>,=0.2106 nm and dg3.53=0.1610 nm. These
values are in good agreement with those reported earlier (Lundstréom T. 1973). Further
details of the crystal structure refinement including interatomic distances for the

standardized setting of the structure are summarized in Table 1V.

Table IV: X-Ray single crystal data for Ir,Bs at RT (Anisotropic displacement parameters U;; in
[10”nm’)).

Parameter/Compound Ir,B;

Space Group C2/m
Formula from EPMA Ir,B;s
Formula from refinement Ir,B;s

a, b [nm] 1.05200(2), 0.289564(6)
¢ [nm] 0.60958(1)
B 91.156(2)

Habs [mm] 71.3

V (nm?) 0.1856

p (gem”) 14.68
Reflections in refinement 469>406(F,) of 512
Number of variables 33
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R = ZIF-F.I/’ZF,

0.033

Rine 0.052

wR2 0.059

GOF 1.136

Extinction (Zachariasen) 0.0052(4)

Residual density e'/A3; max; 4.88; -3.94

min

Atom parameters

Irl in §j (x,y,z); occ. 0.47(5)

X, ¥, 0.09936(4), 0.48120

z 0.13840(7)

Uy=Uss, Up 0.0011(2), 0.0012(2)

Ir2 in §j (x,y,z); occ. 0.47(4)

X, Y, 0.35747(4), 0.48347

z 0.28853(7)

Uy =Uss, Up 0.0011(1), 0.0010(1)

B1 in 4i (x,0,2); occ. 1.0

X,z 0.058(1), 0.385(1)

Uiso 0.005(2)

B2 in 4i (x,0,z); occ. 0.93(5)

b 0.320(2), 0.538(4)

Uiso 0.004(2)

B3 in 4i (x,0,z); occ. 0.44(3)

X,z 0.239(2), 0.054(4)

Uiso 0.003*

Interatomic distances in nm; Standard deviation < 0.0001

Irl - 11r1 0.0109# —1Ir2  0.2800
-1B3  0.2089 —1Ir1 ~ 0.2848
-1B3  0.2093 —1Ir1  0.2850
-1B1  0.2100 -2Ir2  0.2896
-1B2  0.2140 —1Ir1  0.2973
-1B3  0.2167 -1Ir2  0.2991
-1B1  0.2174 —1Ir1 ~ 0.3017
—1Ir1 ~ 0.2660 —1Ir1  0.3023
—1Ir1  0.2662 —1Ir1  0.3036
—1Ir1 ~ 0.2787 —1Ir1  0.3071
-2 0.2848 —1Ir1 ~ 0.3086
-1Ir2  0.2850 —1Ir1  0.3132
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—2Irl  0.2896 | Bl1-— 1Bl 0.1877
—1Ir2  0.2973 —2B2  0.1990
—1Ir1 ~ 0.3004 —2Ir1  0.2100
—-1Ir2  0.3017 212 0.2167
~-1Ir2  0.3023 —2Ir1  0.2174
112 0.3036 212 0.2175
112 03071 | B2-— 2Bl 0.1989
~-1Ir2  0.3080 —2B2  0.2106
~1Ir2  0.3086 212 0.2109
112 0.3132 —2Ir1  0.2135
Ir2 — 12 0.0096# 212 0.2164
—-1B2  0.2109 212 0.2174
—-1B2 0.2164 | B3 - 2B3  0.1610
—-1B1  0.2168 —2Ir1  0.2089
—-1B2  0.2174 —2Ir]  0.2093
—-1B1  0.2175 —2Ir1  0.2167
—-1B3  0.2301 212 0.2301
—-1B3  0.2344 212 0.2344
—-1B3  0.2403 212 0.2403

*fixed before refining the occupancy; # across mirror plane

B1 and B2 atoms form a puckered % layer and Ir4Bs is thus classified as a net-boride

structure (Rogl P. 1991). With only a 50% occupation of the B3 site, B3 atoms are
considered to be isolated in the structure. However, in case of a full occupation of the
B3 site, infinite B-B chains would exist at a rather short distance (dg3.g3=0.1610 nm)
and further assuming a random (disordered) B3 occupation, only chain fragments may

exist.

4.1.1.3 The crystal structure of IrsB.. (formerly IrB; ;)

Although our X-ray powder pattern of a single-phase alloy (nominal composition Irs;Bag
in at.%) annealed at 900 °C could be indexed on the basis of the a-ThSi, structure type
(see Figure 3) as published for the compound labelled in the literature as “IrB;;” (space
group I4;/amd; a = 0.281 and ¢ = 1.026 nm; (S. E. Aronsson B. 1960)), the calculated

intensities from Rietveld refinement did not fit well to the experimental observation.
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Figure 3: Rietveld refinement for an alloy with nominal composition Irs,B,s annealed at 900°C
applying the Ir;B, structure type and Bragg positions for the ThSi, structure type.

Therefore, a structure analyses has been attempted on a single crystal specimen
mechanically isolated from the sample with nominal composition Irs3:B4; (in at.%)
obtained after the DSC measurement. Diffraction data for this crystal confirmed the
tetragonal symmetry but revealed a 5 times larger unit cell (a = \/gaThsiz =0.62777(1)
and ¢ = cmpsiz = 1.02599(2) nm) compared with the a-ThSi, type. The analysis of the
systematic extinctions arrived at the space group I4;/a as the one with the highest
symmetry. The corresponding refinement prompted iridium atoms in the
crystallographic site 4a (0,%,%) and in the general position 16f (0.10581(4),
0.04891(3), 0.37895(3)). After subtracting the contribution of the iridium atoms, the
difference Fourier map contained only one set of electron density peaks, which could
correspond to boron atoms (16f (0.2876(8), 0.1578(8), 0.0339(6)). A final refinement
with anisotropic atom displacement parameters (ADPs) for the iridium atoms but
isotropic temperature factors for the boron atoms revealed rather spherical shapes for
both Ir-atoms and converged to a low R-value of Rr = 0.031 and residual electron
densities smaller than +4.5 A°. Occupancies were refined for all atoms, but within 3c
indicated no deviation from a full occupation. Results of the refinement are
summarized in Table V and describe a completely ordered atom arrangement with the

structure formula IrsB,.
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Table V: X-Ray single crystal data for IrsB4 at RT (Anisotropic displacement parameters Uj; in

[10”nm’)).

Parameter/Compound IrsB,

Space Group 14\/a

Formula from EPMA IrsB4,

Formula from refinement IrsBy

a, ¢ [nm] 0.62777(1), 1.02599(2)

Habs [mm'] 32.8

V (nm?) 0.40434

P (gem’™) 163

Reflections in refinement 426>40(F,) of 495

Number of variables 19

R; = ZIF,-F.I/ZF, 0.031

Ry 0.067

wR2 0.10

GOF 1.090

Extinction (Zachariasen) 0.0038(4)

Residual density e'/AS; max; 3.03;-4.49

min

Atom parameters

Irl in 16f (x,y,z); occ. 0.99(2)

X, ¥, 2 0.10581(4), 0.04891(3),
0.37895(3)

U= Up, Uss 0.0031(2), 0.0028(3)

Ir2 in 4a (0,%,%); occ. 0.99(3)

U= Us;, Uy 0.0027(2), 0.0029(2)

B1 in 16f (x,y,z); occ. 0.993)

¥z 0.2876(8), 0.1578(8),
0.0339(6)

Uiso 0.0061(7)

Interatomic distances [nm]; Standard deviation < 0.0001

Irl - 1B1 0.2152 | Ir2- 4B1 0.2114
—-1BI 0.2153 —4lIrl 0.2778
—-1BI 0.2160 —4lIrl 0.2970
—-1B1 0.2201 B1 - 11r2 0.2114
—-1BI 0.2292 —1Irl 0.2152
-2 0.2778 —1Irl 0.2153
—2Irl 0.2816 —-1Ir1  0.2160
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—1Ir1  0.2853 -1Ir1 ~ 0.2201

—1Ir1  0.2883 —1Ir1  0.2906
—2Ir1 02899 ~1B1  (0.2906)
“1Ir2 0.2970

A 3-dimensional view of the unit cell is presented in Figure 4a.

a)

Figure 4: Crystal structure of IrsB4 (a) 3-dim view of the unit cell, coordination figures (b)
Ir1[BsIr1lr2;], (c) Ir2[B,Irlg], (d) B[IrlsIr2,]. Ir atoms are presented with anisotropic
displacement parameters, whereas B-atoms are presented with isotropic DP’s from single crystal
refinement.

Figure 4b-d show the corresponding coordination polyhedra for all atoms. The shortest
interatomic bonding distances, dp.;=0.2778 nm and dy.g=0.2114 nm, are consistent with
the sum of atom radii and a strong Ir-B bond (for atom radii see (Taectum E. 1972)).
Although the parent ThSi,-type exhibits a 3-dimensionally linked Si-framework, no
direct boron-boron bonds are present in IrsB4 (dg.g=0.2906 nm).

Following the structural-chemical classification of borides as a function of B-B
aggregation (Rogl P. 1991), the structure of IrsBs classifies as a new structure with
isolated boron atoms in trigonal prismatic metal environment (Figure 4d). The crystal
structure can be conceived as a new and ordered derivative of the a-ThSi, type. The
corresponding crystallographic group-subgroup scheme in form of a Bérnighausen tree
(Barnighausen H. 1980) is shown in Figure 5 and compares the unit cells of the a-ThSi,

type (Figure 5a) and IrsB4 (Figure 5b).
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Figure 5: Group-Subgroup relations in form of a Birnighausen tree for the pair of structures: a-
ThSi,-Ir;B,; the unit cells of (a) a-ThSi, and (b) Ir;B, (origin has been shifted for both
compounds) are shown for comparison.

As can be seen at the bottom of the scheme, the Wyckoff positions 16f and 8e (parent B-
sites) are not occupied in the IrsBy4 structure type. Therefore, one can assume that boron-
vacancy ordering leads to the formation of this new structure type. A Rietveld refinement
of the X-ray powder pattern with the new structure type is shown in Figure 3. It should be
noted here that the intensities of the superstructure reflections are rather small and almost

indistinguishable from the background.

4.1.1.4 High and low temperature modification of Ir4B;., (formerly IrBy )

Rogl et al. (N. H. Rogl P. 1971) reported for IrBog a high temperature (hT) modification
with WC- type (space group P6m2; a = 0.2815 and ¢ = 0.2823 nm) and a low
temperature (£T) modification (own type; space group Cmc2;; a=0.2771, b =0.7578 and
¢ = 0.7134 nm). A reversible transformation from single phase low temperature material
(alloy IrssBs4s (in at.% B) obtained at 1100°C) into a practically single phase high
temperature modification was observed, when heated to ~1200°C: high and low
temperature phases were simultaneously present at temperatures of 1100 to 1200°C, but
transformed to a single low temperature phase after annealing for 12 h at 800°C (N. H.
Rogl P. 1971). The €T modification has been assigned from single crystal X-ray
Weissenberg multiple film data whereas the hT modification from XPD. In the WC
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structure type, the Ir atoms occupy the crystallographic site la (0,0,0) and the boron
atoms the site 1d (74,%,%2), which is only partially filled. Reinvestigations of this phase by
XPD and EPMA confirm the small hexagonal unit cell but with a slightly lower boron
content (EPMA; IrBy7.075 = IrB«; a = 0.28132(2) and ¢ = 0.28298(2) nm). Although the
precise boron site occupancy has not been determined yet, the formula suggests a defect
WC-type. In the AIB, structure type, rather short B-B distances (dg.5=0.1624 nm) would
arise from a statistic distribution over the 2 fold site (Ir in la (0,0,0) and B in 2d
(%5,%,"2)), which is more unlikely (see also (N. H. Rogl P. 1971)). For a new evaluation
of the crystal structure of the low temperature phase, a single crystal specimen was
mechanically isolated from the sample with nominal composition IrggB4g, which was
slowly cooled in a DSC experiment. Analysis of the X-ray diffraction spots confirmed the
previously reported orthorhombic C-centered unit cell (a=0.27728(1), b=0.75742(2) and
¢=0.73152(2) nm) and the observed extinctions lead to the possible space groups Cmcm,
C2cm (standardized setting Ama2) and Cmc2;. Placing the iridium atoms in the
crystallographic sites 4a (0,0,0) and 4¢ (0,y,%) in the highest symmetric centrosymmetric
space group Cmcm results immediately in an Ry value lower than 4 %. A difference
Fourier analysis showed two possible crystallographic sites for the boron atoms (B1 in 4c
and B2 in 8f (0,y,z)), however, with only partial filling in both sites (occ.(B1)=0.80(6)
and occ.(B2) = 0.32(7)). The highest residual electron density (8.9 e/A%) is too close to
Ir1 (0.139 nm) for another boron atom. The shortest interatomic distances are: dy.
=0.2771, di.p=0.2057 and dg2.52=0.1751 nm. The Ir-B distances are slightly smaller
than the sum of the atomic radii as an indication of strong bonding. Smaller values are
not exceptional for platinum metal borides, especially as both boron sites are only
partially filled. The boron-boron aggregation in this space group reveals isolated atoms
B1 (dp1-2=0.2254 nm) but atoms B2 form boron zig-zag chains along the a axis at an
unlikely low occupancy of the B2-site (occ.(B2) = 0.32(7)). Therefore in search for B-
sites of lower multiplicity alternative refinements were performed in the lower symmetry
non-centrosymmetric space groups C2cm and Cmc2;. Through the standardization
process from the non-standard setting C2cm to the standard setting Ama?2, the axis have
been changed to ¢, -b, a and also the atomic coordinates (see Table VI), however,
symmetry did not allow boron ordering i.e. a separation of the 8-fold B2-site into two 4-

fold sites.
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Table VI: Comparison of the crystal structure refinements for Ir,B;, in the 3 possible space
groups Cmcm (the non-standard setting is used for an easier comparison), C2cm (standardized
setting Ama2) and Cmc2;.

Composition from
Refinement

Ir,B;o

Ir4B3

II'4B 3

Space group

Lattice parameter (nm)

Cmcm (63)

a=0.27728(1)
b=0.75742(2)
¢=0.73152(2)

Ama?2 (40)

a=0.73152(2)
b=0.75742(2)
¢=0.27728(1)

Cmc2, (36)

a=0.27728(1)
b=0.75742(2)
¢=0.73152(2)

Rg = ZIFy-Fcl/ZF, 0.038 0.032 0.034

Number of variables 8 20 16

Residual density e7A%; | 8.93,-7.9 8.88, -7.67 8.27,-6.25

max, min

Reflections in refinement 217>40(F,) of 231 342>46(F,) of 361 371>40(F,) of 394
Atomic parameter

Ir1/Wycoff Pos.; 4a (0,0,0); 4a (0,0,0%); 4a (0,0.0015(2),0.051(1));
Occ.; Uy, Up, 1; 0.0004(3), 0.0001(4), 1;0.0012(4), 0.0001(3), 1; 0.0001(3), 0.0001(3),
Uss 0.0013(4) 0.0009(4) 0.0010(3)

Ir2/Wycoft Pos.; 4c¢ (0,0.27591(7),1/4); 4b(1/4,0.27602(7),0.003(1)); 4a (0,0.27600(9),0.302(1));
Occ.; Uy, Up, 1; 0.0007(4), 0.0010(4), 1; 0.0009(4); 0.0009(4), 1; 0.0003(2), 0.0006(3),
Uss 0.0009(4) 0.0003(4) 0.0009(3)

B1/Wycoff Pos.; 4c (1/2,0.064(2),1/4); 4b (1/4,0.065(2),0.475(1)); 4a (0,0.289(1),0.0004(3));
Occ.; Uy, Ux, Usz 0.80(6); 0.003(3) 0.82(4); 0.004(1) 0.71(8); 0.002(7)
B2/Wycoff Pos.; 8f (1/2,0.204(5),0.055(4)); 8¢ (0.051(4),0.205(4), 4a (0,0.559(1),0.306(1))

Occ.; Uy, U, Uss

0.32(7); 0.004(6)

0.513(6)); 0.35(4); 0.004(2)

0.79(9); 0.005(3)

Shortest distances (nm)

dierr; diep; dpB

0.2771; 0.2057; 0.1751

0.2772; 0.2080; 0.1689

0.2761; 0.2119; 0.1988

Unit Cell

(yellow: Ir-Ir bonds;
red: B-B bonds and
grey: Ir-B bond)

*fixed during refinement

Therefore the refinement leads to a similar

atom arrangement with practically

identical R values, occupancies and interatomic distances. Refinement in the non-

centrosymmetric space group Cmc2, finally offers a reduction of the multiplicity of

the B2-site (4a) yielding also full occupancy for the metal atom sites in 4a (0,y,z), but
also about 75 to 80% for both boron atoms in sites 4a (occ.(B1)=0.71(8) and
occ.(B2)=0.79(9)). Interatomic distances (dy.g=0.2119 and dg;.5,=0.1988 nm) are

within the sum of the atomic radii. Final refinement with ADPs for iridium but

isotropic thermal parameters for the light boron atoms in all 3 cases converged to R-
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values between 0.032 and 0.038 (RF(Cmcm) = 0038, RF(AmaZ) = 0032, RF(Cchl) =

0.035). The atom site distributions in the unit cells of Ir4Bs3, as refined in the different

space groups, are shown at the bottom of Table VI. A comparison of the crystal

structure data of IryBs for all the three space group types is given in Table VI

Considering fully occupied boron sites, boron chains are present in the first two,

whereas only boron pairs (dg;.52=0.1988 nm) are present after refinement in Cmc2,.

The complete results of the crystal structure refinement in this space group can be

found in Table VIIL.

Table VII: X-Ray single crystal data for IrsB;, at RT (Anisotropic displacement parameters U;;

in [102nm?)).

Parameter/Compound Ir,B;
Space Group Cmc2,
Formula from EPMA Ir,B,
Formula from refinement Ir,B;

a, b [nm] 0.27728(1), 0.75742(2)

¢ [nm] 0.73152 (2)

Haps [mm™] 107.8

V (nm’) 0.15349

P (gem’) 17.3

Reflections in refinement 371>4c(F,) of 394

Number of variables 16

R; = ZIFy-F.I/2F, 0.034

R 0.029

wR2 0.078

GOF 1.665

Extinction (Zachariasen) 0.0008(8)

Residual density e'//°\3; max; 8.27; -6.51
min

Atom parameters

Irl in 4a (0,y,z); occ. 0.999(3)

»z 0.0015(2), 0.051(1)

Uiso 0.0003(2)

Ir2 in 4a (0,y,z); occ. 1.000(3)

»z 0.27600(9), 0.302(1)

Uiso 0.0006(2)

B1 in 4a (0,y,z); occ. 0.71(8)

¥,z

0.289(1), 0.0000*
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Uiso

0.002(7)

B2 in 4a (0,y,z); occ.

0.7909)

¥, Z

0.559(1), 0.306(1)

Uiso

0.007(3)

Interatomic distances [nm]; Standard deviation < 0.0001

Irl — 2B2 02119 212 02772
—2B1  0.2219 —1Ir1 ~ 0.2793
—2B2  0.2239 —2Ir1  0.2853
-2B1  0.2469 —2Ir1  0.2854
12 02761 | Bl - 1B2  0.1988
—2Ir1  0.2772 212 0.2137
~1Ir2 02793 —-1Ir2  0.2171
212 0.2853 —2Ir1  0.2219
212 0.2854 —2Ir1  0.2469
Ir2 — 2B2 02123 | B2- IBI  0.1988
—2B1  0.2137 —2Ir1  0.2119
—-1B2 02143 212 02123
-1B1  0.2171 -1Ir2  0.2143
—1Ir1 ~ 0.2761 —1Ir1 ~ 0.2239

*fixed during refinement

The unit cell with the corresponding coordination polyhedra is shown in Figure 6.

a)

b)

Figure 6: Crystal structure of IrsB; (a) unit cell including coordination polyhedra around the
boron atoms (B1[B2,Ir1;Ir2;], B2[B1,Ir1,4Ir2;]) and coordination polyhedra for the iridium
atoms (b) Ir1[B1;B2,Ir1,Ir2¢] and (c) Ir2[B1;B2;Ir14Ir2,]. Ir atoms are presented with
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anisotropic displacement parameters, whereas B-atoms are presented with isotropic DP’s from
single crystal refinement.

The finally refined composition of this crystal is Ir4Bs, which is in rather good agreement
with the result from EPMA measurement (Ir4B,g). As has been mentioned also
previously (N. H. Rogl P. 1971), neutron diffraction studies would be helpful for a final

decision about the exact atom distribution in the boron sublattices.

4.1.1.5 The binary Ir-B system

Phase formation/decomposition and isothermal reactions in the binary system Ir-B have
been studied on a series of samples in the composition range between 20 and 90 at.%
boron by XPD, EPMA and DSC. The microstructures of several alloys in as cast state are
shown in Figure 7 and the corresponding results from EPMA and XPD are summarized

in Table VIIIL.

Table VIII: Results from EPMA measurements and X-ray phase analysis for Ir-B alloys in as
cast state and/or after annealing; (a)-(f) correspond to the SEM pictures shown in Figure 7.

Structure Composition EFMA Lattice Parameter (nm)
Sample | Phases (at. %)
Type
Ir B a b c
Iry,Bss B) B 0.2 99.8 - - -
ascast | IryBsi Ir,Bs 44.9 55.1 1.0533(7) | 0.29018(1) | 0.6100(1)

(a) B=91.15(1)

Iry7Bss | IryBsiy Ir,Bs 46.0 54.0 1.0525(2) | 0.28982(8) | 0.61008(9)
as cast B$=91.15(7)

(b) IrsB.x IrsBy 53.2 46.8 0.62741(9) - 1.0262(2)
Irs;Byg | IryBsix IryBs 45.8 54.2 1.0530(1) | 0.2894(1) | 0.6088(3)
as cast B$=91.14(1)

(c) IrsBix IrsB, 52.7 47.3 0.6279(3) - 1.0263(3)
IrssByy | IrsBusx IrsBy 533 46.7 0.6282(2) - 1.0267(3)
as cast | IryBs, WwC 56.8 43.2 - - -

(d) IryB;« Ir,B; 56.8 43.2 0.27719(2) | 0.7580(2) | 0.73144(9)

(Ir) Cu 100* 0 - - -
Ire;Bsg | IryBsy WwC 58.3 41.7 0.28115(2) - 0.28315(8)
as cast | IryB;x IrsB; 58.3 41.7 0.27717(2) | 0.7580(3) | 0.7315(3)

(e) (Ir) Cu 100* 0 0.3837(3) - -
IrgoB1o | IryBay wC 58.7 41.3 0.28137(5) - 0.2828(1)
as cast | IryBs, Ir,B; traces - -
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() (Ir) Cu 100* 0 0.38345(1) - -

*fixed values

Figure 7: Microstructures of several alloys in as cast state with nominal composition (in at.%) (a)
Il‘42B58, (b) Ir47B53, (C) II'52B48, (d) Ir58B42, (e) Ir62B38 and (f) IrgoBlo; results from EPMA and XPD
for these alloys are summarized in Table VIIIL.

The microstructure of an alloy with nominal composition Irs,Bsg (Figure 7a) shows
primary crystallization of Ir4Bs.« followed by the crystallization of a boron rich eutectic
e1: LeBB+IrsBs,, at 1256+6 °C. The invariant reaction temperature correspond well with
those reported earlier (1255 £4°C at 60 at.% B (Ipser H. 1981), 1240 £8 °C at ~66 at.% B
(Brukl C.E. 1967) and also the location of the eutectic at ~ 60 at.% B. The Ir4Bs.x phase
melts congruently at 1288+4 °C (12875 °C (Ipser H. 1981), 1313£15 °C (Brukl C.E.
1967), see also Table I). As has been also previously reported (Aronsson B. 1963), this
compound is not stable at lower temperatures (T < 1100°C) and decomposes at 108310
°C into IrsB4.x and boron. Lattice parameter determined in as cast state decrease slightly
with decreasing boron content (see Table VIII) but are generally 0.01A smaller than those

reported by Lundstrom (Lundstrom T. 1973). Figure 7b (alloy with nominal composition
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Ir47Bs3) shows primary grains of Ir4Bs.x and the crystallization of the last liquid in form
of IrsB4.x. A rather fine eutectic like microstructure consisting of IryBs,x and IrsBa.x is
visible from the alloy Irs;B4g in Figure 7c. Brukl and Rudy (Brukl C.E. 1967) determined
125045 °C as the isothermal reaction temperature for the eutectic e,: Le>IrsBs,x+IrsBa,«
(at ~51 at.% B), whereas Ipser and Rogl (Ipser H. 1981) assigned this temperature to
another invariant reaction namely es;: L<>IryBs+IrB (at 54 at.% B). In that work, the
peritectic formation of the IrB phase is reported at 127444 °C (p;: L+IrsB4 1B at 50
at.% B) and a metastable eutectic e;: L<>IryBs,+IrsB4 at ~1235°C has been found
instead with the approximate composition Iry;Bs3. The WC structure type has been
assigned for IrB and the phase decomposes eutectoidally at 1209+3 °C into IrsB4.x and
IrsB4.x. In this work, all alloys in the composition range between Irs3B4; — Irs7Bss (in
at.%) exhibit an invariant effect at 1210+3 °C followed by several effects close to the
afore mentioned temperatures. As the alloys were only investigated in as cast state, after
DSC and after annealing at lower temperatures (<1000°C), no other phase has been
detected with approximately 50 at.% boron by XPD or EPMA. The next boron rich
phase IrsB4.x is congruently forming and melts at 133945 °C (133345 °C (Ipser H. 1981),
1328410 °C (Brukl C.E. 1967)). The microstructure of an alloy with nominal
composition IrsgBy4; is shown in Figure 7d. Large grains of IrsB4. are present (see inset
Figure 7d) together with the hT and IT form of Ir4Bs« (assigned from XPD) and small
amounts of (Ir). Ir4B3« has been reported to melt congruently at 1287+5 °C by Ipser and
Rogl and at 1270420 °C by Brukl and Rudy. Although the microstructure of the shown as
cast alloy gives hints to a peritectic formation of this phase, the results from the DSC
measurements confirm the congruent melting at around 1289+5 °C. Both groups of
authors also agree on an eutectic e4: L IrsBy+IrsB;« at 125845 °C (~40 at.% B, (Ipser
H. 1981) or at 1238+8 °C (~43 at.% B, (Brukl C.E. 1967)). Nevertheless, in none of the
alloys investigated in this work or in the work of Brukl and Rudy this eutectic has been
observed. As argued also previously, the eutectic is placed there because of the 2
neighboring congruent melting compounds (Brukl C.E. 1967). The microstructure of an
alloy with nominal composition Ire;Bsg (Figure 7e) shows primary grains of IrsBs and
an eutectic with (Ir). The invariant reaction temperature for this eutectic es:
Leo(Ir)+IryBs is 125944 °C (125944 °C at 37.5 at.% B (Ipser H. 1981), 1250+6 °C at
~36 at.% B (Brukl C.E. 1967)). Rogl et al. (N. H. Rogl P. 1971) investigated the hT and

IT modification and found above 1200°C only the hT form, in the temperature range
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1100-1200 °C both modifications and below 1100°C only the IT form and therefore
suggested a two phase transition. Figure 7f shows primary grains of (Ir) followed by the
crystallization of the same eutectic but almost only the hT modification of IrsBs4 (and
traces of the 1T form) is present on the XPD pattern of this alloy in as cast state. From the
combination of literature data with new ones, the binary Ir-B phase diagram shown in

Figure 8 has been constructed.
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Figure 8: Proposed binary phase diagram Ir-B including literature data from Rogl et al. (Rogl P.
1988) and Brukl et al. (Brukl C.E. 1967) above 1050°C.

Further investigations at temperatures above 1200°C in the composition range around 50

at.% B and between 1250 and 1100 °C < 60 at.% B would be necessary to complete this

diagram.

4.1.1.6 Summary

The binary system Ir-B has been investigated in the composition range between 10 and
70 at.% boron. Four binary phases have been found namely Ir4Bs.y, IrsB4.«x and the high
and low temperature modification of IrsBs«. X-ray single crystal diffraction studies have
been performed on IryBs. (x=0, Ir4Bs structure type; Space group C2/m; a = 1.05200(2),
b = 0.289564(6) and ¢ = 0.60958(1) nm, B = 91.156(2)°), IrsB4.x (x=0, IrsBy4 structure
type; Space group l4i/a; a = 0.62777(1) and b = 1.02599(2) nm) and on the low

temperature modification of IrsBs (x=0, IrBg structure type; Space group Cmc2;; a =
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0.27728(1), b =0.75742(2) and ¢ = 0.73152(2) nm). IrsB4.x (x=0) crystallizes with a new
ordered a-ThSi, derivative structure type. The high temperature modification of Ir4Bs«
(WC structure type; Space group P6m2; a = 0.28137(5) and ¢ = 0.2828(1) nm) has been
confirmed by X-ray powder diffraction. A proposition for the binary Ir-B phase diagram
has been constructed from combination of the results from XPD, EPMA and DSC with

literature data.

4.2 CRYSTAL STRUCTURE OF W;..B; AND PHASE EQUILIBRIA IN
THE BORON-RICH PART OF THE SYSTAMS Mo-Rh-B AND W-
{Ru,Os,Rh,Ir,Ni,Pd,Pt}-B

Superhard materials (i.e. a material with a hardness surmounting 40 GPa ( (Riedel R.
1994), (Veprek S. 1999), (Haines J. 2001), (Ivanovskii A.L. 2011)) are generally
found in three different categories: ) crystalline and disordered carbon modifications,
II) compounds formed by the light elements B, C, N, O, Si and III) compounds of
transition metals (TMs) with light elements B, C, N or O ( (V.V. Brazhkin 2002), (Gu
Q. 2008)). The main important parameters guiding high hardness have been identified
as (1) the presence of directional covalent bonding and (ii) a high electron
concentration (electrons per atomic volume) of the transition metal (TM) ((Gu Q.
2008), (Gilman J.J. 2006)). Among borides particularly those richest in boron in the
systems with W (“WB,” at about 80 at.% B) and Re (“ReB,” at about 66.7 at.% B)
have triggered intensive research interest as potential superhard compounds. Although
in many cases indentation hardness values beyond 40 GPa have been measured at
miniaturized loads, load independent hardness, which essentially characterizes the
true hardness of a material, never surpassed the superhardness criterion of 40 GPa. In
the following we list a few of these examples referring to transition metal borides.
“WB,” was reported to possess a load independent Vickers hardness of 31.8 GPa (but
46.2 GPa at 0.5 N (Gu Q. 2008)). Load dependent hardness measurements and Re
substitution studies by Mohammadi et al. (Mohammadi R. 2011) yield a load
independent hardness of 28.1 GPa (but 43.3 GPa at 0.5 N) for WB4 and an increase to
32.5 GPa (49.8 GPa (0.5 N)) with an addition of about 1 mole% Re. Polycrystalline
ReB, exceeds an average load independent Vickers hardness of about 30 GPa (48 GPa
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(0.5 N) (Chung H.Y. 2007)) or 26.6 GPa (39.3 GPa (0.5 N) (Gu Q. 2008)) with rather
different hardness values obtained due to the anisotropic crystal structure. From
Vickers hardness measurements on various crystallographic planes of a single crystal,
Levine et al. determined the crystallographic (002) plane to be the hardest of ReB,
(Levine J.B. 2008). The isotypic substitution of Re by W/Os, W/Ir and W/Ru has been
studied first by Rogl and coworkers (N. H. Rogl P., Ternary Complex Borides in the
Systems: {Mo, W}-{Ru, Os}-B and W-Ir-B 1970), (B. F. Rogl P. 1970) Vickers
hardness measurements on W s0s, 5B, revealed a load independent hardness of 26.6
GPa (40.4 GPa (0.5 N)) (Gu Q. 2008) and single crystal studies confirmed the ReB,
structure type with a random occupancy of the TM site (Gu Q. 2008). As the hardness
of a material above the asymptotic leveling is not meaningful ( (Brazhkin V. 2004),
(Dubrovinskaia N. 2007)), all the aforementioned compounds cannot be considered as

superhard materials but nevertheless are among the hardest metal borides.

Despite several structure models have been proposed in the past for the boron richest
W-boride ( (Chretien A. 1961), (Rudy E. 1963), (Romans P. A. 1966), (Nowotny H.
1967), (Lundstrom T. 1973)), W;4Bs (“WB4”), the structure type of isotypic Mo; B3
(Lundstrom T. 1973) has been widely accepted. However, more recent theoretical
calculations of band structure and physical properties (density functional theory
calculations DFT) of this compound have inferred some confusion on the true crystal
structure of “WB4” ( (Liang Y. 2001), (Gou H. 2012), (F. Z. Liang Y. 2012), (Zhang
R.F. 2012), (Zang C. 2012), (Li Q. 2013), (Y. X. Liang Y. 2012)). Whereas the first
studies by A. Chretien and J. Helgorsky (Chretien A. 1961) reported a tetragonal unit
cell for “WBy4” (a=0.634 nm, c¢=0.450 nm), Rudy et al. (Rudy E. 1963) claimed a
hexagonal cell (a=0.3004 nm, ¢=0.3174 nm) but proposed “WB;* as a more
appropriate composition. A first structure model was derived by Romans and Krug
(Romans P. A. 1966) from X-ray powder data backed by single crystal Laue and
precession photographs indexed on a hexagonal lattice (a=0.5200 nm, ¢=0.6340nm).
The proposed structure of stoichiometric WB4 was derived from the AlB; structure, by
replacing one third of the metal atoms by pairs of boron atoms (dumbbells) linking the
two-dimensional planar boron layers into a three-dimensional covalently bonded
boron framework (Romans P. A. 1966). The boron dumbbells are located just in the
voids (two per unit cell) created by the metal atom missing in the planar hexagonal

closed packed metal atom layers at z="4, %. Independently Nowotny et al. (Nowotny
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H. 1967) proposed a similar structure on the basis of X-ray powder and rotating
crystal data (a=0.5206 nm, c= 0.6335 nm), where [Bg]-octahedra replace one third of
the metal atoms in the hexagonal metal layer creating a three-dimensional boron-
skeleton at a composition of W,4Bg (x = 1/6 = W7Bg3 in at.%). Nowotny et al.
(Nowotny H. 1967) also evaluated the relation among the different sets of unit cell

dimensions (see Figure 9).

b bChretien

Nowotny,Romans

otny,Romans

2
73

c Nowotny Romans — 2 ¢ Rudy = a Chretien

a Now,Rom =a Rudy \/§ = C(‘hrclivu

Figure 9: Relation of the different unit cell propositions for “WB,” from Nowotny et al. (Nowotny
H. 1967), Romans and Krug (Romans P. A. 1966), Rudy et al. (Rudy E. 1963) and Chretien et al.
(Chretien A. 1961).

From the X-ray powder spectra reported there is no doubt that the phases “WB4” and
“W,xBo” of the various aforementioned research groups ( (Chretien A. 1961), (Rudy
E. 1963), (Romans P. A. 1966), (Nowotny H. 1967), (Lundstrom T. 1973)) are all
identical and secondly are isotypic with the homologous phases observed in the Mo-B
system: “MoB4” and “Mo,<Bo” (Lundstrom T. 1973). Nowotny et al. (Nowotny H.
1967) furthermore reported on a considerable solubility of Rh, Ni, Pd and Pt in W,.
xBo and particularly the PhD work of Haschke (Haschke H. 1966) indicated the
existence of ternary compounds (Mo,Rh), \Bg and (W,M),«By (M=Rh, Ni, Pd, Pt) at
900°C.

Lundstrom and Rosenberg (Lundstrom T. 1973) analyzed in detail the X-ray powder
pattern of the crystal structure of Mo, B3 (x~0.2; P63/mmc, a=0.52026 nm, c=6.3489

nm, B-rich) from which they derived defect close-packed metal layers sandwiched by
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planar boron honeycomb layers stacked along the c-direction (Lundstrom T. 1973).
There are no direct B-B contacts between B-layers. The boron honeycomb layers in
z=0 are planar ( (Romans P. A. 1966), (Lundstrom T. 1973)) or slightly puckered
(Nowotny H. 1967); a planar boron honeycomb layer also exists in the structures at
z=0.5 ( (Romans P. A. 1966), (Lundstrom T. 1973)). Lundstrom and Rosenberg
(Lundstrom T. 1973) confirmed isotypism with the homologous W «B;3.

The theoretical DFT studies on the structural assignment and stability of WBy4 or
MoBs (WB3 or MoBs;) ( (Liang Y. 2001), (Gou H. 2012), (F. Z. Liang Y. 2012),
(Zhang R.F. 2012), (Zang C. 2012), (Li Q. 2013), (Y. X. Liang Y. 2012)) claimed that
WB;3 (MoB3) with a two-dimensional boron net is thermodynamically more stable
than WB4 (MoB,) with a three-dimensional boron skeleton ( (Liang Y. 2001), (Gou H.
2012), (F. Z. Liang Y. 2012), (Zhang R.F. 2012), (Zang C. 2012), (Li Q. 2013), (Y. X.
Liang Y. 2012)). Zhang et al. (Zang C. 2012) reopened the question on the correct
crystal structure of WB4 or WB3, as the calculated indentation hardness of WBy is
lower than that of ReB, in contrast to the experimental result and the calculated
normalized c/a ratio of WBj exhibits a negative pressure dependence, inconsistent
with the observed trend. Li et al. (Li Q. 2013) in their latest study presented new
thermodynamically stable structures for WB; (R3m-“6u”) and WB, (P63/mmc-2u”).
However, the DFT stability calculations so far never considered nonstoichiometric

W.4B3 with defects in metal atom sites.

As most transition metal diborides exhibit superconductivity, Simonson et al.
(Simonson J.W. 2010) tested various transition metal-doped alloys Mo; xMxBs (M =
Ti, Zr, Hf, V, Nb, Ta, Re) and the corresponding W (MyB4 alloys. Indeed Ti and Nb
doped Mo,.x\MB4 alloys were claimed to reveal superconductivity below critical
temperatures around 6.5 K (Ti) and 7.5 K (Nb), whereas no superconductivity has

been detected in all the tungsten-based alloys.

In view of all these inconsistencies among experimental and DFT structural
information, the present chapter comprises crystal structure investigations of W B3,
solubility studies of Rh, Ir, Ni, Pd and Pt in W, 4B; as well as of Rh in Mo, B3, phase
equilibria in the boron rich part of the isothermal sections W-TM-B at 1100°C (TM =
Rh, Ir), at 900°C (TM = Ni, Pd) and at 800°C for TM=Pt and of Mo-Rh-B at 1100°C
and the formation and crystal structure of ReB, isotypic compounds in the ternary

systems W-TM-B (TM=Ru, Os, Ir) and V-Ir-B in as cast state and at 1500°C.
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4.2.1 Results and Discussion

4.2.1.1 The crystal structure of W;_.B;

As described in the introduction the compound W B3 (or WB,) is already known
since the early 1960’s, its correct crystal structure, however, seems to be still under
debate, because the established isotypism of W B3 ( (Chretien A. 1961), (Romans P.
A. 1966), (Nowotny H. 1967), (Rudy E. 1963)) with the structure type of Mo; B
(Lundstrom T. 1973) has been ignored in more recent studies ( (Liang Y. 2001), (Gou
H. 2012), (F. Z. Liang Y. 2012), (Zhang R.F. 2012), (Zang C. 2012), (Li Q. 2013), (Y.
X. Liang Y. 2012)). As boron is difficult to detect by X-rays beside such a heavy metal
element, several propositions have been made concerning the arrangement of the
boron atoms in the crystal structure. Table IX presents a listing of the crystallographic
parameters for the three different structural models reported in the literature, which
have been established for WB4 (Romans P. A. 1966), W, By (Nowotny H. 1967) and
for Mo B3 (Lundstrom T. 1973). At the bottom of Table IX one can compare these
structure models in three-dimensional view. All structure models agree on planar
hexagonal metal layers from which 1/3 of the atoms is removed. However, a
(additional) significant metal atom defect in the crystallographic site (0,0,0.25) was
only described for W,Byg (= W;33By) (Nowotny H. 1967) and for Mo;B; (=
Moy 30B3) (Lundstrom T. 1973).

Table IX: Comparison of different structural models in standardized settings for WB, or W, By
and the isotypic compound Mo.,B;; only the B-B and metal-metal bonds are drawn in the unit
cells.

Romans & Krug; Nowotny et al.; Lundstrom & Rosenberg;
stoichiometric WB, W2xBy (x~1/6 = Wy 51B3) | Moy.\Bj3 (x~0.2 = Moy.5B3)
Space group P6,/mmc P3 P6,/mmc
Lattice a=0.5200 a=0.5207 a=0.52026(2)
parameter [nm] | . _ 6349 ¢ =0.6303 ¢ = 0.63489(3)
B-rich
R, = 2, LISL, | - - 0.088

Atomic parameter
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M1/Wycoff Pos.; | W1 in 2c (1/3,2/3,1/4);

W1 in 2d (1/3,2/3,0.250);

Mol in 2c¢ (1/3,2/3,1/4);

Occ. 1 1 1

M2/Wycoft Pos.; | W2 in 2b (0,0,1/4); W2 in 2¢ (0,0,0.250); Mo2 in 2b (0,0,1/4);

Occ. 1 ~0.83 0.60(4)

B1/Wycoff Pos.; | 12i(0.333,0,0); 6g (0.0,0.333,0.023); 12i (0.333,0,0);

Occ. 1 1 1

B2/Wycoff Pos.; | 4f(1/3,2/3,0.615); 6g (0.472, 0.331, 0.202); -

Occ. 1 (form a dumbell) 1

B3/Wycoff Pos.; | - 6g (0.475, 0.141, 0.427); -

Occ. 1

Unit Cell = wv‘y ‘ ' = \‘lj\yl‘ @ ,_
.)'-M»\Wt\\ AN

“Nl“' ’ f.\‘w

k,A»_«m&i

A

RO o

To reinvestigate the crystal structure, a single crystal has been selected from the

crushed arc-melted sample with nominal composition WBy. The observed extinctions

are consistent with the space groups P6smc, P62c or P6s/mmc. The crystal structure

has been solved employing direct methods in the hexagonal space group with highest
symmetry P6s/mmc (Nr.194; a = 0.52012(1), ¢ = 0.63315(3) nm). Although direct
methods prompt the crystallographic sites 2¢ (73,%,%) and 2b (0,0,%) for the heavy

scatterers i.e. the W atoms, the Fourier series undoubtedly reveals a reduced

occupancy for the latter site (2b) of only about 72% (see Table X).

Table X: X-Ray single crystal data for W,B; at RT (Anisotropic displacement parameters in

[10nm?]).

Parameter/compound

Space Group

P6,/mmc

Formula from refinement

WogeB3 (= Wa3B775 at. %)

a, ¢ [nm] 0.52012(1), 0.63315(3)
M abs [mm'] 38.6

V (nm’) 0.1483

P (gem’) >-08
Reflections in refinement 152>406(F,) of 159
Number of variables 7

Rr = ZIF-FI/ZF, 0.040

Ruy 0.040

wR2 0.119
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GOF 1.207

Extinction (Zachariasen) 0.019(5)
Residual density e’/A3; max; 6.17;-6.28
min

Atom parameters

W1 in 2c (%5, %, Y%); occ. 1
U 1=Up»=Us; 0.0018(6)
W2in 2b (0,0,%); occ. 0.725(7)
U;1=Up»=Us; 0.0019(5)
B1in 12i (x, 0, 0); occ. 1
X 0.3341(8)
Uiso 0.0026(3)
Interatomic distances [nm]; Standard deviation < 0.0001
Wi - 12B2  0.2346
W2 - 12B2  0.2351
Bl - 1B1 0.1725

—-2Bl1 0.1738

—-2W1  0.2346

-2B2 0.2346

-2wW2  0.2350

The metal defects in 2b appear randomly as there is no indication for a long-range
metal/vacancy order. Boron atoms are located from the difference Fourier and occupy
only the Wyckoft site 121 (x,0,0) leading to the final composition W gsBs (= W2:B7g
in at.%). Table X comprises the results of the single crystal refinement, which
converged to a final R-factor R = 0.040 employing anisotropic atom displacement
parameters for the W-sites but isotropic temperature factors for the boron atom. The
largest residual electron density and the deepest hole (6.62; -6.23 e/A?) are close (~0.4
A) to the tungsten atom in the 2c site and merely reflect the Fourier ripples to the
large W-peak. It should be emphasized that the residual electron density reveals
neither hints for B-B dumbbells nor for B¢ octahedra as proposed earlier. Wyckoff
sequence and atom positions in W gsB3 confirm isotypism with the structure model
presented by Lundstrom and Rosenberg for Mo; 4\Bs. A three-dimensional view on the
crystal structure of W;4B3 is shown in Figure 10, which also presents the coordination

polyhedra for all atom sites.
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W0.83BS
1 P6.,/mmc; Mo, B.-type
a=0.5195(3); ¢c=0.6333(2) nm]]
W1 2c (1/3,2/3,1/4); occ.=1
W2 2b (0,0,1/4); occ.=0.65
B 12i(x,0,0); x=0.333(1)
R=0.06 ® L
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Figure 10: Unit cell of W, ,B; including coordination polyhedra for all atoms and Rietveld

refinement of the X-ray powder pattern for W g;B;.

The structure solution obtained from the single crystal data fits well with the X-ray
powder diffraction data as can be seen from the Rietveld refinement in the right part
of Figure 10. The interatomic bonding distances in Table X merely reflect strong
metal-boron bonding in the coordination figures as dw.g = 0.235 nm is always smaller
than the sum of the W-metal (Rw = 0.139 nm) and covalent B-radius (Rg = 0.088 nm)
(Pearson W.B. 1972). The in-plane boron boron contacts dgg = 0.173 nm are fully
consistent with the covalent radius sum, but W-W contacts dw.w = 0.300 nm are
slightly larger than the sum of their metal atom radii. As seen from Figure 10, the
metal coordination around the B-atom is a truncated triangular tungsten prism of
which only 4 next nearest neighbours remain in form of a rather distorted tetrahedron.
The strong metal-boron and boron-boron bonds in the structure are responsible for the
high mechanical stability i1.e. the high hardness and the ultra-incompressibility
discussed in the literature ( (Liang Y. 2001), (Gou H. 2012), (F. Z. Liang Y. 2012),
(Zhang R.F. 2012), (Zang C. 2012), (Li Q. 2013), (Y. X. Liang Y. 2012)) similar to the
transition metal diborides (Chen X.-Q. 2008). It should be mentioned that the two
identical next nearest neighbour coordination figures around the two W-sites do not
contain any hint for the defect in the W2 site — this may be explained in future DFT

calculations.

4.2.1.2 Isothermal sections of the boron rich part of the ternary systems W-TM-B (TM
= Rh, Ir, Ni, Pd, Pt) and Mo-Rh-B

The isothermal sections {Mo,W }-Rh-B at 1100°C, {Mo,W }-Ni-B at 900°C, {Mo,W}-
55



Pd-B at 950°C, and Mo-Pt-B at 900°C and 800°C have been investigated by Haschke
( (Nowotny H. 1967), (Haschke H. 1966)), whilst phase relations in the ternary system
W-Ir-B at 1200°C were published by Rogl et al. (N. H. Rogl P. 1972). Haschke
(Haschke H. 1966) reported in all the aforementioned tungsten-based ternary systems
and in the Mo-Rh-B system at the respective temperatures a ternary phase labeled as
{W(Mo),xTMy}2Bg (x~0.33 to 0.5) with the structure type of “W;,Bo” (= Mo;Bs—
type; Figure 11).

a) B b)

T = 1100°C

T'=950°C

Figure 11: Boron rich part of the isothermal sections of the ternary systems a) Mo-Rh-B and b)
W-Ni-B at 1000°C, ¢) W-Rh-B at 1100°C and d) W-Pd-B at 950°C; all as published by Haschke
(Haschke H. 1966).

Interestingly, the isothermal sections at these low temperatures neither contained the
binary phase “W,4Bo” nor isotypic “Mo,4By”, thus reporting the compounds
{W(Mo),xTMy},Byg as truly ternary phases. As thermal instability at lower
temperatures was never reported for the binary borides richest in W or Mo (both at
about 80 at.% B; for details see also refs. ( (Duschanek H. 1995), (W. W. Rudy E.
1965)), we decided to reinvestigate the boron rich part of these isotherms.
Additionally, we studied the B-rich isothermal sections W-Ir-B and W-Pt-B at 1100
and 800°C, respectively. We also investigated the possible solid solutions starting

from binary (W,Mo);«\Bs in as cast state and after annealing at 1100, 900 or 800°C by
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XPD using Ge as a standard for the lattice parameter determination and EPMA.

Crystallographic details of all appearing phases in the investigated regions are

presented in Table XI.

Table XI: Crystallographic data on the solid phases of the boron rich part of the ternary systems
W-TM-B (TM= Rh, Ir, Ni, Pd, Pt) and Mo-Rh-B.

Space

Structure

Lattice parameter [nm]

Phase group type a b c Ref.
(B) R3m BB 1.09382(5) - 2.38356(18) | (Massalski T.B.
1990)
WB, P6;/mmc WB, 0.29831(1) - 1.38790(3) (Lundstréom T.
1969)
RT-MoB, R3m MoB, 0.30116(2) - 2.0937(2) (Klesnar H.P.
1996)
HT-MoB, | P6/mmm AlB, 0.30049(3) - 0.31726(4) (Klesnar H.P.
1996)
W.B; P63/mmc Mo, B; 0.5207 - 0.6303 (Nowotny H.
1967)
Mo, B3 P6;/mme | Mo ,B; | 0.52026(2) - 0.63489(3) | (Hassler E. 1979)
RhB P63/mmc NiAs 0.3309 - 0.4224 (S. E. Aronsson
B. 1960)
IryB; C2/m IryB; 1.05300(9) | 0.29038(3) 0.61013(5) (Aronsson B.
B=91.119(9)° 1963)
NiB Cmcem TII 0.2929 0.7392 0.2961 (Lugscheider E.
1974)
Pd,B Pnnm CaCl, 0.469184) | 0.51271(4) 0.31096(3) | (Hassler E. 1979)
PtBg ¢ Cmcem PtBy 67 0.3371(1) 0.5817(2) 0.4045(1) | (Ellner M. 1993)
Wosalrg3sBs | P6s/mmc ReB, 0.2926 - 0.7559 (B. F. Rogl P.
1970)
WosRug;B, | P6s/mmce ReB, 0.2906 - 0.7452 (B. F. Rogl P.
1970)
Wo30s07B, | P63/mmc ReB, 0.2911 - 0.7497 (N. H. Rogl P.
1970)
Wo50spsB, | P6s/mmc ReB, 0.29120(2) - 0.75681(7) (K. G.GuQ.
2008)
RuB, Pmmn RuB, 0.46443(3) | 0.28668(8) 0.40449(4) (Roof R.B. Jr.
1962)
OsB, Pmmn RuB, 0.4684 0.2872 0.4076 (Aronsson B.

1963)
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VB,

P6/mmm

AlB,

0.2998(2)

0.3057(2)

(Norton J.T.
1949)

Results are summarized in Table XII together with the lattice parameters reported in

the literature.

Table XII: Results from EPMA and XPD including literature data for W,..B;, W, ,TM,B; and

g&:ﬁlﬂ EPMA [at.%] Accepted Lattice parameter [nm] Heat Ref.
Composition | W ™ | B Composition® | 5 c treatment
WBy 172 | - 82.8 | WysiB; 0.51953(3) | 0.6333(2) as cast *
Wo.56B3 0.52012(1) | 0.63315(3)°°
WB, - - - Wo.75B3 0.5200 0.6340 as cast (Romans P. A.
1966)
W, 53Bo - - - Wo.61B3 0.5207 0.6303 1400°C (Nowotny H.
1967)
WB, - - - Wo.75B3 0.5195(2) 0.6332(1) 1300°C (K. G. Gu Q.
2008)
W.sRh,B 5 164 | - 83.6 | Wo3sBs 0.51981(5) | 0.6331(1) as cast *
173 | 0.8 | 81.9 | Wy5,B; 0.52006(8) | 0.6342(2) 1100°C
(W13Rhy3),Bg | - - - Wo22Rhg44B3 | 0.520 0.627 1100°C (Nowotny H.
1967)
WoslrB7, 264 | - 73.6 | WosB; 0.52001(3) | 0.63249(7) as cast *
W NigsBg s 23.0 | 0.8 | 76.2 | W(sB; 0.51990(5) | 0.6334(2) as cast *
251 | 0.3 | 74.6 | Wyg3Bs 0.51979(5) | 0.63366(7) 900°C
(Wo;3Niy3),Bg | - - - Wo44Nig2oB; | 0.520 0.630 1000°C (Nowotny H.
1967)
Wo6Pd; 4Bg 192 | - 80.8 | Wys3B; 0.51977(5) | 0.6334(1) as cast *
21.8 | 0.1 | 78.1 | WygsB; 0.51962(6) | 0.6331(1) 900°C
(W1,Pd;p).Bg | - - - Wo33Nig33B; | 0.520 0.631 950°C (Nowotny H.
1967)
Wo.6Pt; 4Bs 76.2 | - 23.8 | Wog3B3 0.51980(3) | 0.63302(7) as cast *
754 | - 24.6 | Wyg3Bs 0.52006(2) | 0.6333(2) 900°C
(WosPt13).Bg | - - - Wo.44Pt2oB; | 0.520 0.631 1050°C (Nowotny H.
1967)
Mo,_B; - - - Moy sB; 0.52026(2) | 0.63489(3) 1800°C R. L
Lundstrom T.
1973)
Mo,_B; - - - Moy B3 0.52646(6) | 0.6121(1) 1400°C (Klesnar H.P.
1996)
MogsRh,B7, | 18.0 | 0.1 | 81.9 | Moy gB; 0.5209(2) | 0.6348(3) as cast *
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‘ 19.6 ‘ 0.6 ‘ 79.8 ‘ Mo B 0.51902(5) | 0.6334(3) 1100°C

SC..from single crystal, *This work, “from Rietveld refinement

As various formulae have been reported in the literature, we refer to the formula W
xB3 or W, TMB; for an easier comparison in the column ‘accepted composition’ in
Table XII. The ‘accepted composition’ for our alloys results from Rietveld refinement.
We also investigated the solubility of Rh in Mo; B3 in as cast state and after
annealing at 1100°C. As a very accurate quantitative boron measurement is not
possible by EPMA using EDX detection (see Table XII), we mainly focused in the
samples with transition metals, on measuring the metal ratios. Information on the
binary phase diagrams and phases for Mo-B, Rh-B, Ni-B and Pd-B is taken from
Massalski (Massalski T.B. 1990), for W-B from Duschanek and Rogl (Duschanek H.
1995) and for Ir-B and Pd-B from Rogl (P. Rogl 1988). Particularly the binary solid
solubilities of the various transition metals in B-rhombohedral boron in the
temperature region from 900 to 1500°C were taken from Crespo et al. (Crespo A.J.
1981) as less than 0.25 at.% for Mo and W (see also Rudy et al. (W. W. Rudy E.
1965)), and less than 0.1 at.% for Ru, Os, Rh, Ir. For vanadium (~1.5 at.% V at
1500°C) and nickel (~2 at.% Ni at 900°C) we follow the investigations of Garbouskas
et al. (Gabouskas M.F. 1986) and Smid et al. (Smid I. 1986), respectively. For all
systems investigated, except for the W-Ir-B system, a three-phase equilibrium exists
between BB, W, B3 or Mo, «B; and the transition metal boride richest in boron (RhB,

NiB, Pd;B, PtB¢7, see Figure 12).
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a) B 1100° C b) oB 1100°C
\ O Sample position 100 \

Figure 12: Partial isothermal sections of the ternary systems (a) Mo-Rh-B and (b) W-Rh-B and
(c) W-Ir-B at 1100°C and of the ternary systems (d) W-Ni-B, (e) W-Pd-B at 900°C and of (f) W-
Pt-B at 800°C. The shown microstructures are from the alloys in as cast state.

The peritectic formation of W B3 around grains of WB, (labeled earlier as W,Bs «-
type) is documented in all tungsten-based alloys (see microstructures in Figure 12).
The last liquid crystallizes in form of a transition metal rich boride or eutectic. The
same can be derived from the microstructure of the Mo-Rh-B alloy. In the boron rich
part of the isothermal section of the W-Ir-B system, a three-phase equilibrium exists
between B, WB; and t1,-WIrB, (ReB;-type) and another between B, IrsBs and T,
(see Figure 12c). The invariant reaction temperatures were measured for all systems
with DSC and are summarized in Table XIII together with the results from EPMA

measurements and X-ray phase analysis.
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Table XIII: Results from EPMA measurements and X-ray phase analysis including invariant
reaction temperatures from DTA measurements.

Composition
Lattice Parameter [nm]
Structure | EPMA [at.%] DTA
Sample Phases
Type Mo, [°C]
™ | B a b c
W
B B 0.2 0.4 99.4 - - -
Mo, ¢sRh,B;, 1115
1100 Mo, B3 Mo, B3 19.6 0.6 79.8 0.51902(5) | - 0.6334(3)
RhB NiAs 0.0 439 | 56.1 0.3313(2) | - 0.4218(2)
B B 0.2 0.1 99.7 - - -
Wy sRh,B7 5 1115
1100 Wi.B; Mo, B3 17.3 0.8 81.9 0.52006(8) | - 0.6342(2)
RhB NiAs 0.0 432 | 56.8 0.33233(1) | - 0.42010(4)
B B 0.5 0.2 99.3 - - -
1264
Wolr,B7» Ir,Bs Ir,B; 0.0 433 | 56.7 1.0535(4) | 0.2904(1) 0.6103(1)
1100 B=91.15(3)
T ReB, 16.1 11.1 | 72.8 0.29266(2) | - 0.7538(1)
B B 0.5 0.0 99.5 - - -
Wi 610 sB7.6
1100 T ReB, 16.4 10.1 | 735 | - 0.29272(2) | - 0.7535(1)
WB, WB, 32.8 0.0 67.2 0.29855(2) | - 1.3887(4)
B B 0.3 1.4 98.3 - - -
WNi sBs 5
900 W,..B;3 Mo,_,B; 25.1 0.3 74.6 | 1041 | 0.51979(5) | - 0.63366(7)
NiB TII 0.1 50.6 | 49.3 - - -
B B 0.4 0.1 99.5 - - -
WoePd, 4Bsg
900 Wi.B; Mo, B3 21.8 0.1 78.1 | 963 0.51962(6) | - 0.6331(1)
Pd,B CaCl, 0.0 659 | 339 0.4691(1) | 0.5135(2) 0.3136(2)
B B 0.4 0.0 99.6 - - -
WPt 4Bg
200 Wi.B; Mo,_,B; 24.8 0.0 752 | 777 0.52006(2) | - 0.6333(2)
PtB¢7 PtB 7 0.3 79.1 | 30.6 0.3372(1) | 0.5820(1) 0.4031(1)
T1-WixIrBs

The DSC data on ternary reaction isotherms in Table XIII demonstrate that on heating

liquification temperatures in the ternary systems investigated are all close to or

slightly below the binary boron-rich TM-B eutectic temperatures. Above these

temperatures “burning” of alloys may appear even close to the high melting Mo-B and

W-B binaries.

As a result of our investigations, the phase equilibria in the boron-rich parts of the

systems {Mo,W}-Rh-B, {Mo,W}-{Ni,Pd,Pt}-B and W-Ir-B, all reveal the existence

of binary borides with the Mo, «Bs-type (at about 80 at.% B) without any extension

(solid solubilities) into the corresponding ternaries. Accordingly there is practically no

difference between the lattice parameters (within the error bars) of the binary Mo;.
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xB3-type phases and those measured from ternary alloys (compare data in tables III
and IV). This argument also holds for a comparison of lattice parameters of the phases
“{W(Mo); xTMy},By” reported by Haschke ( (Haschke H. 1966), (Nowotny H. 1967))
with the binary Mo, «Bs-type borides. Ternary compounds neither appeared in as cast
condition nor in annealed alloys. The reason for the severe discrepancy between (i)
the existence of ternary compounds {W(Mo); xTMy}2Bg (x~0.33 to 0.5) as reported by
Haschke (Haschke H. 1966) and (ii) the absence of ternary compounds but
observation of isotypic phases in the binary with the structure type of “W;,By” (= Mo;.
«Bi—type), may be found (a) in the slow reaction kinetics of the binary peritectically
formed borides {Mo,W},Bs as well as (b) in the significantly enhanced reaction
kinetics concomitant with the severely lowered melting and liquidus temperatures (see

DSC data in Table XIII) in the ternary systems investigated.

4.2.1.3 The Tungsten-Based Ternary Transition Metal Diborides W, .TM,B; (TM=Ru,
Os, Ir)

Isotypic diborides with the structure type of ReB, (space group P6sy/mmc; a=0.2900,
¢=0.7475nm (Aronsson B. 1960)) can be achieved by combination of metal elements
from the 6™ (Mo, W) and 8" (Ru, Os) group of the periodic table as they form a
pseudo element from the 70 group. The electronegativity is approximately the same as
for rhenium, if the metal ratio 6™/8™ is ~1/2 ( (N. H. Rogl P. 1970), (B. F. Rogl P.
1970)). More general, all isotypic compounds keep an electron/atom ratio between
4.3-4.4 (T. S. Levine J.B. 2009) f. e. Vp40s06B2 (R. E. Rogl P. 1978), Wy 5Ir9.4B2 ( (N.
H. Rogl P. 1972), (N. H. Rogl P. 1970) and MoyIr;«B, (x=0.3, 0.6; (B. F. Rogl P.
1970), (Crespo A.J. 1981)). In this work, we investigated the type of formation and
crystal structure of compounds with nominal composition W 3Ru;3Bgg, W150s16Beo,
Wislri3Beo and V7Iri6Bg7 in as cast state and after annealing at 1500°C for 3 days.
The compounds Wy 4RupeB, and Wyelrg4B, (composition determined with EPMA,
see Table XIV) form incongruently (see Figure 13a and c) whereas W 50s( 5B, forms

directly from the melt (Figure 13b).
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Table XIV: Results from EPMA measurements and X-ray phase analysis for the alloys
WisRu3Bgo, WisOsisBgo, WiglrisBge and Vi;Iri¢Bg; in as cast state and/or after annealing at

1500°C.
Structure Composition EPMA [at. %] Lattice Parameter [nm]
Sample Phases Type W,V ™ B a b ¢
B B - 0.4 99.6 - - -
WisRu gBgy WB, WB, 30.6 1.7 67.7 0.29850(1) - 1.3866(5)
as cast RuB, RuB, 1.1 35.9 63.0 0.28715(3) 0.4641(1) 0.40494(5)
W, Ru,B, ReB, 10.1 17.3 72.6 0.29027(1) - 0.74673(2)
WISOSI6B69 B B 0.1 0.9 99.0 - - -
1500 OsB, RuB, 0.7 36.6 62.7 - - -
W,.,0s,B, ReB, 19.7 20.6 59.7 0.29127(1) - 0.7562(1)
B B 0.4 - 99.6 - - -
WB, WB, 423 0.1 57.6 0.29864(1) - 1.3880(5)
Wislri3Bgo
WI-XB3 MOI-XB3 26.4 - 73.6 - - -
as cast
II'4B5 II'4B5 149 - 85.1 - - -
W,.,Ir,B, ReB, 25.9 22.7 514 0.29298(2) - 0.7539(1)
W131r13B69 B B 0.1 0.1 99.8 - - -
1500 II'4B5 II'4B5 - 42.6 574 - - -
W,.,Ir,B, ReB, 25.8 19.1 55.1 0.29263(1) - 0.75404(8)
V17Ir16B67 B B 1.6 - 98.4 - - -
1500 VB, AlB, 26.7 - 73.3 0.2999(1) - 0.3056(1)
Ir,Bs Ir,B; - 44.2 55.8 1.0524(5) 0.29042(2) 0.6102(1)
=91.12(4)

270 4 &
,-;?7 W1-x|prﬂ"\

3

[ — 10um|

Figure 13: SEM images of the alloys (a) W 3Ru B¢, (b) W150516B¢o, (C)W;IrBB@ in as cast state
and (d) partial isothermal section of the V-Ir-B phase diagram at 1500°C.
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Wo.4Rup 6B, forms in a peritectic reaction around large primary grains of WB, (W;Bs.
«-type; Figure 13a). However, annealing at 1500°C does not change much the
microstructure or composition of the appearing phases in the W-Ru-B system and
therefore these results are not included in Figure 13 and Table XIV. On the other
hand, annealing of the carefully mixed and cold pressed powders (W, Ru and B) at
900 to 1200°C for 50 hours in an argon atmosphere leads to homogeneous products
(B. F. Rogl P. 1970). Therefore we suggest that probably the diffusion at 1500°C is to
slow due to a rather high liquidus temperature. In case of the W slr;3Bgo sample,
annealing at 1500°C leads to an almost single-phase sample Wy ¢lrg4B, with only
about 2% impurity phases (IrsBs and B,Table XIV) but here even lower annealing
temperatures (> 1100°C) are sufficient. W(s0s(sB, forms congruently and the SEM
image in Figure 13b shows large grains and a three-phase eutectic at the grain
boundaries consisting of W(50s95B2, OsB, and B (Table XIV, results for the
annealed alloy). The X-ray powder patterns of the W;sOs;sBeo in as cast state and
after annealing contain sharp (h0O, hkO) and rather diffuse and broad reflexions (00I,
hOI). This has been observed already previously in some X-ray powder diffractograms
of W-Ru-B (B. F. Rogl P. 1970) and Mo-Os-B (N. H. Rogl P. 1970) alloys and has
been explained by irregular stacking faults in the crystal structure in the c-direction
(B. F. Rogl P. 1970). The possible formation of a ReB; isotypic compound has also
been tested for V-Ir-B but neither in as cast state or after annealing at 1500°C any
ternary compound appeared. At 1500°C, a three-phase equilibrium exists: B +VB, +
Ir4Bs (see Figure 13d and Table XIV).

4.2.1.4 Summary

The reinvestigation of the crystal structure of W 4B; (=WB_.4) by X-ray single crystal
diffraction revealed isotypism with the Mo;.«Bj structure type (space group P6s/mmc;
a=0.52012(1), c=0.63315(3) nm; Rg=0.040). Boron occupies only the crystallographic
site 121 (x,0,0) and tungsten the sites 2c (1/3,2/3,1/4) and 2b (0,0,1/4), the latter being
filled to only about 72%. It should be emphasized that although W, 4\B; at about 80 at.
% B is the metal boride richest in boron, it shows no directly linked three-dimensional
boron framework. No solubility of Rh, Ir, Ni, Pd and Pt in W B3 as well as of Rh in

Mo, «Bs has been found in as cast state and after annealing by EPMA measurements
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and by comparing the lattice parameter with those of the binary alloys. Furthermore,
the boron rich parts of the corresponding isothermal sections W-TM-B (TM = Rh, Ir
at 1100°C, TM = Ni, Pd at 900°C and TM = Pt at 800°C) and Mo-Rh-B (at 1100°C)
have been established. Except for the W-Ir-B system, a three-phase equilibrium exists
between P—boron, W B3 or Mo, B3 and the transition metal boride richest in boron
(RhB, NiB, Pd;B, PtBj7). In the W-Ir-B system, two three-phase equilibria exist in
the investigated part. BB is in equilibrium with Ir4Bs and t,;-W 4IryB; (ReB; type) and
with WB; and t;. Formation and crystal structure of diborides W, TMxB, (TM = Ru,
Os, Ir) with ReB; structure type (space group P6s/mmc; a=0.2900, ¢=0.7475nm) were
studied by X-ray powder diffraction and electron probe microanalysis in as cast state
and after annealing at 1500°C. W s0s(sB, (a=0.29127(1), ¢=0.7562(1) nm) forms
directly from the melt, whereas Wy 4Rup¢B, (a=0.29027(1), ¢=0.74673(2) nm) and
W elroaB, (a=0.29263(1), c=0.75404(8) nm) are incongruently melting. Annealing at
1500°C leads in case of the iridium compound to an almost single-phase product but

the same procedure does not increase the amount of the ruthenium diboride.

43  CRYSTAL STRUCTURE AND Ce VALENCE VARIATION IN THE
SOLID SOLUTION CeRh;.,Pd\By s

A significant effort was done during the last decades studying the rich variety of
physical properties of the CeTM3 family of compounds (where TM = Rh and Pd) and
related systems like CeRh;_«Pdy ( (Harris I. R. 1972), (Mihalisin P. 1981)). Its simple
cubic primitive AuCus structure (defect perovskite) provides the possibility to
incorporate light interstitial elements like B (in CePd3By ( (Perez 1. 1987), (Sereni J.
1986), (Sereni J. G. 2013), (Dhar S. K. 1981), (Malik S. K. 1984)), CeRh3By ( (Perez
I. 1987), (Malik S. K. 1984), (Yubuta K. 2006)), C (in CeRh3C,., ( (Holeck H. 1972),
(Joshi D. A. 2009)), small amounts of Be (in CePdsBe, ( (Sereni J. G. 2013), (Nieva
G.L. 1988)) and Si (in CePd3Siy ( (Sereni J. G. 2013), (Malik S. K. 1984)).

One of the most interesting properties of these alloys is the possibility to study, within
a continuous alloy series, the electronic transition of Ce from its Ce* configuration to
the Ce’* one.

It is well known that crystal and electronic structures are intimately related, and the

study of one of them has to be complemented by the knowledge of the other.
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Magnetic properties were preferably used to identify the electronic characteristics of
materials, particularly for systems containing rare earth elements, able to adapt their
electronic configuration to the volume (V,y) available within the crystal structure and
consequently their valence (Z). Among such elements, cerium is known to adjust the
occupation of its 4f orbital to the surrounding chemical potential (1) through its local
Z/V,, ratio modification. Concomitantly, the electronic configuration of Ce varies
between a magnetic state (at 4f' full occupation) and a non-magnetic state (for a 47"
partial occupation). Consequently, these Ce-based compounds provide the unique
possibility to tune the Z/V,, ratio by changing p or, inversely, to trace the variation of
p by measuring V,,. Indeed for the alloy series CeRh3 «Pdy and CeAg;_,Pd, (Mihalisin
P. 1981) a transition from the Ce* regime (Rh-rich) to the Ce’? regime (Pd-rich) has
already been monitored (Gambke T. 1981).

In order to better understand the aim of this work, a brief overview on the properties
of the family of CeTM3By compounds related to this work is given in the following.
CePd3B,: The valence of Ce in CePd3;By was found to increase in the concentration
range y<0.4 as the lattice volume increases with rising B content ( (Perez 1. 1987),
(Sereni J. 1986), (Dhar S. K. 1981), (Malik S. K. 1984)); it saturates at y~0.4 once the

Ce trivalent state is reached. Coincidentally, the lattice parameter also stops growing

(see Figure 14).
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Figure 14: Lattice parameter vs. Pd content x and B content y for CeRh;..Pd,B,.
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Accordingly, low temperature properties show that magnetic interactions develop
some short range order that increases in intensity up to y=0.35 (Sereni J. 1986).
Unexpectedly, for y>0.4 the specific heat anomaly related to those short range
correlations smears out and transforms into a continuous increase of C,, /T as
temperature decreases (Sereni J. G. 2013). The strengthening of magnetism observed
for CePdsBy at y~0.25 was backed by specific heat measurements ((Sereni J. 1986),
(G. K. Dhar S. K. 1989), (Kuentzler R. 1984)). X-ray photoemission,
Bremsstrahlungs-Isochromat and electron energy loss spectroscopy (Wuilloudt E.
1984) revealed a 4f" occupation varying from ns~ 0.9 in CePd; to ny~ 1 in CePdsB at
90 K and an almost constant hybridization of f-electrons with conduction electrons
(A=1504£20 meV).

Phase equilibria studies in the system Ce-Pd-B at 850°C (Sologub O. 2010) defined
the extension of the homogeneity range of CePd;By for 0<y<0.65 at 850°C limiting
the boron incorporation to 13 at.% B (Sologub O. 2010). Alloys with y<0.15 behave
as a Kondo lattice, whereas the behavior for y>0.2 becomes completely different,
tracking the valence change of Ce. Concerning transport properties, CePd; ranks
among the materials with the highest Seebeck coefficients (110-120 pV/K around 150
K) amid correlated thermoelectric systems ( (Lackner R. 2006), (Jones C. D. W.
1999)). Boron incorporation leads to a strong decrease of the Seebeck coefficient (~40
uV/K around 150 K for CePd;By ;) ( (Lackner R. 2006), (Jones C. D. W. 1999)) but
also to a large drop of the phonon thermal conductivity, attributed to the rattling
modes of the loosely bonded B atoms (Lackner R. 2006).

The observed disappearance of magnetic correlations for y>0.4 is an open question,
tentatively attributed to atomic disorder produced by the random distribution of
interstitial B atoms.

CeRh;3B,: Lattice parameters as a function of the incorporation of boron in CeRhs
were found to increase almost linearly with increasing boron content ( (Malik S. K.
1984), (Shishido T. 2006)), whereas the magnetic susceptibility of CeRhs is almost
temperature independent down to 50 K [ (Harris I. R. 1972), (Malik S. K. 1984)),
consistent with Pauli-paramagnetic behavior and suggesting a tetravalent state of Ce
(Malik S. K. 1984). Correspondingly the valence of cerium changes from Ce* in
CeRh; [ (Harris I. R. 1972), (Malik S. K. 1984)) to a mixed valency in CeRhsB (
(Malik S. K. 1984), (Joshi D. A. 2009)). The lattice parameters of CeRh3;B determined
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by Takei et al. (Takei H. 1984) in as cast state and after annealing at 1400°C, exhibit a
difference probably due to slightly different atomic arrangement. Shishido et al.
(Shishido T. 2006) observed an anomalous drop of the Vickers hardness around
y=0.444. An electron diffraction (ED) and high resolution electron microscopy
(HRTEM) study of the crystal structure of CeRh3;Bgs by Yubuta et al. (Yubuta K.
2006) revealed Y2%2Y2-type superlattice reflections and fine satellite reflections around
all reflections. The new superstructure is formed by an ordered arrangement of B
atoms and is modulated by the appearance of fine domains with an average size of ~ 3
nm (Yubuta K. 2006). The authors suggested that weakness of chemical bonding
strength in the boundaries between the fine domains causes the anomalous decrease of
hardness in the region of the new structure (N. A. Yubuta K. 2008). Ab initio
calculations of the atomic and electronic structure and elastic properties of CeRh3;By
revealed (i) a strong covalent bonding between boron 2p and Rh 4d electrons, (i1) the
Fermi level in a pseudogap and (ii1) a significant f-d hybridization (Hidenobu K.
2007).

CeRh;.,Pd,By: Measurements of magnetic susceptibility and lattice parameters for
the CeRh3_(Pdy alloy ( (Harris I. R. 1972), (Tay C. Y. 1977)) indicated Ce to be in the
tetravalent state for the composition range 0<x<2.4, whereas with increasing x the
effective valency decreases to intermediate valence values at CePds; (Harris I. R.
1972). Consistently, Ly X-ray absorption edge measurements revealed an increase of
the valence of Ce between CePd; and CeRh; ;Pd; g, but a constant value for higher Rh
contents (Beaurepaire E. 1984). From temperature dependent resistivity and Ce-Lij-
valence state measurements Perez and coworkers (Perez 1. 1987) concluded that the
solid solution CeRhs (Pd«B passes continuously from a Kondo local-moment regime
(0<x<0.6) to a mixed valent regime (0.6<x<2.1) and further to a saturated valence
regime (2.1<x<3).

The purpose of this work is an attempt to expand the AuCus lattice of CeRhjs_(Pdy
alloys by Boron addition in order to tune the electronic configuration from 4/’ towards
4f'. Such a transformation cannot be completed by a simple Rh/Pd substitution
because CePds; is in an intermediate valence state. By adding more conduction
electrons to the band (e.g., by a Pd/Ag substitution), the Ce valence variation can be
driven up to the Ce®* configuration. Boron incorporation, however, promotes a shift of

the Rh/Pd electronic substitution effect to lower Rh content because of the B-driven
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lattice expansion. Once tuned at the proper B concentration, this shift should allow
covering the full Ce** to Ce®* transformation into the unique Rh to Pd range, avoiding
the extension into the Pd by Ag substitution.

With respect to the incipient short range magnetic order observed in CePds;By up to
y=0.35 - which vanishes for y>0.4 - it is necessary to elucidate whether or not short
range order is an atomic disorder effect or has an intrinsic origin. To that respect one
can mention that the heavy fermion behavior of CePd;Bg¢ was improved after
annealing ( (Sereni J. 1986), (Nieva G.L. 1988)). For such a purpose a detailed
structure investigation concerning boron/vacancy ordering was carried out in this
work, to better control the degree of disorder introduced by doping. Taking profit of
previous investigations on CeRhsBgps (N. A. Yubuta K. 2006), which evidenced a
LalhlYa—type superstructure, the alloy system with the CeRh;(PdBos was chosen for
this investigation.

The chapter provides details on the crystal structures and valence instability region of

Ce within the solid solution CeRh;_,Pd,Bgs.

4.3.1 Results and discussion
4.3.1.1 Homogeneity range of the solid solution CeRh3..Pd,B,

Samples of the solid solution CeRh3_(\PdsBg5 (x=0, 0.5, 1.2, 1.5, 1.7, 2.5, 3) have been
studied by XPD and EPMA in the as cast state. X-ray powder patterns of the alloys
were indexed on the basis of a cubic primitive AuCus lattice (space group Pm3m;
ap~0.4 nm). The dependency of the lattice parameters, a, of the solid solution CeRhs.
«PdBy (AuCus type) with increasing Pd content, x, and increasing B content y is
given in Figure 14, in comparison with data available from the literature. On the pure
Rh side of the figure, a linear increase of the lattice parameter with increasing B
content has been reported by Shishido and coworkers (Shishido T. 2006) for
CeRh3B,. This parameter ranges from a=0.4015(1) nm (y=0) to a=0.4180(1) nm (y=1)
for alloys annealed at 1300°C, whereas the lattice parameters determined by Malik et
al. (Malik S. K. 1984) for alloys in as cast state show deviations from linearity at low
boron contents. In this area (y=0.12 and 0.25) the authors. (Malik S. K. 1984)

observed a splitting of the peaks in the X-ray powder pattern whereby one set of lines
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could be fitted with the lattice parameter of CeRh3; and the other with an expanded
lattice (see Figure 14).

The rather large difference of the lattice parameters in as cast state (a=0.4147 nm) and
after annealing at 1400°C (a=0.4213 nm) reported by Takei et al. (Takei H. 1984) for
CeRh3B, might be due to different compositions. For comparison, on the axis without
B content, i.e. CeRhs (Pdy, the lattice parameters increase linearly between x=0 and
x=2.4 and between x=2.4 and x=3 ( (Harris I. R. 1972), (Tay C. Y. 1977), (Pountney
J. M. 1978)) as previously reported. Even Ce;_,Pd3,, has a small homogeneity range
(Massalski T.B. 1990) extending from stoichiometric CePd; (a=0.4129(2) nm) to
Cep92Pd305 (a=0.4112(2) nm) at 800°C (Massalski T.B. 1990). The lattice parameters
of the solid solution CePd;By increase with increasing boron content up to y=0.4
(a=0.4203 nm) in as cast alloys (M. S. Dhar S. K. 1981) and up to y=0.25
(a=0.41954(5) nm) (Sologub O. 2010) for samples annealed at 850°C, but saturate for
higher boron contents. The maximum solubility of boron in this solid solution was
found to be about 13 at.% B (y=0.65) (Sologub O. 2010). For the solid solution
CeRh; (PdBos (x=0, 0.5, 1.2, 1.5, 1.7, 2.5, 3), investigated in this work, lattice
parameters increase slightly with increasing Pd content from a=0.41147(5) nm (x=0)
to a=0.41501(5) nm (x=1.5), followed by a strong increase up to a=0.42104(6) nm
(x=2.5) and a slight decrease afterwards to a=0.42073 nm (x=3) (see Figure 14). Our
lattice parameters of CeRh3;Bos and CePd;Bs are slightly larger but still in good
agreement with literature data. The results of XPD and EPMA are summarized in
Table XV. Only the metal ratios were measured over several areas, as it is not
possible to precisely and reliably determine the small boron content by EPMA. The
lattice parameters are given for the cubic AuCu; parent type from which any possible

superstructures can be derived.

Table XV: Results of XPD, EPMA and ED measurements.

Nominal Composition V2L Satellite
composition from EPMA Aucus [nml] Suf:éztcl;?:rslre reflections
CeRh3Bj 5 CeRh; 0.41147(5) yes yes
CeRh, sPdj 5By 5 CeRh, sPdg 5 0.41249(5) yes yes
CeRh, ;Pdj 3By CeRh, ;Pdy 3 0.41433(2) no yes
CeRh, sPd, 5By CeRh, sPd; 5 0.41501(5) no yes
CeRh, ,Pd, 3B CeRh,,Pd; g 0.41741(3) no yes
CeRhysPd, sBy 5 CeRhysPd, 5 0.42104(6) no yes
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CePd;B 5 CePd; 0.42073(2) no Yes

4.3.1.2 Electron diffraction studies on the solid solution CeRh;..Pd.By s

Selected area electron diffraction (SAED) patterns with the incident beams along the
directions [001], [011] and [111] were obtained using a 200 kV electron microscope
(JEOL JEM-2000EXII). High-resolution electron microscopy (HREM) images were
taken with a 200 kV electron microscope (TOPCON EM-002B). Precession electron
diffraction (PED) patterns were obtained by using a Spinning Star (NanoMEGAS)
device with a precession angle of 3.0°. All these measurements have been carried out
by Prof. Kunio Yubuta at the Institute for Materials Research, Tohoku University in
Japan.

SAED patterns of the CeRhs ,Pd,Bys compounds, taken with incident beam along the
directions [001] (left), [011] (centre) and [111] (right) are shown in Figure 15.
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Figure 15: SAED patterns of the CeRh;,Pd,B, s compounds, taken with incident beam parallel to
the directions [001] (left), [011] (center) and [111] (right). Reflections are indexed on the basis of
the AuCu;-type structure.

Reflections are indexed with respect to the AuCus-type structure. The presence of

1aYaYa—type superstructure and satellite reflections is summarized in Table XV.

4.3.1.3 221> —type superstructure reflections

As indicated by arrowheads in Figure 15, Y2%2Y2—type superstructure reflections are

observed only in CeRhs;Bps and CeRh;sPdysBgs. Therefore, the Y2Y2Y2—type

superstructure, which has been discussed in detail for CeRhs;Bgps (N. A. Yubuta K.

2006), might be dominant only in the Ce-Rh-B system.
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4.3.1.4 Satellite reflections

For all compounds investigated, many fine satellite reflections appear around the
Bragg reflections. The characteristic features of the satellite spots are significant and
similar to those of the CeRh3;Bg 5 compound (N. A. Yubuta K. 2006). It is reasonable
to consider that the fine satellite reflections indicate the existence of a domain
structure enclosed by anti-phase boundaries. The appearance of only satellite
reflections without superstructure reflections has not been observed in the ternary
solid solution CeRh3;By. Figure 16 shows HREM images of (a) CeRh;sPdysBgs with
the Y2Y2Y2-type superstructure reflections and (b) CeRh; ;Pd; 3B¢s without the ¥2Y2Y2—

type superstructure reflections, taken with the incident beam parallel to the [011]

direction, and PED patterns in insets.

Som]

Figure 16: HREM images and corresponding PED pattern taken with the incident beam paralle

to the [011] direction (inset) of (a) CeRh,sPd,sBs and (b) CeRh;;Pd;3Bs.

In the images, one can see a modulation with a domain structure, which is similar to
that of CeRh3;Bys. At the boundaries between the domains, one can see anti-phase

displacements of lattice fringes and dislocation-like defects.

4.3.1.5 Crystal Chemistry

The group-subgroup relations for perovskite (CaTiOs) and its large number of
derivative structure types have been shown by Bock and Miiller (Bock O. 2002) in
form of several Bérnighausen trees, classified after coordination octahedra, Jahn

Teller distortion, substitution variants or distortion variants. One small part of the
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Bérnighausen tree is shown in Figure 17, relevant to the defect ordered structure types

among borides.

- Ca: 1b| Ti: 1a|O: 3d
Pm3m m3m_|m3m_|4/ mmm

CaTiO, 12 0 12

CeRh,B 112 0 0

1/2 0 0
k2 1/12x,1/2y,1/12z
2a, 2b, 2¢ +(1/2,1/2,1/2)
o K: 8c | Al: 4a|Na: 4b| F: 24e 5= K: 8c | Pt: 4a[Cl: 24e
manm 43m_|m3m | m3m_| 4mm vacant 4b “m3m 43m | m3m | 4mm
K,NaAIF; 1/4 0 12 0.219 K,PtCl, 1/4 0 ]0.239
1/4 0 1/2 0 Ti,Rh,B 1/4 0 (0
1/4 0 12 0 1/4 0 |0
t3 Y, X+
1/2(a-b),1/2(a+b),c \
14/ mumm Ba: 4d|Cu: 2a |W:2b |O: 4e O:Zi?h 14/ mimm K:4d |Os: 2a|0: 4e [CI: 8h
Am2 | 4/mmm| 4/ mmm |4dmm | mZm vacant2b am2 |4/mmm|4mm | m2m
Ba,CuWO, 0 0 0 0 0.251 K,0sCI.0, 0 0 0 0.23
12 0 0 0 0.251 1/2 0 0 0.23
1/4 0 12 0.287] 0 1/4 0 0.212| 0

Figure 17: Branch of the Birnighausen tree of the perovskite family including ordered defect
structures.

Ordering of B-atoms and vacancies in ZrlrgB (Hermus M. 2010) and Ti,RheB
(Fokwa B.P.T. 2006) leads to an 8 times larger unit cell (a=b=c=2ay; space group

Fm3m, K,PtClg type, see Figure 17), which has been defined for these compounds by
X-ray single crystal studies.

As the Y2%4Y2 superstructure reflections in the SAED pattern of CeRhs;Bgs are
relatively strong, Yubuta et al. independently suggested that in this structure besides
the boron ordering, also displacements of the Rh atoms around the B atoms appear (N.
A. Yubuta K. 2006). Another possibility for B/vacancy ordering would exist in the
K>0sCL,0, structure type with lower tetragonal symmetry (a=b=Va,, c=2a,, space
group [4/mmm, see Figure 17).

In the system under study, the Y2%% superlattice reflections, leading to an
enlargement of the unit cell, are clearly visible for CeRh3;B(s and CeRh; sPdysBgs on
the SAED pattern. This is in contrast to Zr,IrgB for which the reflections caused by
the ordering are also visible on the X-Ray powder spectrum (Hermus M. 2010).
Figure 18 shows the Rietveld refinement of the X-ray powder pattern for
CeRh; sPdy 5B s including Miller indexes (bars) for the simple CaTiO3 type and the
K,PtClg type.
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Figure 18: Rietveld refinement for CeRh, sPd, ;B s including the simple CaTiOj; type and the
K,PtCl, type.

In case of CeRhsBjs or CeRh;sPdysBos the small reflections found on the powder
patterns in addition to those of the parent AuCus-type cannot unambiguously be
attributed to the superstructure but in addition with the results of the electron

diffraction the K,PtClg structure type can be considered.

4.3.1.6 Electron density and volume effects

As mentioned before, atomic valence and volume are intimately related parameters
through the Coulomb potential acting on the valence electrons of the atoms. Stable
valent elements participate in compound formation when their Wigner-Seitz cell
border is compatible with those of the neighboring ligand atoms within an appropriate
crystalline structure. Although the equilibrium values for these parameters have some
range of flexibility, they are more restricted in ionic and covalent compounds than in
intermetallics. That flexibility allows to form large families of compounds, with the
same composition and structure, within an ample range of volume variation as
typically observed in trivalent rare earth (RE™) compounds.

Certain elements, known to exhibit valence instabilities, are capable to access
different electronic configurations compatible with different states of valence. Those
elements, in general, form a large number of compounds, because they can adapt their
valence/volume ratio (Zefi/Vay) to those of the neighboring ligand atoms. Since ligand
electrons are those from the valence band, in the case of Ce’? only the [6525d1]

electrons participate in bonding; the 4f' orbital is excluded due to its strong localized
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character. On the contrary, in the case of Ce4+, with the 4f ° electronic configuration,
also a fourth delocalized electron may form the conduction band. Since the Ce* band,
with the electronic structure [6s*5d'] is the same than La™, the existence of isotypic
La compounds indicate that the electronic band of Ce atoms is compatible with a Ce**
state. On the other hand, if isotypic 7t compounds form with a [6525d2] band, like e.
g. ZrFe,, ZrCo, Laves phases or ZrRh; (for the present case), it indicates that in the
isotypic compounds the Ce electronic configuration is compatible with a Ce** state.
The possibility to have intermediate valence states allows Ce atoms to adjust their
Zesi/V,y 1atio as it occurs in the CeRh;Pdy alloy above x = 2.4, whereas the stable
valent Zr cannot do it like in ZrRhs Pdy where a change of structure (i.e. V,,) occurs
(Pountney J. M. 1978).

A further characteristic of the elements with valence instabilities is to adapt their
Z.5i/V,y ratio to chemical potential modifications, allowing the stability of a crystalline
structure in an extended range of concentrations like in CeRhs (Pdy. This possibility
contrasts with ZrRhs4Pdy, included in Figure 19, because the stable valence of 7't
constrains the system to modify the crystal structure from AuCu; to TiNi3, once the

available atomic volume V,, of Zr becomes mismatched with the neighboring

electronic conditions.
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Figure 19: Variation of lattice parameters (AuCu;-unit cell) for the alloy series ZrRh;_Pd,,
CeRh; Pd,, CeRh; ,Pd,B s and CeAg;_,Pd, as a function of the Pd-content. The individual lattice
parameter curves are shifted with respect to each other to comply with the region of Ce-
intermediate valence and transition from the Ce* to the Ce® regime.
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There is a useful heuristic constant provided by the product: ZxV,, (i.e. the effective
valence Zg times the available volume) for this analysis because for metallic Ce,
ZeitxVay = 80 Al (Sereni J. G. 1982 ). Similar values can be obtained for other instable
valence elements like 5f-Pu, for example. The present study of CeRh;PdB s allows
to check these features directly because the Ce-V,, increases with Pd concentration
whereas Zs deceases from 4+ to 3+ as indicated in Figure 19. The figure summarizes
the lattice parameters of the AuCus-unit cell as a function of the Pd-content for the
alloys ZrRhs (\Pdy (Pountney J. M. 1978), CeRhs<\Pdx (Mihalisin P. 1981) and CeAg;.
/Pd, (Mihalisin P. 1981). Notice that CeRh; PdB s refers to the upper x-axis, which
is shifted by the equivalent of one Pd atom because, according to Z.gxV,, = constant,
the expansion produced by 0.5 B atoms is equivalent to such a variation in the
electronic configuration of the conduction band. Three different regions are identified
in the figure according to the Ce valence configurations: 1) a Ce* region on the left
side, i1) the Ce intermediate valence range around the middle of the phase diagram,
and iii) a Ce® one on the right side. The detailed analysis of each region is the
following: i) a linear increase of the unit cell dimensions throughout ZrRhj Pdy
essentially reflects the substitution of the smaller Rh atoms (metal radius Rgp=0.1345
nm (Taetum E. 1972)) by slightly larger Pd atoms (Rpg=0.1376 nm (Taetum E. 1972))
at a stable Zr** valency. Consistently, a similar slope (A'a' parameter/APd-content)
encountered on the Rh-rich side of CeRh;Pdy up to xps<2.4 confirms a stable
valency of the Ce™ electronic configuration. The same applies to CeRhs.«PdBy 5 after
shifting the xpq concentration value to 1.5. 1) With higher Rh/Pd-substitution the
intermediate valence region for Ce commences as documented by a series of physical
properties. Interestingly, the isotypic Zr compound undergoes the mentioned
structural modification at that Pd concentration. In the case of CeRhs.Pdy, the Ce
intermediate valence regime was explored beyond the CePd; limit ((Mihalisin P.
1981), (Gambke T. 1981)), revealing a further expansion of the unit cell when
substituting Pd by Ag (Ra,=0.1445 nm (Taetum E. 1972)). This provides a further
increase of carriers in the electronic band. Backed by measurements of specific heat,
magnetic susceptibility and electrical resistivity (Mihalisin P. 1981), this further
increase refers to the fact that in CePd; the Ce atom is still within its intermediate
valence regime. For CeRh;«PdBys, the addition of band electrons allocated by Ag

atoms is not required because of the 0.5 Boron content; the full range of Ce valence
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instability is developed within the Rh/Pd substitution range. iii) A plateau-like
behavior is reached in CeAgs_,Pd,, indicating that at zps>2.4 Ce atoms have reached
their Ce* regime. The same limit is reached for CeRhs \PdBg s, but in this case at xpq
~ 2.5. Notably, no magnetic order is observed in this limit. For comparison, one can
mention that CePd,s3Ago42 (Mihalisin P. 1981) also shows a divergent C,(T—0)/T

dependence like the present Pd-rich samples, but do not reach such a high value.

4.3.1.7 Conclusions

Crystal structure and physical properties studied for the solid solution CeRh;3 PdsBy s
have shown that the lattice expansion produced by B interstitial atoms increases the
Ce valence in an extent that is nearly equivalent to the value obtained by increasing
the concentration of one Pd atom in Ce(Rh;Pdy);. This indicates that both
mechanisms generate a similar variation of the chemical potential of the system. Thus,
the concentration dependence of Pd scales with the previously observed one for
Ce{Rh,Pd,Ag};. As a consequence of the shift of the Pd content, produced by doping
with 0.5 B atoms, the complete variation of the valence between Ce* and Ce** can be
obtained solely by the Rh/Pd substitution, i.e., without any further increase of the
number of electrons in the band, as created by a Pd/Ag substitution.

The evolution from the Ce** to the Ce™* configuration can be traced directly by the
lattice parameter throughout three different regimes. For 0<x<1.5 the volume increase
corresponds merely to the substitution of Rh by Pd atoms, which sizes are rather
close. In this regime the tetravalent character of cerium is unaffected. This simple fact
proves that each electronic configuration can be stable enough, requiring a significant
modification of the electronic/volume environment in order to drive it into an
intermediate valence regime.

For x>1.5 the lattice expansion is much steeper and is thus attributed to a gradual
valence change of the cerium atoms, finally approaching a predominant trivalent state
for x>2.4. SAED patterns of the CeRh3_,Pd,Bys compounds revealed the appearance
of 12%4Y2 type superstructures and satellite reflections with respect to the parent AuCus
structure. The former is confined to the Rh-rich part of the solid solution, whereas the
satellite reflections are observed throughout the solid solution and hint towards the

existence of a domain structure enclosed by anti-phase boundaries.
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5 Non-centrosymmetric EpTX; compounds and related ternary

systems

The last chapter deals with BaAly derivative structure types, especially with the
investigations on the non-centrosymmetric EpTX3; compounds (BaNiSnj structure type;
Ep = Sr, Ba; T = Ni, Pd, Pt, Cu, Ag, Au; X = Si, Ge, Sn) and studies concerning the
related ternary systems Sr-{Cu,Ag,Au}-{Si,Ge} and Ba-{Ag,Au}-{Si,Ge}. Physical
properties are presented for several clathrates type-I and for the new superconductors
BaAusSi and BaAu3Ge. As the Ba-Ag-Ge system has been studied most detailed, the
results are presented first followed by the other ternary systems with barium and
strontium. The results presented in this chapter are partially published in the papers
“*Superconductivity in non-centrosymmtric BaAly derived structures”” (F. Kneidinger
2014), “"Phase equilibria, crystal chemistry, electronic structure and physical properties of
Ag—Ba—Ge clathrates (C. M. Zeiringer 1. 2011), ™ Liquidus projection of the Ag—Ba—Ge
system and melting points of clathrate type-I compounds™ (G. A. Zeiringer 1. 2012),
““Phase Equilibria, Crystal Chemistry, and Physical Properties of Ag-Ba-Si Clathrates™”
(B. E. Zeiringer 1. 2011), “"The ternary system Au—Ba—Si: Clathrate solution, electronic
structure, physical properties, phase equilibria and crystal structures” (C. M. Zeiringer 1.
2012), ““Phase Equilibria, Crystal Chemistry and Physical Properties of Au-Ba-Ge
Clathrates”” (M.-K. N. Zeiringer 1. 2011), " Clathrate formation in the systems Sr—Cu—Ge
and {Ba,Sr}-Cu—Ge”” (G. A. Zeiringer 1. 2014) and in the PhD Thesis ~Non-
centrosymmetric superconductivity of intermetallic compounds in absence of strong

correlations among electrons”” (Kneidinger F. 2014).

5.1 SUPERCONDUCTIVITY IN NON-CENTROSYMMETRIC BaAly
DERIVED STRUCTURES

The EpTX3 compounds (Ep = Sr, Ba; T = Ni, Pd, Pt, Cu, Ag, Au; X = Si, Ge, Sn)
investigated in this work are isotypic to the non-centrosymmetric BaNiSn;3 structure type,
which belongs to the BaAly family. The structural relation of BaNiSn; and many other
derivative structure types to BaAls have been shown by KuBmann et al. in form of a

Bérnighausen tree (KuBmann D. 1999). The BaNiSns structure type has been reported
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first by Dorrscheidt and Schifer (S. H. Dorrscheidt W. 1978) together with the isotypic
compounds SrNiSn; and BaPtSns. Since that time a large number of EpTX3; compounds
have been found, where Ep is an alkaline earth or rear earth element, T is a transition
element and X is an element from the 3" or 4™ main group of the periodic table.

Fujii et al. (Fujii H. 2010) reported the absence of superconductivity above 1.8 K (DC
magnetization measurements) for SrMGe; (M = Rh, Ir, Ni, Pd, Pt). However,
superconductivity has been found in SrPdGe; and SrPtGe; by Miliyanchuk et al.
(Miliyanchuk K. 2011) at ambient pressure at 1.49 and 1.0 K, respectively. BaPtSi; ( (G.
A. Koblyuk-M. N. 2008), (Bauer E. 2009)) also exhibits superconductivity at 2.25 K and
the experimental results of these compounds are accompanied by density functional
theory (DFT) calculations ( (Miliyanchuk K. 2011), (Bauer E. 2009)). The unambiguous
conclusion drawn from these studies was the presence of conventional s-wave BCS-type
superconductivity. The compounds SrNiSis (Nasir N. 2010), BaPdGes (G. A. Koblyuk-M.
N. 2007), BaPdSi; (G. A. Koblyuk-M. N. 2008), BaPtGe; (Demchyna R. 2006),
BaAuGe; (this work), SrPdSn; and BaPdSn; (Tkachuk A.V. 2007) have already been
reported in literature but without any information on physical properties.

This work is to provides complete information on the existence of EpTX3; and EpTyX4.«
compounds with Ep = Sr, Ba; T = Ni, Pd, Pt, Cu, Ag, Au and X = Si, Ge, Sn including

structural details and physical properties of the superconducting compounds.

5.1.1 Results and Discussion

5.1.1.1 The BaAl, family

The group-subgroup relations in form of a Birnighausen tree (Birnighausen H. 1980)
have been shown for BaAls and its binary and ternary derivative structure types by
KuBmann et al. (KuBmann D. 1999). Several new structure types, which have been
reported in literature since that time, are added in red color to the original tree (black) in

Figure 1.
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Figure 1: Group-subgroup relations for BaAl, and several binary and ternary derivative structure
types in form of a Birnighausen tree. The original tree from KuBmann et al. (Kumann D. 1999) is
shown in black, new branches or structure types are shown in red and non-centrosymmetric
structure types are shown bold and in a green box.

The crystal structure of Ces;Ni;Ass has been reported by Babizheztskyy et al.
(Babizheztskyy V. 2003), those of La,NiAl; by Gout et al. (Gout D. 2005), of StMgln; by
Bin and Corbett (Bin L. 2007) and of SrPd,Bi, by Frik et al (Frik L. 2006). Details
concerning group-subgroup relations and on other derivative structure types can be found
in Ref. ( (KuBmann D. 1999), (Béarnighausen H. 1980), (M. U. Birnighausen H. 1996)).
Six of the 21 shown derivative structure types of BaAl, are non-centrosymmetric and are
marked with green color in Figure 1.

In the next two sections the BaNiSns structure type and other tetragonal or orthorhombic
BaAl, derivative structure types, which appear in the investigated ternary systems Ep-T-X
(Ep = Sr, Ba; T = Ni, Pd, Pt, Cu, Ag, Au; X = Si, Ge, Sn) will be discussed in more
details. Figure 2 shows a graphical summary of all the formed phases with any BaAly

derivative structure type appearing in these ternary systems.
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Ba-T-Si

Ba-T-Sn

Sr-T-Si

Sr-T-Ge

Sr-T-Sn

—

EpTX; forms with BaNiSns type

EpTi X4 forms with BaNi,Si, type

| EpT, X4 forms with CaCu,Sn, type \

EpTy Xy x forms with ThCr,Si, type

EpTy«X4. forms with BaNi,Ge, type

No BaAls derivative phase known

EpT, X4 forms with BaCu,Sbs type

Figure 2: Graphical summary of all formed phases with any BaAl, derivative structure type in the
ternary systems Ep-T-X (Ep = Sr, Ba; T = Ni, Pd, Pt, Cu, Ag, Au; X = Si, Ge, Sn).

5.1.1.2 Tetragonal BaAl, derivative structure types

5.1.1.2.1 EpTX; compounds with BaNiSn; structure type

The ternary systems Ep-T-X (Ep = Sr, Ba; T = Ni, Pd, Pt, Cu, Ag, Au; X = Si, Ge, Sn)

have been investigated systematically concerning the appearance of EpTX3; compounds

with BaNiSns structure type in as cast state (after arc melting) and after annealing at 800

or 900°C. Table I gives a summary of these investigations and literature data.

Table I: Crystallographic data of all EpTX; compounds (Lattice parameter a and ¢; Ep = Sr,Ba; T =
Ni, Pd, Pt, Cu, Ag, Au; X = Si, Ge, Sn; BaNiSn; type; Space group I4mm; Ep in 2a (0,0,z), T in 2a
(0,0,z), X in 2a (0,0,z), X in 4b (0, 0.5, z).

Compound | a (nm) Epin T in Xin 2a; | Xin4b; | Method | Ref.
¢ (nm) 2a;z 2a;z V4 V4

BaNiSi; - XPD *

BaNiGe; - XPD *

BaNiSn; 0.482(1) 0.5759 0.2313 | 0.000 0.3253 XSCD | (S.H. Dorrscheidt W.
1.093(2) 1978)

SrNiSi; 0.41958(3) | 0.5984 0.2413 | 0.000 0.3530 XPD (Nasir N. 2010)
0.97915(7)
0.4193(1) | 0.596 0.242 | 0.000 0.352 XPD *
0.9791(3)

SrNiGes 0.44677(4) | 0.590 0.241 | 0.000 0.340 XPD *
1.0286(1)

SrNiSnj 0.474(1) 0.5710 0.2300 | 0.000 0.321 XSCD | (S.H. Dorrscheidt W.
1.088(2) 1978)
0.4717(3) | 0.544 0.230 | 0.000 0.302 XPD *
1.0966(2)
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BaPdSi; 0.43963(3) | 0.6156 0.2607 | 0.000 0.3702 XPD (Nasir N. 2010)
1.0186(2)

BaPdGe; 0.45508(2) | 0.6048 0.2499 | 0.000 0.3568 XSCD | (Nasir N. 2010)
1.0365(1)

BaPdSn; 0.487(1) 0.587 0.236 | 0.000 0.337 XSCD | (S. H. Dorrscheidt W.
1.117(2) 1980)
0.48789(2) | 0.5901 0.2391 | 0.000 0.3385 XPD *
1.1174(2)

SrPdSi; 0.4296(3) | 0.6072 0.2477 | 0.000 0.3667 XPD *
1.0029(3)

SrPdGe; 0.44623(2) | 0.6006 0.2425 | 0.000 0.3538 XSCD | (Fujii H. 2010)
1.02737(7)
0.44677(4) | 0.600 0.2419 | 0.000 0.355 XPD *
1.0286(1)

SrPdSn; 0.479(1) 0.591 0.233 | 0.000 0.336 XSCD | (S. H. Dorrscheidt W.
1.123(2) 1980)
0.47928(7) | 0.585 0.227 | 0.000 0.333 XPD *
1.1252(2)

SrPtSis 0.43132(3) | 0.605 0.250 | 0.000 0.365 XPD *
0.98893(9)

SrPtGes 0.4478(2) | 0.5988 0.2436 | 0.000 0.3558 XSCD | (Fujii H. 2010)
1.01366(9)
0.44859(3) | 0.600 0.245 | 0.000 0.357 XPD *
1.01364(8)

SrPtSn; - XPD *

BaPtSi; 0.44094(2) | 0.6022 0.2502 | 0.000 0.3608 XPD (Bauer E. 2009)
1.0013(2)
0.44079(2) | 0.5991 0.2477 | 0.000 0.356 XSCD | (Nasir N. 2010)
1.0017(2)

BaPtGe; 0.45636(2) | 0.6065 0.2475 | 0.000 0.3533 XSCD | (Demchyna R. 2006)
1.02341(6) (Nasir N. 2010)
0.45636(2) | 0.5999 0.2469 | 0.000 0.3532 XSCD
1.02341(6)

BaPtSn; 0.485(1) 0.5778 0.2313 | 0.000 0.3253 XSCD | (S. H. Dérrscheidt W.
1.107(2) 1978)

BaCuSi; - XPD (Yan X. 2010)

BaCuGe; - XPD (G. A. Koblyuk-M. N.

2009)
BaCuSn; - XPD *
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SrCuSi; - XPD *
SrCuGe; - XPD *
SrCuSnj; - XPD *
BaAgSi; - XPD *
BaAgGe; - XPD *
BaAgSn; - XPD *
SrAgSi; - XPD *
SrAgGe; - XPD *
SrAgSnj; - XPD *
BaAuSi; - XPD *
BaAu, Ge,y | 0.4615(2) | 0.6312 0.2512 | 0.000 0.387 XPD *
1.0492(5)
SrAuSi; - XPD *
SrAuGe; - XSCD *
SrAuSn; - XSCD | (Tkachuk A.V.2007)

* This work; - Compound does not form

As can be seen from Figure 3, the transition BaAl, — BaNiSn; is ‘translationengleich’ of

index 2 and leads to a symmetry reduction from the centrosymmetric space group

I4/mmm to the non-centrosymmetric /4mm due to the loss of the mirror plane

perpendicular to the c-axis.

Ba: 2a
14/
mmm 4/mmm |
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0
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1| 4mmm |
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Figure 3: Group-subgroup relations for BaAl,-BaNiSn; including the unit cells for both compounds.

The barium and nickel atoms occupy the crystallographic site 2a (0,0,z) and the tin atoms

the 2a and 4b (0,'2,z) sites.
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5.1.1.2.2 EpT. Xy compounds with ThCr,Si, structure type

In the investigated ternary systems, a large number of phases have been reported in

literature, crystallizing with the ThCr,Si, structure type (Ban Z. 1965) (see Table II).

Table II: EpT,X,.« phases in the ternary systems Ep-T-X (Ep = Sr, Ba; T = Ni, Pd, Pt, Cu, Ag, Au; X
= Si, Ge, Sn) with a BaAl, derivative structure type.

Compound Lattice Space Structure Method | Ref.
Parameter (nm) | group type
BaNi,Si, a=0.650(1) Cmcm BaNi,Si, XSCD (Doerrscheidt W.
b =10.535(1) 1980)
c=1.133(2)
HT-BaNi,Ge, | a = 0.42665(1) I4/mmm ThCr,Si, XPD (Hlukhyy V. 2007)
c=1.12545(3) (Hlukhyy V. 2007)
LT-BaNi,Ge, | a=0.84693(4) Pnma BaNi,Ge, XSCD
b =1.13503(5)
c=0.43212(2)
SrNi,Ge, a=0417(1) 14/mmm ThCr,Si, XSCD (N. N. Dorrscheidt
c=1.025(2) W. 1976)
SrPd,Si, a=0.4310 14/mmm ThCr,Si, XPD (Palenzona 1987)
¢ =0.9876
SrPd,Ge, a =0.44088(2) 1A/mmm ThCr,Si, XSCD | (Fujii H. 2009)
¢ =1.01270(8)
SrPt,Si, a=0.427 14/mmm ThCr,Si, XPD (Mayer 1. 1977)
¢ =0.9895
a=0.42914(7) P4/nmm CaBe,Ge, XSCD | (Fischer H. A. 2000)
¢ =0.9904(2)
SrCu,Si, a=0.42 I4/mmm ThCr,Si, XSCD (M. N. Eisenmann B.
c=10 1970)
SrCu, 7Siz3 a=0.41881(5) I4/mmm ThCr,Si, XPD (Nasir N. 2010)
¢ =1.00267(8)
SrCu,Ge, a=0.428(1) 14/mmm ThCr,Si, XSCD (N. N. Dorrscheidt
c=1.031(2) W. 1976)
SrCu,Sn, a=1.1197(4) C2/m CaCu,Sn, XSCD (F. M.—C.-S. Pani M.
b =0.4322(2) 2011)
¢ =0.4859(1)
B =108.41(1)°
BaAg,Ge, a=0.458 I14/mmm ThCr,Si, XSCD (M. N. Eisenmann B.
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c=1.069 1970)
BaAg,;Ge,; | a=0.4652(9) I4/mmm ThCr,Si, XPD
c =1.0606(2) *
BaAg,Sn, a=0.481(2) 14/mmm ThCr,Si, XSCD | (May N. 1972)
c=1.135(2)
SrAg,Si, a=0.438(2) I4/mmm ThCr,Si, XSCD | (May N. 1972)
c=1.048(2)
a=0.43835(6) XPD *
c =1.0464(2)
SrAg,Ge, a=0.445 I4/mmm ThCr,Si, XSCD (M. N. Eisenmann B.
c=1.085 1970)
SrAg,Sn, a=0.467(1) 14/mmm ThCr,Si, XSCD (N. N. Dorrscheidt
c=1.173(2) W. 1976)
BaAu,Ge, a=04577Q2) Immm Ce(Ni,Sb), XSCD *
b =0.5656(2)
c =1.0558(5)
SrAu,Si, a=0.437(1) 1A/mmm ThCr,Si, XSCD | (N. N. Dorrscheidt
c=1.014(2) W. 1976)
SrAu; ¢Ge,s | a=0.44796(2) P4/nmm | CaBe,Ge, XSCD | *
c =1.06315(5)
SrAu; oGe, a=0.44866(2) 14/mmm BaCu,Sb, XSCD | *
¢ =3.1808(2)
SrAu,Ge, a=0.451(2) 14/mmm ThCr,Si, XSCD | (May N. 1972)
c=1.035(2)
SrAu,; 4Sn, ¢ a=0.46447(7) 14/mmm ThCr,Si, XSCD (Hellmann A. 2007)
c =1.1403(2)

The ThCr,Si, structure type is the ordered ternary substitution variant of BaAl,, where Th
occupies the 2a (0,0,0) site, Cr the 4d (0,Y2,%) and Si the 4e (0,0,z) site (Figure 2). In
several of these phases, a rather large homogeneity region has been reported for example
SrCu,Sisx (1.6 < x < 2 at 800°C) (Nasir N. 2010), BaAgGes« (1.3 < x < 1.8 at 800°C)
(This work) or SrAu,Snsx (1.3 < x < 2.2 at 700°C) (Tkachuk A.V. 2007). A mixed
occupancy of Au and Sn in the sites 4d and 4e has been reported by Tkachuk and Mar
(Tkachuk A.V. 2007) for SrAu;4Sn;¢ from single crystal investigations whereas for
BaAg,Gesx a mixed occupancy of Ag and Ge occurs only in 4d (This work).
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5.1.1.2.3 EpT..X,x compounds with CaBe,Ge; structure type

A ‘klassengleiche’ symmetry reduction of index 2 (k2) leads from the body centered
tetragonal unit cell of BaAly to the primitive cell of CaBe,Ge, (see Figure 1; space group
P4/nmm; a = 0.402(2), ¢ = 0.992(2) nm (M. N.-T.-T. Eisenmann B. 1972)). Calcium
occupies the crystallographic site 2c (%4,%,z), beryllium the crystallographic sites 2a
(%4,%,0) and 2c and germanium the sites 2b (¥%4,%4,'%) and 2c.

The crystal structure of SrAu;sGe,s has been solved from X-ray single crystal
investigations and has been found to be isotypic with CaBe,Ge,. The refinement showed
a mixed occupancy of Au and Ge in both Ge and both Ge sites. Crystallographic details

of the refinement are given in the chapter on the ternary system Sr-Au-Ge.

5.1.1.2.4 EpT. X4, compounds with BaCu,Sbh; structure type

The crystal structure of BaCu,Sb, (space group /4/mmm; a = 0.4655(1), c = 3.2709(6) nm
(DiinnerJ. 1995)) is built of blocks of CaBe,Ge, and ThCr,Si, at the ratio of 2:1 in c-
direction (isomorphic symmetry reduction (i3); Cgacu2sbz = 3CBaal4). Barium occupies the
crystallographic sites 2a (0,0,0) and 4e (0,0,z), Cu the 4e and 8g (0,'2,z) sites and Sb the
crystallographic sites 4d (0,%2,%) and 2 times site 4e.

The BaCu,Sb, structure type has been found for SrAu;ssGepss from XSCD. The
refinement of the occupancies of all Wyckoff sites showed full ordering of strontium in
the sites 2a and 4e, of gold in one 4e site and of germanium in the 4d site. A mixed
occupancy of Au and Ge has been found in the sites 8g and in the other two 4e sites
Details of the crystal structure refinement can be found in the chapters on the ternary

system Sr-Au-Ge.

5.1.1.3 Orthorhombic BaAl, derivative structure types

Different site occupations and slight distortions in the crystal lattice cause symmetry
reductions and lead to many different orthorhombic or even monoclinic BaAly derivative
structure types. A ‘translationengleiche’ symmetry reduction of index 2 (t2) leads from the
body centered tetragonal unit cell of BaAly either to a body centered orthorhombic unit
cell of Ce(Ni,Sb)4 (space group Immm; a = 0.4312(3), b = 0.4285(3), ¢ = 1.00205(7) nm

(Percharskij V.K. 1982)) or to a face centered orthorhombic cell of B-SrRhyAs, (space
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group Fmmm; a=0.5760(3) , b=0.6067(4), c = 1.1264(5) nm (Hellmann A. 2007)).

In the Ce(N1i,Sb), structure type, cerium occupies the Wyckoff position 2a (0,0,0) and Ni
and Sb the sites 4j (}2,0,z) and 4i (0,0,z). BaAu,Ge; has been found to be isotypic with
Ce(Ni,Sb)4 (see Table II) from X-ray single crystal investigations. Two lower symmetry
structure types deriving from the Ce(Ni,Sb)s structure type (see Figure 1) have been
reported in literature concerning our ternary systems, namely the low temperature
BaNi,Ge; and the CaCu,Sn, structure type. In the low temperature modification of
BaNi,Ge; (space group Pnma; a = 0.83852(4), b = 1.13174(8), ¢ = 0.42902(9) nm
(Hlukhyy V. 2007)), the Ba atoms are located on the Wyckoff position 4c (x,%,z) and the
Ni and Ge atoms on the 8d (x,y,z) sites.

Pani et al. (F. M.—C.—S. Pani M. 2011) reported isotypism for SrCu,Sn, (see Table II)
with the CaCu,Sn; structure type (space group C2/m; a = 1.0943(3), b = 0.4222(1), ¢ =
0.4834(1) nm, B = 107.94(1)° (M. F. Pani M. 2007)), where Ca is occupying the 2a
(0,0,0) site and Cu and Sn the sites 4i (x,0,z).

Concerning the second orthorhombic branch of the Bérnighausen tree in Figure 1, a
‘klassengleiche’ symmetry reduction of index 2 leads from a face centered orthorhombic
unit cell of B-SrRhyAs, to a C-centered one of BaNi,Si, (space group Cmcm; a =
0.650(1), b = 0.535(1), ¢ = 1.133(2) nm) reported by Doerrscheidt and Schéfer
(Doerrscheidt W. 1980). In this structure type, Ba is located in the crystallographic site 4¢
(0,y,%), Ni in 8e (x,0,0) and Si in the 8f (0,y,z) site.

5.1.1.4 Physical Properties
5.1.1.4.1 Specific heat
As Specific heat measurements, provide a deep insight into the thermodynamic behavior

of a superconductor, the results for the six superconducting EpTX3 compounds are shown

in Figure 4, plotted as Cp/T vs. T.
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Figure 4: Temperature dependent heat capacity C, of various superconducting EpTX; compounds.
The solid lines are the numerical data of the heat capacity of an s-wave BCS superconductor as
derived by Miihlschlegel (Miihlschlegel B. 1959).

Right at the superconducting transition at 7' = T, a pronounced anomaly in C,(7) is seen
from the measurements carried out at O Tesla. This anomaly stems from the condensation
of a fraction of the electrons into Cooper pairs, which causes the formation of an energy
gap. The size of this jump for BCS superconductors in the weak coupling limit is
ACy,/yT = 1.43. Consequently, a larger value of AC,/yT than the BCS value might refer
to a stronger coupling, whereas a smaller value can show that the bulk is either not
completely superconducting or gives a first hint to a non-isotropic gap-function.
Numerical BCS values of the temperature dependent specific heat were first calculated by
Miihlschlegel (Miihlschlegel B. 1959) in the scope of the weak coupling limit. While the
model itself is normalized to 7, and the Sommerfeld value v, it is independent of other
parameters. Therefore, a comparison with the experimental specific heat data can already
point out deviations from a conventional superconducting behavior. Below about 40% of
T., this model renders the famous exponential heat capacity behavior of BCS
superconductors. Taking into account the data set as compiled by Miihlschlegel
(Miihlschlegel B. 1959) the temperature dependent specific heat of all six EpTX3 samples
displayed in Figure 4 could be well described from T = T, down to O K. This, in turn,
indicates that the superconducting state is predominantly of an s-wave BCS-type. As a
consequence, spin-singlet Cooper pairs are forming the superconducting condensate and

spin-triplet pairs do not contribute in any substantial amount. Above the superconducting
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transition temperature, the EpTX3 compounds are simply accounted for by C, = yT +
BT3, where y is the Sommerfeld value and f is related to the Debye-temperature of the
system. The critical temperatures, Sommerfeld values and the Debye-temperatures

derived from the present experimental data are listed in Table I11.

Table III: Experimental critical temperatures (7)), Sommerfeld values y and the Debye temperatures

(Op) of superconducting EpTX; compounds.
Compound | 7, [K] | y [mJ/molKZ] O [K]
SrNiSi; 1.1 53 458
SrPdSi; 3.0 4.5 359
BaPdSi; 2.8 4.9 344
SrPdGe; 1.5 5.0 268
SrPtSi; 2.0 39 343
BaPtSi; 23 5.8 370
SrPtGe; 1.0 4.0 271

Overall, rather small values are observed which, in turn, indicate rather low values of the
electronic density of states (DOS) at the Fermi energy. Furthermore, since the
superconducting transition- temperature is dependent on the DOS, the fairly low 7, values

observed for the EpTX3 series can then be understood.

5.1.1.5 Conclusions

An exploration of the ternary phase diagrams Ep-T-X (Ep = Sr, Ba; T = Ni, Pd, Pt, Cu,
Ag, Au; X = Si, Ge, Sn) revealed six new non-centrosymmetric superconductors
crystallizing in the tetragonal BaNiSnjs structure. Superconductors from this series (7, < 3
K) exhibit antisymmetric spin-orbit coupling (ASOC); its strength is dependent on the
composition of each material and increases with the atomic number of the elements
involved. This phenomenological statement is corroborated from DFT calculations,
revealing, in general, an increase of the ASOC for the sequences Sr-Ba, Ni-Pd-Pt and Si-
Ge. However, there is a strong variation of the ASOC within the Brillouin zone and also a
dependence on the specific band. Overall, ASOC in the present compounds is rather
small, specifically in the proximity of the Fermi energy, which might not favour
unconventional superconductivity (see (F. Kneidinger 2014).

In view of the heat capacity data for 7 < T, which almost perfectly could be described in

the framework of s-wave BCS superconductivity, it is rather likely that spin-singlet
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pairing dominates the superconducting ground state, while spin-triplet components are
negligible. Although heavy elements like Pt are involved in the present materials,
unconventional superconductivity triggered by the ASOC is absent in this non-
centrosymmetric family of compounds. This, most likely, allows to conclude that
materials without substantial correlations among electrons will not show a significant
fraction of spin-triplet paired Cooper-pairs. This would be in line with the predictions
made by Takimoto and Thalmeier ( (Takimoto T. 2009), (Takimoto T. 2010)) that
anomalous spin-fluctuations are needed to provide a basis for superconductivity away

from the simple s-wave channel.

5.2 THE TERNARY SYSTEM Ba-Ag-Ge

In various cases, the clathrate type-I solid solution offers the possibility to tune its
promising thermoelectric properties from a metal towards an insulator and to obtain -
and p-type properties by varying the transition metal content in the crystal structure ( (H.
M. Anno H. 2005), (S. K. Anno H. 2007), (Candolfi C. 2012), (Slack G.A. 1995), (Bobev
S. 2000), (Shevelkov A.V. 2011), (Toberer E.S. 2010)). In the primitive cubic clathrate
type-1 crystal structure, the transition metal atoms and atoms from the 3" or 4™ main
group of the periodic table form a 3-dimensional network of cages (see Figure 5), which

are filled by electropositive elements from the alkali, alkaline earth or rare earth groups.

Si| P|S|C]

Ge | As | Se | Br

Sn|Sb|Te| I

Pb | Bi | Po | At

Gd y Er [ Tm Lu
Ac|Th| Pa Pu |Am Cm > Fm Md‘Na Lr

Figure 5: Unit cell of the clathrate type-I and schematic periodic table with all elements marked,
which are known to form clathrates type-1.

Although several investigations dealt already with compounds of the Ba - Ag - Ge
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system, there is still little known about the phase equilibria in the ternary system and
about the solubility range of ternary phases at a defined temperature. Beside the type-I
clathrate BagAgsGeso, for which perfect atomic ordering has been elucidated from an X-
ray single crystal study (Cordier G. 1991) and for which thermoelectric properties have
been described (p-type material) (Johnsen S. 2007), two more ternary compounds have
been evaluated in the literature, namely (a) BaAg, sGe;, with the AlB, structure type and
a small undefined homogeneity region at 550°C (P. M. Merlo F. 1996) and (b) BaAg,Ge,
with the ThCr,Si, structure type (M. N. Eisenmann B. 1970).

The following chapter provides consistent information on the phase relations in the
isothermal sections at 800 and 600°C for the region with Ba-contents less than 33 at%
and on the partial liquidus projection in order to define especially the primary
crystallization field of the type-I clathrate. The reaction scheme for the appearing ternary
compounds is shown in form of a Schultz-Scheil diagram. Melting points for several of
the type-I clathrates BagTyGes.x-y [y, BagTxSisex (T =Al, Ga, Zn, Cd, Cu, Ag, Au, Ni, Pd,
Pt) and inverse clathrates are given including all melting point data available in the
literature. Finally, thermoelectric data on the clathrate type I as a function of temperature

and of composition throughout the homogeneity region are given.

5.2.1 Results and Discussion

5.2.1.1 Binary phase diagrams Ag-Ge, Ba-Ge and Ba-Ag

Information on the binary phase diagram Ag-Ge was taken from Massalski (Massalski
T.B. 1990), for the Ba-Ge system from Okamoto (Okamoto H. 2009), who combined the
partial phase diagrams of Carrillo-Cabrera et al. (Ge-rich part) (W. Carrillo-Cabrera 2005)
and Pani et al. (0-75 at.% Ge) (P. A. Pani M. 2008). Crystallographic data for solid phases
in the Ag-Ba system are accepted from Bruzzone et al. (F. M. Bruzzone G. 1987).
Crystallographic details on the solid phases of the binary systems are given in Table IV.
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Table IV: Crystallographic data on the solid phases of the binary Ba-Ge, Ag-Ba and Ag-Ge systems
and the ternary Ag-Ba-Ge system.

Phase Space Struct. Lattice parameter [nm] Ref.
group type a b c
(Ge) Fd3m Ciam 0.56574 - - (Massalski T.B. 1990)
(Ba) Im3m \%% 0.50227 - - (Massalski T.B. 1990)
(Ag) Fm3m Cu 0.40857 - - (Massalski T.B. 1990)
BagGey; | Ia3d BagGey; | 2.13123(5) | - - (B. S. Carrillo-Cabrera W.
2004)
(kD) Pm3n K,Gey | 1.0688(2) | - - x=1%
1.0843(3) | - - x=5.3%
BaGes Pmna BaGe; 1.0727(1) | 0.92844(7) | 1.4794(1) | (Aydemir U. 2010)
BagGe,s | P4,32 BagGe,s | 1.45564(2) - (Carrillo Cabrera W. 2000)
(k) 1.4560(1) | - - x=0.5%
BaGe, Pnma BaSi, 0.9078(3) | 0.6829(2) | 1.1653(3) | (Vaughey J.T. 1997)
BBasGey | P4,/nmm | Ba;Ge, 0.8621(2) | - 1.2031(3) | (Zuercher F. 1998)
oBa;Ge, | Cmmm Ba;Gey | 1.1799(6) | 1.2210(6) | 1.2097(6) | (Zuercher F. 1998)
BaGe Cmcem CrB 0.5058(5) | 1.198(1) 0.4300(2) | (F. M. Merlo F. 1967)
BasGe; | P4/nmn BasSi; 0.8538(2) | - 1.6495(5) | (F. M. Bruzzone G. 1987)
Ba,Ge Pnma Co,Si 0.838(2) 0.548(2) 1.004(2) (Turban K. 1973)
BaAgs., | P6/mmm CaCus 0.5826(1) | - 0.4598(1) | x=-0.5
0.5681(1) | - 0.4698(1) | x=1 (F. M. Bruzzone G.
1987)
0.56797(3) | - 0.47021(7) | x=2.1*
BaAg, Imma CeCu, 0.4952(1) | 0.8058(3) | 0.8447(2) | (Okamoto H. 2009)
BaAg Pnma FeB 0.8657(3) | 0.4982(3) | 0.6651(3) | (F. M. Merlo F. 1981)
Ba;Ag, | R3 Er;Ni, 1.0385(5) | - 1.9332(5) | (F. M. Bruzzone G. 1987)
T P6/mmm AlB, 0.4427(1) | - 0.4882(8) | x=0.65
0.4485(1) | - 0.4814(3) | x=0.75*
0.4428(1) | - 0.4881(1) | x=0.6 (P. M. Merlo F.
1996)
T 1A/mmm ThCr,Si, | 0.4652(9) | - 1.0606(2) | x=0.7
0.4610(7) | - 1.0697(9) | x=0.2%*
0.458 - 1.069 x=0 (M. N. Eisenmann B.
1970)

Kix-BagAg,Geos.y; Ki-BagAg,Geyexyl ly; Ti-Ba(AgiGey)r; 1-BaAg,.(Geo,y; *this work

However, the melting point of BaAgs (710°C) and the temperature of the invariant
eutectic reaction (700°C) in the silver rich part (>86 at.% Ag) were found to be
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inconsistent with equilibria (eutectic at 710°C) in the ternary system. In order to
reinvestigate the corresponding binary eutectic reaction temperature, we prepared two
binary alloys, 12.8Ba-87.2Ag and 10Ba-90Ag (at. %; one part of this sample has been
measured in Al,O3 crucible on the Netzsch 404 Pegasus DSC equipment and the other in
a sealed quartz vial with the STA 409 equipment). The measurements in both cases
clearly showed an invariant reaction at 726°C and a liquidus temperature of 730°C for
alloy BaAges and 738°C for BaAgo. These results are in perfect agreement with earlier
findings of F. Weibke (Weibke F. 1930), who reported the existence of a eutectic in this
region at 726°C. To confirm our temperature data, we re-measured the melting points of
pure silver metal, which we used in our sample preparation as well as the standard silver
and aluminium supplied by Netzsch. The results corresponded within +1°C to the
accepted melting points of these elements and thus confirm the higher temperature for the

binary eutectic L <> (Ag) + BaAgs at 726°C.

5.2.1.2 The clathrate I solid solution BasAg,Geys.x,[],

The solubility range of the ternary type-I clathrate was studied by XRPD and EPMA on a
series of samples with nominal composition BagAgiGessx (1 < x < 8), which were
annealed at 800°C. Table V shows a comparison of the EPMA data with the results of

Rietveld refinement of the X-ray intensity data.

Table V: Composition from EPMA and crystallographic data from XRPD and XSCD
refinement.

Nominal EPMA [at. %] Accepted Lattice Ge2 (16i) | Ge31(24k) Ge32 (24k) | Ge33 (24k)
composition composition parameter | X Y, Z; occ. Y, Z; occ. Y, Z; occ.
Ba | Ag | Ge [nm]

BasAg,Geyy 153 | 4.1 80.6 | BasAgy1Gesiolag" | 1.0743(4) 0.183(2) | 0.11(4), 0.11(4), 0.13(4),
0.30(4); 0.31(4); 0.35(4);
0.40(5) 0.46(5) 0.14(4)

BagAgrsGesss | 154 | 46 | 80.0 | BagAgasGeuol Iis” | 1.0748(4) 0.1835(1) | 0.113(2), 0.1205(9), 0.133(3,)
0.297(2); 0.319(1); 0.348(3);
0.40(1) 0.46(1) 0.14(1)

BasAgiGeys 153 | 6.5 | 78.2 | BagAgs4GeysO1* | 1.0781(2) 0.182(6) | 0.12(1), 0.11(2), 0.13(5),
0.30(7); 0.3009); 0.35(3);
0.45(6) 0.46(6) 0.09(6)

BasAgsGes, 149 | 7.7 77.3 | BagAgs1Gesallos 1.0814(2) 0.182(8) 0.12(2), 0.11(1), 0.12(1),
0.30(5); 0.30(7); 0.35(1);
0.42(6) 0.50(6) 0.08(6)
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BagAg4_5Ge41_5 14.7 82 77.1 BagAg4_4Ge4]_3D0_3b 10829(7) 01832(1) 01143(9), 01195(7), 01333(8),
0.3033(5); 0.3129(3); 0.3482(4);
0.423(3) 0.569(4) 0.008(1)

BagAgsGey; 149 | 89 76.2 | BasAgssGesio” 1.0842(1) 0.182(7) - 0.116(1), -
0.307(4);
1.00(2)

BagAg5Ge41 154 97 749 BagAg5Ge4f‘ 10843(3) 0182(7) - 01 16(5), -
0.307(7);
1.00(1)

BagAg5_3Ge40_7 152 102 746 BagAg5_3Ge4o_7a 10841(5) 0182(1) - 01 16(2), -
0.306(7);
1.00(2)°

 from Rietveld refinement, ® from XSCD refinement, ¢ 0.98(2)Ge + 0.02(2)Ag

In all cases the X-ray spectra (x < 5.3) were fully indexed on the basis of a cubic
clathrate type I lattice with minor amounts of Ge (< 2.2%). Starting from binary
BagGey;3 (13 the maximum solubility for Ag at 800°C was found by EPMA to be 5.3 atoms
per formula unit (= 9.8 at%) (Figure 6).

Ag content x/formula unit
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Figure 6: Lattice parameter vs. silver content x for BagAg,Ges .0, (x =1, 2, 3, 4, 5) and literature
data; the inset shows the decreasing amount of vacancies with increasing silver content received from
Rietveld refinement (X-ray powder diffraction) and from single crystal refinement.

The lattice parameters show a linear increase with increasing Ag content up to 4.8 silver
atoms per unit cell (a = 1.0840(9) nm). Clathrate samples with higher Ag content show
only slightly different lattice parameters which are close to the reported values of Cordier

and Woll for a single crystal of stoichiometric BagAg¢Geso (melted at 1300°C and cooled
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at 100 K/hr, a = 1.0840(1) nm (Cordier G. 1991)). The decreasing content of Ba in the
EPMA data (see Table V) in combination with increasing Ag content is related to the
amount of vacancies in the crystal lattice of BagAg,Gess.xy[]y. Assuming full occupancies
for the Ba sites in the 2a and 6¢ positions of space group Pm3n (standardized setting; see
also single crystal refinements in Table VI), the vacancy concentrations calculated from
EPMA, correspond well to the amount of vacancies obtained from a Rietveld refinement.
These findings are backed up by single crystal data from the two single crystals
BagAg,Gessxylly (x = 2.3 and 4.4; see Table VI).

Table VI: X-ray single crystal data for BagAg,Gess .,y at RT (Anisotropic displacement parameters
in [10”°nm)).

Parameter/compound BagAg,sGeys s BagAg,sGey s
Space Group Pm3n Pm3n
Composition from EPMA BagAg,3Geyi5lsn BagAg, 4Gey 6
Formula from refinement BagAg,3Geyq 10018 BagAgs4Geq13000.3
a [nm] 1.0748(4) 1.0829(7)
1 abs [mm™'] 33.14 32.19
V (nm’) 1.2414 1.2699
o, (gcm’™) 5.87 5.98
Reflections in refinement 451240(F,) of 522 435 > 4sig(Fo) of 528
Number of variables 28 28
Rf = ZIF-F2I/ZE,’ 0.0307 0.0316
Ry 0.018 0.018
wR2 0.0423 0.0369
GOF 1.315 1.203
Extinction (Zachariasen) 0.0004(5) 0.0003(7)
Residual density e'/A3; max; 0.81;-0.73 0.90; -0.96
min

Atom parameters

Bal in 2a(0, 0, 0); occ. 1.00 1.00
U= Up=Us; 0.012(8) 0.012(1)
Ba2 in 6¢c(1/4, 0, 1/2); occ. 1.00 1.00
U= Uy; Uss 0.033(4); 0.041(2) 0.033(4); 0.044(5)
M in 6d(1/4, 0, 1/2); occ. 0.38Ag + 0.32(3)Ge + 0.300 0.73Ag + 0.22(1)Ge + 0.05"
U= Uy; Uss 0.020(4); 0.012(7) 0.021(7); 0.014(0)
Ge2 in 16i(x, x, x); occ. 1.00 1.00
X 0.1834(8) 0.1832(1)
U =Up=Usj; 0.015(9) 0.013(7)
Ge31 in 24k(0,y,z); occ. 0.40(1) 0.422(3)
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y, Z
Ujy; Upp=Us;

Ge32 in 24k(0,y,z); occ.

Y, 2
Uji; Up=Us;

Ge33 in 24k(0,y,z); occ.

y’ Z
Uyy; Upp=Us;

0.113(8), 0.297(2)
0.016(8); 0.018(7)
0.46(1)
0.120(5), 0.319(6)
0.016(8); 0.018(7)
0.14(1)
0.133(3), 0.348(7)
0.016(8); 0.018(7)

0.115(8), 0.303(4)
0.016(5); 0.022(0)
0.569(4)
0.117(3), 0.311(2)
0.016(5); 0.022(0)
0.009(1)
0.133(0), 0.348(1)
0.016(5); 0.022(0)

Interatomic distances [nm]

Standard deviation <0.0004

Standard deviation <0.0003

Bal — 8Ge2
—12Ge31
-12Ge32
—12Ge33
Ba2 - 8Ge33
-8Ge32
—8Ge31
-4M
—8Ge2
—4Ge33
—4Ge31
—4Ge32
M - 4Ge33
—4Ge32
—4Ge31
—4Ba2
-8Ge2
Ge2—- 3Ge3l
-1Ge2
-3Ge32
-3Ge33
—1Bal
Ge31- 1Ge32
—1Ge33
—1Ge31
—2Ge2
-1M
—1Ge33
—1Bal

0.3416
0.3423
0.3671
0.4013
0.3452
0.3557
0.3668
0.3799
0.3996
0.4081
0.4146
0.4182
0.2053
0.2386
0.2623
0.3799
0.3996
0.2439
0.2476
0.2547
0.2718
0.3416
0.0249
0.0590
0.2466
0.2439
0.2623
0.2713
0.3423

0.3437
0.3517
0.3602
0.4059
0.3508
0.3623
0.3666
0.3829
0.4029
0.4051
0.4197
0.4199
0.2037
0.2499
0.2578
0.3829
0.4028
0.2483
0.2505
0.2524
0.2712
0.3437
0.0086
0.0545
0.2509
0.2483
0.2598
0.2803
0.3517
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—2Ba2 0.3668 0.3666

Ge33 1Ge32 0.0342 0.0463
—1Ge31 0.0590 0.0545

-1M 0.2053 0.2037

—2Ge2 0.2708 0.2172

-1Ge31 0.2713 0.2803

—1Ge32 0.2746 0.2805

—1Ge33 0.2865 0.3012

—2Ba2 0.3452 0.3508

1Ge31 0.0249 0.0086

Ge32- —1Ge33 0.0342 0.0463
-1M 0.2386 0.2499

—2Ge2 0.2527 0.2524

-1Ge31 0.2591 0.2527

—1Ge32 0.2694 0.2541

—1Ge33 0.2746 0.2805

—2Ba2 0.3528 0.3697

—1Bal 0.3557 0.3622

*nominal composition

The amount of vacancies shows only a weakly positive deviation from linear decrease
with increasing Ag content whereby all vacant sites are filled at an amount of 4.8 atoms
of Ag per unit cell (inset Figure 6). In addition to the experimental data, there are two
boundary models drawn in Figure 6. Model A assumes substitution of Ge by Ag at a
constant level of vacancies according to the compound BagAgiGess;«[13. The second
model eliminates all the vacancies prior to substitution. Because the experimental data are
in between these two models, it seems plausible that Ag atoms (x < 4.8) successively fill
vacancies and simultaneously replace Ge atoms. At higher Ag content, when no more
vacancies are available, only Ge atoms are substituted by Ag atoms. This behaviour is
well reflected in the lattice parameters and is in line with results derived for other
clathrates in the systems Ba-Pd-Ge (G. A. Koblyuk-M. N. 2007), Ba-Cd-Ge (B. S.
Koblyuk-M. N. 2007), Ba-Cu-Ge (G. A. Koblyuk-M. N. 2009), Ba-Zn-Ge (G. A.
Koblyuk-M. N. 2007), Ba-Pt-Ge (R. M. Koblyuk-M. N. 2007).

No extra reflections referring to a larger unit cell with a> = 2a as reported for binary

BagGeys3[]5 in refs. ( (Carrillo Cabrera W. 2000), (B. S. Carrillo-Cabrera W. 2004)) were
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observed in the X-ray spectra for x >1. In all cases Rietveld refinement confirmed that Ba
atoms reside in 2a (0, 0, 0) and 6¢ (14, 0, ¥2) sites, Ge atoms are located in 16i (X, X, X) and
24k (0, y, z) sites, whereas Ag, Ge atoms and vacancies are found in the 6d (%4,2,0) site.
Because a refinement of occupancies for three species in one site is not reliable, the Ag
content was fixed from EPMA measurements. X-ray single crystal data for BagAg:Gee -
yUy with x = 2.3 and 4.4 (see Table VI) confirm the overall distribution of atoms on the
lattice sites as well as the existence of vacancies (y = 1.8 and 0.3 respectively) in 6d sites.
This occurrence of vacancies in the 6d sites infers a disturbance in the neighboring shell
of 24k sites of Ge3: the atomic displacement parameters (ADPs) are quite anisotropic and
the anisotropy disappears with disappearing 6d defects. A Difference Fourier calculated
for the clathrate structure without the 24k Ge atoms (Ge3-atoms, see Figure 7a) reveals
clearly a triple-peak structure indicating three positions of the Ge3 atom with slightly
different xyz coordinates depending on the existence of a neighbouring 6d-Ge atom, a 6d-

Ag atom or a 6d-vacancy.

/a')/// 0,45
> 024  b) A [Cord1991]
= Ge32 L oov  single crystal data
5‘ 0,22 | Other values from XPD -+ 0,40
©
S — 0,20
s el Ge33 x
E‘ i Ge33 E L meee {0355,
w Ge31 ”‘%’ ml.k‘\(\\ l f’ 08 b e z Ge32 c%
I g0 . &
”“1“[““‘“\\}'! PO 0.16 o 10.30
fl ‘11 | '\“gﬂ;zi‘s?*i@ i = L z Ge31 N
b ,,,-,.;..\\<é%¥§|!aeﬁi§%55“' 014 y Ge33
28l | {
26 i Dla ] :::_.Z_._: -
: y Ge3d
22 e — e T
17 - 0 1 2 3 4 5 6 7
A2 L/07 12 17 22 Ag content / formula unit

Figure 7: a) Three dimensional view of the contour plot of the electron density (Ge in 24k) from
difference Fourier map for BagAg, ;Gey; 91155 b) Ag content x per formula unit vs. compositional
parameters y and z for the Ge3 site (0, y, z) in BagAg,Geyq.«.y[;.

The variation of the free parameters y and z for the site 24k (0, y, z) for Ge31, Ge32 and
Ge33 with increasing Ag content is shown in Figure 7b. Details of the structure based on

x-ray single crystal and Rietveld refinements are given in Table V.
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The 6d-site preference of Ag was also reported by Cordier et al. (Cordier G. 1991) as well
as by Johnsen et al. (Johnsen S. 2007) for the ideal compound “BagAgsGeso”. The
refinement for the samples with the highest content of Ag (5.3 Ag atoms per formula unit)
showed, that a small fraction of Ag atoms is also found at the 24k site, in agreement with
the findings of Johnsen et al. (Johnsen S. 2007). In the x-ray powder spectra the
increasing content of Ag can be detected from the intensity ratio of the peaks indexed as
(222), (320) and (321). This way of filling the vacancies explains the enlargement of the
unit cell dimensions until at x = 4.8 all vacancies are filled by Ag. Consequently, also the
interatomic distances increase slightly with increasing Ag content. The free parameter x
of the 161 (x, x, X) site remains rather constant over the whole solubility range (Table V).

The atomic displacement parameters (ADPs) for both samples (namely BagAg,Gess x.y[]y
with x = 2.3 and 4.4) are consistent with features as usually observed for clathrates of
type-1: Ba2-atoms in 6c sites give cause to a large anisotropy of electron densities,
whereas Bal-atoms in 2a sites behave like one of the framework atoms (see Table VI).
Least square fits of the ADPs as a function of temperature (Figure 8) with the Einstein

model of Eq.(1) for Ba2 and with the Debye model of Eq.(2) for the framework atoms

2 .
i = coth O +d? (1
2mk3®E,ii r
2
e s @
mk,@®; | ©,% e -1 AT

result in ®E,11 =88 K, @E,zg =67 K and ®D =269 K (XAg = 23) and ®E,11 =88 K, ®E,22 =
68 K and ®p = 261 K (xa, = 4.4). Note that Og_;; (ii is i.e. the direction or plane of the

vibration).
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Figure 8: Temperature dependency of atom displacement and lattice parameters of
BasAg;3Geyr 901 sand BagAg, Geyp3Uoa.

The linear thermal expansion coefficient is defined as

a, = 1 (Garj (3)
Az \ OT »

in which aszpk is the lattice parameter at 300 K and ay is the lattice parameter at
temperature T. The present study yields values of o, = 12.65-10° K! (Xag=2.3)and 0, =
12.56:10° K (xag = 4.4) in very good agreement with a recent compilation of clathrate

type I thermal expansion data (R. G. Falmbigl M. 2010).

5.2.1.3 Phase relations at 800°C and at 600°C
The combined data as obtained from XPD, SEM (Fig.4) and EPMA (see Table VII) are
the basis for the phase triangulation in the isothermal sections at 800°C (Figure 10) and

600°C (Figure 11).
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Table VII: Phase equilibria and composition from EPMA, X-ray phase analysis and lattice parameter
for alloys Ba-Ag-Ge annealed at 800°C and annealed at 600°C; a, b, c, d, e, f refer to EPMA images
shown in Figure 9.

Nominal composition (at %) Xoray Structure Lattice parameter (nm) Composition EDX
phase (at%)
Ag Ba Ge analysis fype a b c Ag Ba Ge
800°C
1.85 1481 8334 kI K4Gersx | 1.0688(2) 1.0688(2) 1.0688(2) | 1.8 152 83.0
a) KIX BagGess - - - 1.0 18.7 80.3
7.41 1481 77.78 kI K4Gers 1.0819(4) 1.0819(4) 1.0819(4) 7.4 141 785
BaGe, BaSi, - - - - - -
kIX BagGe,s - - - 1.5 183 802
11.12 1481 74.07 kI KyGersx | 1.0844(6) 1.0844(6) 1.0844(6) | 9.8 146 756
T ThCr,Si, - - - 307 193 80.2
23.53 588  70.59 kI KyGersx | 1.0842(6)  1.0842(6)  1.0842(6) | 9.7 145 76.8
(Ge) Ciam 0.5659(7)  0.5659(7)  0.5659(7) | 0.1 04 995
> Liquid - - - - 837 0.7 156
16.16 3333 5051 T AlB, 0.4425(3)  0.4425(3) 0.4880(1) | 152 325 523
T ThCr,Si, - - - 294 238 468
BaGe, BaSi, - - - - - -
36 24 40 T AlB, 0.4427(1)  0.4427(1) 0.4882(8) | 18.8 29.6 51.6
T ThCr,Si, | 0.4610(7)  0.4610(7) 1.069(8) | 342 20.1 457
© (Ag) Cu - - - 0.2 03 995
25 33 42 T AlB, 0.4485(1)  0.4485(1) 0.4814(3) | 21.8 33.0 452
Liquid - - - - 812 166 22
49.54 1034  40.12 NI KiGersx | 1.0842(4)  1.0842(4) 1.0842(4) | 9.7 147 1756
" T ThCr,Si, | 0.4628(5)  0.4628(5) 1.064(6) | 30.0 20.0 50.0
Liquid - - - - 876 07 117
74.8 15.5 9.7 T AlB, 0.4438(6)  0.4438(6) 0.4868(8) | 17.2 33.1 49.7
Liquid - - - - 82.1 148 3.1
(Ag) Cu 0.4086(7)  0.4086(7)  0.4086(7) | 96.4 3.1 0.5
600°C
1.85 1481 8334 NI K4Gersx | 1.0805(3) 1.0805(3) 1.0805(3) | 6.6 154 78.0
KIX BacGeys | 1.4560(1)  1.4560(1) 1.4560(1) | 1.6 189 79.5
(Ge) Cliam 0.5654(6)  0.5654(6)  0.5654(6) | 0.2 03 995
7.41 1481 7778 «l K.Gey, | 1.0819(2) 1.08192) 1.08192) | 74 141 785
BaGe, BaSi, . y y 0.5 307 6838
© kIX BagGe,s - - - 1.5 183 802
16.16  33.33  50.51 Ty AlB, 0.4425(3)  0.4425(33) 0.4880(1) | 152 325 523
7 ThCr,Si, - - - 294 238 468
BaGe, BaSi, - - - - - -
14.82 14.82  70.37 N K,Geysx | 1.0844(5)  1.0844(5) 1.0844(5) | 9.7 148 755
T ThCr,Si, - - - 294 189 517
25 33 42 T, AlB, 0.4488(8) 0.4483(8) 0.4808(8) | 22.7 324 449
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Ba(AgGe)s CaCus 0.5819(0)  0.5819(0)  0.4599(5) | 79.5 165 4.0

29.75 13.67 56.58 I K,Geys, | 1.0840(3) 1.0840(3) 1.08403) | 8.6 152 76.1
T, ThCr,Si, | 0.4614(0)  0.4614(0) 1.068(0) | 294 20.8 498

(Ag) Cu - - - 936 0.2 6.2

36 24 40 T AlB, 0.4427(2) 0.4427(2) 0.4882(3) | 182 327 49.1
T, ThCr,Si, | 0.4605(5)  0.4605(5) 1.0711(6) | 32.0 21.1 469

(Ag) Cu 0.4089(1)  0.4089(1) 0.4089(1) | 95.6 0.0 4.4
23.53 588 7059 I K Geys | 1.0842(2)  1.0842(2)  1.0842(2) | 9.7 41.1 762
(Ge) Ciam 0.5659(7)  0.5659(7)  0.5659(7) | 0.3 04 993

D (Ag) Cu - - - 886 03 1.1

kl: clathrate type-1; xIX: clathrate type-XI; t,: BaAg,Ge|; T,: BaAgy (Gey

Figure 9: Microstructures of several Ba — Ag — Ge alloys annealed at 800°C: a), b), ¢), d) and
annealed at 600°C: e), f). Nominal composition, atomic percent from EPMA and X-ray phase analysis
are given in Table IV.
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Figure 10: Partial isothermal section at 800°C for the ternary system Ba-Ag-Ge.

Ge 600 °C

T4 Ba(AgyGey);
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Figure 11: Partial isothermal section at 600°C for the ternary system Ba-Ag-Ge.

At 800°C the type-I clathrate is in equilibrium with the clathrate type-1X (BagGe,s type),
which contains a maximum amount of 1.5 at% Ag and has a lattice parameter of a =
1.4561(7) nm. Alloys containing the moisture sensitive compound BaGe, (BaSi, type),
quickly decompose on air. At the solubility limit of silver (xag = 5.3), the clathrate I phase
forms a two-phase equilibrium with BaAg, \Ge, (ThCr;,Si, type). At 800°C the EPMA
data indicate a quite large homogeneity region of about 10 at% ranging from BaAg; ;Ge, 7
(x = 0.7, a=0.4652(9), ¢ = 1.0606(2) nm) to BaAg; 3Ge;» (x = 0.2, a = 0.4610(7), c =
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1.0697(9) nm). The homogeneity region does not include the stoichiometric composition
for full atomic ordering in contrast to an earlier report by Eisenmann et al. (M. N.
Eisenmann B. 1970) on the existence of BaAg,Ge, for which single crystals were
obtained from alloys reacted at 1250°C (no further details were given). The Rietveld
refinement data for a sample in the Ge-rich part of the homogeneity region of BaAg,.

xGeyi are collected in Figure 12.

40000 p=r=r-r-rT T T T T T T T 1 Ll

35000 = Ba1.9Aga.aGe4.3 BaAg,,Ge,, (ThCrSi,)

14/mmm

Ba 2a (0,0,0)

3.7(2)Ag + 0.3(2)Ge 4d (0,1/2,1/4)
Ge 4e (0,0,z) z = 0.3819(5)

a =0.4652(2), c = 1.0606(9) nm ]
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Figure 12: Rietveld refinement for BaAg, ,Ge,., (x = 0.2, ThCr,Si, type).

They confirm the ThCr,Si, structure type with a random substitution of Ag atoms for Ge
atoms at the 4d site of space group l4/mmm (z4e = 0.3819(5)). The second phase in the
refinement is Ba(Ag;.xGex), with the AIB, type structure. Merlo et al. (P. M. Merlo F.
1996) indicated a solid solubility range for Ba(Ag;.xGey), at 550°C, however, no details
on the extension of the single phase region were presented. At 800°C we observe only a
quite small homogeneity region extending from BaAg,sGe;s (x =0.75; a=0.4427(1), c =
0.4882(8) nm) to BaAg-,Ge; 3 (x = 0.65; a = 0.4485(1), ¢ = 0.4814(3) nm). The Rietveld
refinement for a sample containing Ba(Ag; «Gey), as the main phase is shown in Figure
13 containing BaGe, and BaAg, (Ge,:«x (<10%) as minor secondary phases. Because the
binary BagGess; phase only exists between 770 and 810°C (B. S. Carrillo-Cabrera W.
2004), the partial isothermal section at 600°C was investigated to define the stability
range of the clathrate I phase of BagAgiGessx (Figure 11), which at 600°C is rather
limited and extends from about ~6.6 to ~9.8 at% Ag (3.4 <x <5.3). The results of EPMA

measurements and X-ray phase analysis are summarized in Table VII. The solubility

105



range for the BaAg, Ge,:x and Ba(Ag; xGey), phase is only slightly smaller than at
800°C (from 1.45 to 1.7 Ag atoms per unit cell for BaAg, (Gesix; 0.55<x<0.3). The

compound BaAgs solves about 4 at% germanium at 600°C.

RICUUN sl B UL T T T T T T
oo E Ba,.Ag, .Ge,, BaAg,.Ge,(AIB, type) 4
P6/mmm ]
oo b Ba 1a(0,0,0) ]
0.52(3)Ag + 1.52(3)Ge 2d (1/3,2/3,1/2) ]

a=0.4485(1), c = 0.4814(3) nm
R, =4.33

23000 = | Bragg-position -

29000 =
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11000
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[ (B L1 1 LLm 110l |Ba(Ag,Ge),]
00y TR \ PELEI T L LI | BaAg,,Ge
NRRRTN RN AR TUI |n|wn|u||m||| I 110 EEURRE AR AR 1O BaGe,
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Figure 13: Rietveld refinement for Ba(Ag, ,Ge,), (AlB, structure type, x = 0.75).

5.2.1.4 Liquidus and solidus projection and invariant reactions

The liquidus surface, derived for the germanium and silver rich part of the Ag-Ba-Ge
system (see Figure 14), is based on the microstructures of about 30 samples, which were

analyzed in their as cast state as well as after slow cooling in the DSC.

x, clathrate type-I
% 100 k Clathrate type-1X
P, 1, Ba(Ag,,.Ge,),
\ 1, BaAg,,Ge,.,

Ba 0 10 20 30 40 5(!o 60 70 80 90 ¢, 100 Ag
at.% Ag ——

Figure 14: Partial liquidus projection of the Ag-Ba-Ge system; the microstructures of the alloys
marked in red (filled circles) and labeled as (a) to (o) are shown in Figure 15.
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The microstructures of the alloys marked in red and denoted with a, b, ¢ etc. in Figure 14
are presented in Figure 15. Alloys annealed at 800°C (600°C, depending on the part of the
isothermal section) were used to define the phase equilibria at sub-solidus temperature
(Figure 16) and the corresponding solidus temperatures have been determined with DSC.
The crystallographic data for all the binary and ternary solid phases are summarized in
Table IV. The primary crystallization field of the clathrate type-I BagGes3[ 3 in the binary
Ba-Ge system is very limited (~ 1 at.%) and the phase exists only in a small temperature
range between 808 and 770°C (B. S. Carrillo-Cabrera W. 2004). As a consequence of the
strong stabilization by Ag of the clathrate type-I solid solution BagAg,Gess.x.y[1y (K1) in
the ternary system, the primary crystallization field of x; enlarges considerably and
extends up to the ternary eutectic E4 (66.6 at.% Ag, 0.5 at.% Ba, 32.9 at.% Ge) close to
the binary Ag-Ge system (see Figure 14). The melting temperature of the clathrate
increases from 808°C in the binary system to 873°C in the ternary for BagAgsGes;. The
ternary clathrate type-I melts congruently and forms quasi-binary eutectics with (Ge),

BaGe; and 1; (BaAgy xGepix).
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Figure 15: Microstructures of several Ag-Ba-Ge alloys in as cast and annealed state and after DSC

measurements. The sample positions can be seen in Table VII (marked in red and labeled as (a) to
(0)); ky...clathrate type-I; kix...clathrate type-IX; t;...Ba(Ag;..Gey)s, 15...BaAg,; Gey, .
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T, Ba(Ag,.Ge,),
90 1, BaAg,,Ge,.,

70 max, 865
820°C

max, 865

100

Ba © 1 20 30 40 5 6 70 80 |90 100 A
at.% Ag ——> BaAg, 9

Figure 16: Solidus surface of the partial Ag-Ba-Ge system up to 33.33 at.% Ba and tie lines of the
quasi binary sections; all temperatures are in °C.

Alloy Baj;7AgssGegp7 is an almost single-phase clathrate with small amounts of (Ge),
which formed during the monovariant reaction L <> k; + (Ge) (microstructure after the
DSC measurement, Figure 15a). The microstructure of the sample BagAg,Geg in as cast
state (Figure 15b) shows primary crystallization of (Ge) followed by crystallization of
(Ge) and x; during the same monovariant reaction. Alloy BajgAg,0Gerg (as cast) contains
large grains of k; and (Ge) and liquid, which finally crystallizes in form of the ternary
eutectic Eq: L <> k1 + (Ge) + (Ag) (Figure 15¢) at 633°C. In the as cast alloy with
composition BajsgAgi43Ger4, large primary grains of kj are present and a mixture of 2
eutectics (see Figure 15d). First we observe the crystallization of the liquid along the
monovariant line L <> x; + 1, and then the formation of BaGe, through the invariant
reaction E; (L <> k; + 1, + BaGe,) at 831°C. The as-cast alloy Bay3;Ag;7Geg 1s very close
to the line of joint crystallization of BaGe; and 1, (Figure 15¢) and contains also small
quantities of k. The microstructure of the as-cast alloy BayyAg;sGess, (Figure 15f) from
the same three-phase region but with slightly higher Ge content, represents the primary
crystallization of BaGe, followed by the crystallization of liquid along the monovariant
line L <> ; + 1, and the formation of smaller grains of BaGe; in the invariant eutectic E;
(x; + T2 + BaGe;) with composition Ba;s,Ag67Gees ;. The sample with composition
BayoAg;Ges; 1s very close to the monovariant line L <> BaGe, + «; (Figure 15g), which
contains a maximum €max 6. Figure 15g also shows the formation of very fine grains of 1,
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at the invariant point E;. However, alloy Ba;sAgsGe;9 (Figure 15h, after DSC
measurement), which is located on the other side of the quasi-binary section BaGe; + k|,
shows primary grains of kj followed by the peritectic formation of clathrate type-I1X (kix)
and finally the crystallization of BaGe,. Such crystallization behaviour and a solidus

temperature of 8§10°C indicate an invariant reaction U,: L + BaGe; <> kx + K.

The ternary phases 1,- Ba(Ag;xGex), and 1, form also congruently from the melt. Thus
the alloy Ba;sAgy4Ges; is very close to the line of joint crystallization of t; and 1, (Figure
151) and BaGe; crystallizes from the last portion of liquid. These three phases coexist in
the invariant transition equilibrium U;: L + 1; <> 1, + BaGe; at 887°C. The phase 1, like
K exhibits a huge primary crystallization field, which extends up to 78 at % Ag. The
microstructure of the alloy Baj3Ags;Gess (Figure 15j) annealed at 800°C shows large
primary grains of 1, which were grown in equilibrium with a liquid with composition
Ba, 3Ag71 7Geyro. After slow DSC cooling (5 K/min), the alloy contains large amount of
k1 (see Figure 15k), which formed around 1, during the transition reaction Us: L + 1, <> K
+ (Ag) at 700°C. Both invariant equilibria E4 and U; are located close to the binary
eutectic L <> (Ag) + (Ge). However, samples with higher Ba content result in the
crystallization of a eutectic structure E: L <> 11 + 1, + (Ag) at 820°C with composition
Bag gAgr3.4Gei7s. Thus, primary grains of 1, together with large amounts of a fine eutectic
structure (E;) can be seen from the microstructure of the alloy BagAgeoGe,, in Figure 15.
The homogeneity region of 1, includes stoichiometric BaAg,Ge,, which has been reported
by Eisenmann (M. N. Eisenmann B. 1970) to exist at high temperatures. Due to the very
fine eutectic structure, it was not possible to measure the composition of the eutectic
constituents, but the presence of 1, 7, and (Ag) has been confirmed via Rietveld
refinement of the XPD pattern. The composition of a quasi-binary eutectic emax 2 has been
well defined from the as-cast alloy BasAgsoGe;s, which contains primary grains of (Ag),
followed by the crystallization with 1, during the monovariant reaction L — (Ag) + 12
(Figure 15m) and the formation of fine grains of t; in the ternary eutectic E,. The
presence of 1; has been confirmed by XPD. Another quasi-binary section with a
maximum point emay 3 1s formed by 1, and (Ag) and therefore the crystallization of alloys
with higher Ba content finishes in the invariant eutectic E;. The alloy BajAgroGey
(Figure 15n) is close to the line of joint crystallization of t; and BaAgs. The

microstructure also shows a fine eutectic structure E;: L <> 1; + BaAgs + (Ag). However,
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after the DSC experiment, the microstructure of the same alloy changed completely as
can be seen in Figure 150. Large grains of 1; and (Ag) are present together with large

areas of BaAgs.

From the microstructures and DSC measurements, the Schulz-Scheil reaction scheme

shown in Figure 17 has been constructed.

Ba-Ge | Ag-Ba-Ge Ag-Ge / Ag-Ba

(oed e s o o] g5l Polle]

(Eoa]L o e o]
@ L <> BaGe, + x, + 1| E,
[815]t + BaGe, & x.[o) 820]L v+ =, Pl[E]
[810[L + (Ge) > ], [810]L + BaGe, ©> k, + U]
e
800°C KA+l (Ge)+r L 1, +(Ag)tL o+ (Ag)+L
x, + BaGe,+x, x +BaGe,+1, BaGe,+T1,+T1, T, + 1, + (Ag)
ST
L + 1, + BaAg,
| 726]L < (Ag) + BaAg,[e)]
[710]L > (Ag) + BaAg, + [E]
[700]L+ &, & x + (Ag)] U]
650]L < (Ag) + (Ge)[e,]
633]L o (Ag) + (Ge) + k| E,
600°C

K + Ky + (Ge) k +BaGe,+k, k +BaGe,+1, BaGe,+1,+1, «x+1,+(Ag) (Ge)+«x +(Ag) .+t +(Ag) 1, +(Ag)+BaAg,

Figure 17: Schultz-Scheil diagram of the ternary Ag-Ba-Ge system investigated up to 33.33 at.% Ba,
all temperatures are given in °C.

Four invariant eutectic reactions (Class I reaction, see Figure 17 and Table VIII), 6 quasi-
binary eutectics and 3 transition reactions (Class II reaction) are present in the

investigated part of the ternary phase diagram.

Table VIII: Monovariant and invariant equilibria.

Reaction . Composition in at.%

Reaction type T,°C | Phase A 5a | Go
Lo+ €max,1 >900 | L - - -
T - - -
T - - -
L+ 1, < BaGe, + 1, U, 890 L - - _
BaGe, | - - -

T 14.6 33.0| 524

T 32.7 19.7 | 47.6
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Lo+ (Ag) €max.2 880 L 73.8 82 |18.0
T 38.2 20.0 | 41.8
(Ag) 98.5 - 1.5
Lot +(Ag) €max.3 865 L 77.8 85 | 137
T 21.8 33.7 | 445
(Ag) | 98.9 - 1.1
L &« + (Ge) €max.4 >860 | L - - -
K 5.4 14.9 | 79.7
(Ge) - - 100.0
Lok +1, €max.5 860 L 17.7 17.0 | 65.3
K 10.2 14.9 | 74.8
T, 26.1 20.2 | 53.7
L < k; + BaGe, Cmax.6 834 L 7.1 19.4 | 73.5
K 9.7 149 | 75.4
BaGe, | - 32.5 | 67.5
L+ BaGe, +k+ 1, E, 831 L 16.7 18.2 | 65.1
BaGe, | - 32.0 | 68.0
K 10.3 14.9 | 74.8
T 28.2 20.0 | 51.8
Lot +1+ (Ag) E, 820 L 73.4 88 |17.8
T - - -
T 40.0 40.1 | 19.9
(Ag) |- - -
L + BaGe, <> k1 + Kix U, 810 L - - -
BaGe, | - 323 | 67.7
K 6.4 15.0 | 78.6
Kix 1.4 19.2 | 79.4
L < (Ag) + BaAgs+ 1 | E3 710 L 81.9 85 19.6
(Ag) 99.0 - 1.0
BaAgs | 85.6 12.7 | 1.7
T 21.8 33.7 | 445
L+t o Kx+(Ag) U, 700 L 60.0 - 40.0
T 335 19.5 | 47.0
Ky 10.5 15.0 | 74.5
(Ag) 92.3 - 7.7
Lo (Ag) + (Ge) + K E, 633 L 66.6 0.5 |329
(Ag) 95.5 - 5.5
(Ge) - - 100
K 9.8 14.9 | 75.3
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5.2.1.5 Melting points of clathrate type-1 compounds

Table IX combines the melting points for the ternary clathrates of type-I measured during
this work and literature data: AgTxMuex (A = Sr, Ba, Eu; T = Ni, Pd, Pt, Cu, Ag, Au, Zn,
Cd, B, Al, Ga, In; M = Si, Ge, Sn), quaternary compounds and several inverse clathrate

type-I.

Table IX: Melting points of several ternary AgT, M6« and quaternary (A = Sr, Ba, Eu; T = Ni, Pd, Pt,
Cu, Ag, Au, Zn, Cd, B, Al, Ga,; M = Si, Ge, Sn) clathrates type-I compounds and decomposition
temperatures of the inverse clathrate type-I Gess{P,As,Sb}s{CLBr,I};5, SisP<Te, and tin based
compounds.

Lattice
Compound parameter Ref. Melting Ref.
point (°C)
(nm)
BagAl4Gesg 1.08533(1) - 958 (Christensen M. 2010)
1.0835(1) - 97145 (S.H. Eisenmann B. 1986)
BagAly6Sis 1.05772(2) - 1190 (Christensen M. 2010)
1.0607(3) - 1084+5 (S.H. Eisenmann B. 1986)
BagAl4Sis; 1.0625(10) - 1143 (M. J. Condron C.L. 2006)
BagAl,,Sisy 1.05656 - 1150 (Tsujii N. 2011)
BagAl;4Sis, 1.059840(14) | (Tsujii N. 2011) | 1135 (K. S. Condron C.L. 2008)
BagAl;5Sis; 1.063220(9) - 1132.6 (Tsujii N. 2011)
BagBg 17Al 14351314 1.06248(4) - ~1145 (K. S. Condron C.L. 2007)
BagB3,Al 14,5135 1.06140(4) - ~1151 (K. S. Condron C.L. 2007)
Bay 3S1(7Al114Si3, 1.05962(12) - 1140 (K. S. Condron C.L. 2007)
Bay;Eug3Al14S13, 1.06306(12) - 1142 (K. S. Condron C.L. 2007)
Ba;EuAl;;Sis; 1.06143(4) - ~1300 (K. S. Condron C.L. 2006)
SrgGa,,Ges 1.0719(5) - 77445 (Kuznetsov V.L. 2000)
1.0734(1) - 764+5 (S. H. Eisenmann B. 1986)
- - 777 (Cai K.F. 2007)
1.072 - 77045 (Sales B.C. 2001)
SrgGa;6Sisg 1.0459(4) - 1038+5 (S. H. Eisenmann B. 1986)
BagGa;¢Ges 1.08030(3) - 967 (Christensen M. 2010)
1.0739(6) - 97445 (Kuznetsov V.L. 2000)
1.07668(8) - 95745 (S. H. Eisenmann B. 1986)
- - 982 (Cai K.F. 2007)
1.078 - 963+5 (Sales B.C. 2001)
Bag 06Gays.50S14 54Gens 71 | 1.0750 - 963 (Martin J. 2007)
Bag gsGa;5.78Sis.0sGers. ;| 1.0744 - 968 (Martin J. 2007)
Bag 17Ga5.6651747Gexngo | 1.0726 - 985 (Martin J. 2007)
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Bag 06Gas.74519.0sGery 16 | 1.0715 - 997 (Martin J. 2007)
Bag 0sGays76S110.72Ge19.44 | 1.0705 - 1005 (Martin J. 2007)
Bag 10Gays5.84511338Ge66s | 1.0687 - 1016 (Martin J. 2007)
BagGa;Sisg 1.05259(2) - 1187 (Christensen M. 2010)
1.0509(3) - 119717 (Kuznetsov V.L. 2000)
1.05300(9) - 111145 (S. H. Eisenmann B. 1986)
BagGa;4Snsg 1.1683(7) - 511+4* (Kuznetsov V.L. 2000)
1.1680(1) - 500° (Schifer M.C. 2011)
EugGa,Ges 1.070 - 688+5 (Sales B.C. 2001)
1.07056(2) - 699 (C.-C. W. Paschen S. 2001)
BagZngGesg 1.07534(1) - 940 (Christensen M. 2010)
BagCdsGesg 1.09609(2) (B. S. Koblyuk- | 813 *
M. N. 2007)
BagCucGey 1.07492(5) (G. A. Koblyuk- | 907 (Christensen M. 2010)
M. N. 2009)
SryCus Gean 1.06368 (2) | ~750 .
BagCuy, 7Sig; 3 1.03331(2) (Yan X. 2010) 1180 *
BagAgsGey, 1.0843(3) * 873(3) *
BagAgsSiy, 1.04613(5) * 1140(1) *
BagAugGey 1.07979(1) * 926(1) *
BagAus ;Geqq 7 1.079891(8) - 931(1) (Zhang H. 2011)
BagAus ;Sisg 1.04130(2) * ~1230 *
BagNigGey 1.06891(2) - 823 (Christensen M. 2010)
BagNi; 3Sis 7 1.02893(3) (C. M. Falmbigl | 1100 *
M. 2012)
BagPd; 3Gey s 1.07710(2) (G. A. Koblyuk- | 834 *
M. N. 2007)
BagPd,Siy 1.03629(1) (G. A. Koblyuk- | 1140 *
M. N. 2008)
BagPt; sGey, 5 1.07520(2) (R. M. Koblyuk- | 847 *
M. N. 2007)
BagPt; sSign, 1.03629(1) (G. A. Koblyuk- | 1210 *
M. N. 2008)
Inverse clathrate type-1
Sise.PyTey (x~2y) y=8; (K. S. Condron 950° (K. T. Kishimoto K. 2007)
0.996457(9) C.L. 20006) 1100° (K. T. Kishimoto K. 2007)
y=7 - 1170° (Philipp F. 2008)
y=7.4; - 1220° (Philipp F. 2008)
0.997168(8)
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y=6.7;

0.99789(2)

GessPsClg 1.03514(3) - 630-760° | (Zaikina J.V. 2009)
Ge;3PgBry 1.04074(4) - 690-775" | (Zaikina J.V. 2009)
GessPslg 1.05067(6) - 600-750° | (Zaikina J.V. 2009)
GessAsgBrg 1.05161(5) - 670-810° | (Zaikina J.V. 2009)
GessAsglg 1.06158(4) - 670-800° | (Zaikina J.V. 2009)
GessSbglg 1.08697(6) - 515-675" | (Zaikina J.V. 2009)
Geys 3l 71 1.0814(3) - 510° (Menke H. 1972)

Snyg3Cuy 7ASIg 1.11736(3) (Nesper R. 1986) 575° (Kovnir K.A. 2005)
Sy 55 sASHlg 1.1092(1) (Zaikina J. V. 525° (Kovnir K.A. 2005)

2008)

*this work; * Liquidus temperature; ” Decomposition temperature from thermogravimetry

For a better overview of the available data, the melting points for the ternary AgTxMuex

compounds are summarized in the histogram in Figure 18. As can be seen from Table IX

and Figure 18, Si-based clathrates generally have much higher melting points compared

with their Ge-based homologues and all investigated compounds melt congruently beside

BagGa,Snsg (clathrate VIII and I), which forms through a peritectic reaction.
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Figure 18: Melting points of type-I clathrates AgTMq.« (A = Sr, Ba, Eu; T = Ni, Pd, Pt, Cu, Ag, Au,

Zn, Cd, Al, Ga; M = Si, Ge, Sn); the exact compositions for the investigated compounds and

references are given in Table IX.

The thermal stability data for various inverse clathrate type-I Gess{P,As,Sb}s{CIl,Br,I}g,
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SisexPxTey and tin based compounds are summarized at the end of Table IX. A single step
decomposition has been found for Gesg{P,As,Sb}s{CI1,Br,I}s (Zaikina J.V. 2009) and Sise.
PxTey ( (K. T. Kishimoto K. 2007), (Zaikina J.V. 2009)) and the Si-based compounds
exhibit the highest thermal stability compared with the Ge and Sn-based inverse
stability,

thermal

Details structures,

clathrates. concerning synthesis, crystal
thermoelectric properties, magnetic properties and mechanical stability of inverse
clathrates can be found in a comprehensive review article by M. Falmbigl and P. Rogl (M.

Falmbigl 2012).

5.2.1.6 Physical properties of the clathrates BasAg,Ge 6.,

5.2.1.6.1 Specific Heat

Results of the temperature dependent heat capacity C, of the BagAgs 4Ges; 5111 phase are
studied in detail because it is representative for the type I clathrate series BagAgyGesex-
yy. The data are displayed in Figure 19. A standard analysis of Cy(T) [Sommerfeld value
y =15 mJ/molK?, Debye temperature Op"" = 260 K, inset Figure 19 (a)] works only for a
very limited temperature range (T < 5 K).The Debye function in general reveals a global

maximum (Cp/T)™" at Op/T =~ 3.6.
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Figure 19: Temperature dependent specific heat C}, of BagAg; 4Gey;5014, plotted as Cy/T vs. T (a) and
C,— yﬂ/T3 vs. InT (b). The dashed line is a least squares fit of the experimental data using the model
described in the text with two Einstein-like modes (0p’"™? = 214 K, g, = 49.6 with a total width of
8.8 K and g, = 81.2 with a total width of 7.2 K). The red dashed line is a Debye function with @, =
214 K. The solid line refers to the right axis and sketches the phonon spectral function F(®) plotted as
©/4.93 vs. (4/5)Rn’ 0™ F (o) for which o is given in Kelvin.
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max

Thus, the experimental results of (Cp/T)™" observed at 60 K (see vertical bar in Figure
19(a)) yields a Debye temperature of Op = 60x3.6 K = 216 K. A substantial deviation of
the low temperature specific heat from the Debye model (T > 5 K) indicates a rather
complex phonon spectrum. The loosely bound electropositive Ba atoms located in the
framework cages vibrate in rattling modes which may be modelled by Einstein modes
arising above the background of Debye-like vibrations of the clathrate host atoms. An
advancement of this ansatz was suggested by Junod et al. (B. D. Junod A. 1979) by
introducing optical phonon branches with a finite width in frequency. A least squares fit of
Junod’s model to the present experimental data results in two Einstein branches with
frequencies wg; =49.6 + 4.4 K and wg; = 81.2 + 3.6 K and a cut-off frequency at Op’od =
214 K (dashed line in Figure 19(b)). The temperature of 214 K compares well with the
Debye temperature as extracted from the maximum of C,/T(T). The corresponding
spectral function F(w) obtained out of the fit is shown as a solid line, and its values can be
read from the right axis of Figure 19(b). The dash-dotted line represents the Debye
function for the specific heat with Op = 214 K. It should be noted that Einstein-like and
cut-off frequencies derived for BagAgs 4Ges; s[5, correspond to the range of values as
observed for the Ge-based type I clathrates BasMyGess.xy[1y (M = Cu, Zn, Cd, Pd, Pt) [
(G. A. Koblyuk-M. N. 2009), (G. A. Koblyuk-M. N. 2007), (B. S. Koblyuk-M. N. 2007),
(G. A. Koblyuk-M. N. 2007), (R. M. Koblyuk-M. N. 2007)]. This is in fair agreement
with the data extracted from the X-ray ADP-results. On the basis of these results we
conclude that the substitution of Ge by a metal M does not significantly change the

vibrational dynamics of the atoms of the host lattice.

5.2.1.6.2 Electrical Resistivity
In Figure 20 the experimental results for the electrical resistivity (p) are plotted for the Ag
— substituted type I clathrates including estimated error bars, being of the order of a few

percent.
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Figure 20: Temperature dependent resistivity p of BagAg,Geys.xy[y; data of BagAgsGe, are taken
from Ref. (Johnsen S. 2007)and refer to the right axis. The red solid lines are least squares fits based
on the Bloch-Griineisen model including a Mott-Jones term. The dashed lines are fits according to a
model described in the text.

At low temperatures - except for BagAgsGeso and BagAgs3Geso7 — the resistivity p(T)
exhibits a metallic behaviour, which gradually changes at high temperatures and at
increased Ag content towards a more insulating character. Focusing on the compound
BagAg, 1Gesr 920, the metallic behaviour becomes evident, because p(T) can be fitted
bythe Bloch-Griineisen model. The fit is shown as a solid line in Figure 20, revealing a
Debye temperature of Op = 210 K, which is typical for type I clathrates.

At low temperatures for increasing content of Ag the behaviour of p(T) becomes
qualitatively and quantitatively modified: i) the overall absolute resistivity increases and
i1) the almost linear p(T) dependence steadily changes, resulting in a significant deviation
from linearity. Such behaviour is rather rarely found in the literature. According to Chiu
(Chiu J.C.H. 1976), such deviations can be described within the theory of Mott and Jones
(Berger S., PhD Thesis 2003) taking into account an additional T> term. In this model the
resistivity is governed by processes, in which electrons are scattered into unoccupied
states present in the type I clathrates. The probability of such a scattering event is
proportional to the DOS and its first derivative with respect to energy. For systems with
Fermi energy near to a maximum in the DOS, a negative deviation of the resistivity from
linearity (= saturation effect) might be observed. Conversely, for a system with the Fermi
energy near to a minimum of the DOS, p(T) is expected to positively deviate from
linearity. Following these arguments, one may conclude that the substitution of Ge by Ag
drives the metallic state as ascribed to BagGess[]3 towards a state with a gap. In fact, the

118



compounds BagAgs 3Geso 7 and “BagAgsGeso” (see Figure 20) behave like semiconductors
for which the resistivity decreases by 4 orders of magnitude (Johnsen S. 2007) when
changing the temperature from 4 K to room temperature. The experimentally observed
Mott-Jones contribution, becoming more pronounced with increasing Ag content,
documents that the Fermi level approaches the gap (solid lines, Figure 20). The evolution
towards an insulating state upon the Ge/Ag substitution becomes evident in p(T) also
above room temperature. Increasing Ag content causes a maximum to appear which
becomes more pronounced and shifts towards lower temperature for increasing Ag
content.

For modelling p(T) in the entire temperature range up to 800 K we combine the metallic
low temperature behaviour (Bloch-Griineisen formula including the Mott-Jones term)
with the gap-related features at higher temperatures using a rectangular DOS. It should be
noted, that we place the Fermi energy EF is slightly above an appearing band gap, which
results in a distinctly temperature dependent charge carrier density n. For more details we
refer to Ref. (Fornasari L. 2006). Reasonable least squares fits yield a band gap width A
ranging from about 8300 K for BagAga 1Ges; 4o s to 6900 K for BagAgs sGey .

5.2.1.6.3 Thermal Conductivity
In Figure 21 the data for the temperature dependent thermal conductivity A(T) of the Ag-

based clathrates are summarised.
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Figure 21: Temperature dependent thermal conductivity A of BagAg,Geys.«y[ly. The dashed line
represents the minimum thermal conductivity of type I clathrates.
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The quite large error bars (measurement errors in the range of 10-15%) follow from two
distinctly different measurement methods. In order to compare the low temperature
measurements (4 to 300 K) with the measurements above room temperature, a T° term,
representing radiation losses in the low temperature steady-state heat flow measurement
was subtracted. Overall, the thermal conductivities are small, being of the order of the
minimum thermal conductivity Ay, as estimated by the model of Cahill and Pohl (
(Cahill D. 1989), dashed line, Figure 21). The values of A(T) within the studied series of
alloys are similar, only BagAgs;4Ges; 5[ exhibits a larger thermal conductivity, partly
caused from the higher electronic contribution A., reaching 10 mW/cmK at 300 K.
Assuming the applicability of the Wiedemann Franz law, A. can be derived from the
electrical resistivity data as shown in Figure 20. A common feature of all clathrates
BagAg,Gessxy[Jy 1s the absence of a pronounced low temperature maximum,
characterizing, in general, simple metals and insulators with sufficiently low
defect/impurity concentrations. Scattering of both, electrons and phonons on impurities,
vacancies, grain boundaries or other static defects significantly suppress the initial rise of
A(T), resulting in a practically featureless temperature dependency. In order to reveal the
principal scattering mechanism, the total thermal conductivity A(T) is separated into
contributions from the electrons (A.) and the lattice (Apn). An example of this procedure is
shown in Figure 22 for BagAgsGesisllos, yielding A, ~ 5 mW/emK and Ap, ~ 9
mW/cmK at room temperature in relation to Ay, ~ 5 mW/cmK.
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© measured data /
30 F e A,*radiation loss /

r o

e o}
——- A ”

20 | Callaway fit o° F
s radiation loss e e e

A [mW/ecmK]

0 50 100 150 200 250 300
T [K]
Figure 22: Temperature dependent thermal conductivity A of BagAg,Gey 4000 5. The solid line is a
least squares fit according to the model of Callaway (v. B. Callaway J. 1969) as described in the text.
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The dashed, the dashed-doted and the dashed-dot-dot lines represent the phonon part, the electronic
contribution and the radiation losses, respectively.

A detailed analysis based on the model of Callaway (v. B. Callaway J. 1969) allows to

account for Ap, taking into account individual scattering processes by appropriate

,1_

c

relaxation times, i.e. t.: 7.' =7, +7, +7,' +7,', where the subscripts B, D, e and U

refer to scattering of the phonons on boundaries, defects, electrons and include Umklapp
processes U, respectively. A least squares fit of this model is shown in Figure 22 as a solid
line, revealing a Debye temperature 6p = 202 K and emphasizes the importance of defect
and boundary scattering. At higher temperatures, Umklapp scattering as the dominant

scattering process causes a decrease of Ap(T) (see Figure 22).

5.2.1.6.4 Thermopower and Hall effect

The temperature dependent Seebeck coefficient S(7) for various concentrations x of
BagAgGessxylly 1s displayed in Figure 23, including data for “BagAgsGeso” from Ref.
(Johnsen S. 2007).
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Figure 23: Temperature dependent thermopower S of BagAg,Gey..y[1,; data for BagAgsGey are
taken from Ref. (Johnsen S. 2007).

The measurement error is about 4%, which is already implied in the symbol size. While
samples with Ag content x < 6 exhibit negative Seebeck coefficients in the entire
temperature range as a signature of electrons as the key charge carriers, the compound
“BagAgsGeso” shows large and positive S(7) values. This might be interpreted as a hole

dominated transport. Thus, the substitution of Ge by Ag drives the electron dominated
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transport via charge compensation into a hole dominated transport regime for the
maximum of the substitution. In the proximity of compensation, very large S(7) values
arise due to the depletion of charge carriers and this, consequently, results in a large
electrical resistivity (compare Figure 20).

Below about 600 K, S(7) behaves almost linearly for x < 6, before reaching a minimum at

higher temperatures. Employing Mott’s formula (Blatt F.J. 1968),
Sd(T>®D)=i2sz ®)
eh2(3n7r2)5

(m being the mass of the carriers and e the respective charge) allows the derivation of
the charge carrier density n. It is accepted, that Eq.(8) is valid for systems without
significant electronic correlations. Based on Eq.(8), the charge carrier density n can be
evaluated, ranging from n = 0.54x10%! ¢cm™ for Xag = 4.8, n= 1.1x10*! ¢cm™ for Xag = 4.1
and 7 = 1.9x10%' cm™ for x5, = 3.4 (electrons in all three cases), whilst in case of X, = 6,
n=0.36x10" cm™ (holes). Note that in the latter case a linear S(7) dependence has been
chosen at low temperatures (below 50 K). Consequently, Eq.(8) needs to be modified by
an additional pre-factor of 1/3 (Blatt F.J. 1968). To check the reliability of the charge
carrier estimation done from analysing the slopes of S(7) according to Eq.(8), we
performed Hall measurements on the BagAgs; 4Ges; 2[4, and BagAgs3Gesp7 compounds.
While the former turned out to behave more metallic-like, the latter clearly evidenced
semiconducting-like features of p(7) (compare Figure 20). In fact, our Hall data reveal
that the charge carrier density in the Ags 4 sample is about 5 times larger than for the Ags 3

compound (Figure 24).
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Figure 24: Temperature dependent charge carrier concentration n of two alloys of
BagAnge46_x_y O ye

As already concluded from the Seebeck data, electrons are the dominating charge carriers
in these Ag-based materials. We also note that » derived from S(7) is in good agreement
with n obtained from the Hall data. Moreover, the more pronounced temperature
dependence of n(7) in the case of BagAgs3Gey 7 reflects its more semiconducting nature

when compared to metallic BagAgs 4Ges; 2[5 4.

Minima observed in S(7) of BagAg,Gessxylly for x < 6 can be explained considering the

more general expression

S(T) oc L@N—(E)

N(T) éE &, ®)

which contains a temperature dependent variation of [1/ N(E)dN(E)/ dE .

A comparison of S(7) and p(T) for various x reveals a natural correspondence among the
absolute values of | S(7T) | rising with increasing p(7) as well as a striking correspondence
among the maxima in p(7) and the maxima in | S(T) |. The decrease of resistivity at high
temperatures beyond the maximum in p(7) implies an increase of the charge carrier
density as a consequence of thermal excitations across the band gap. Such an increase of
n concomitantly reduces S(7) (compare Eq.(8)). This effect is a consequence of the band

gap, which shrinks with increasing content of Ag.
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5.2.1.6.5 Thermoelectric Figure of Merit

The temperature dependent figure of merit, ZT = S2T/(pA), characterises the
thermoelectric ability of a single material concerning power generation or cooling. In
general, technical applicability requests a ZT above 1. ZT values derived from the present
study are documented in Figure 25. Although, the Seebeck coefficients reach absolute
values well above 100 nV/K and the thermal conductivity is smaller than 20 mW/cmK,
the ZT values suffer from large electrical resistivities and thus reach only a maximum of
~ 0.42 for BagAgs.1Gesi4llos at 800 K. It should be noted that this is not found at the
Zintl limit of x4g = 5.3, but at slightly lower Ag concentrations due to a more reasonable
value of the electrical resistivity. Future attempts to improve ZT will focus on an

enhancement of the electrical conductivity.
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Figure 25: Temperature dependent figure of Merit ZT of BagAg,Ge,6.«.,[], including literature data
(Johnsen S. 2007).

5.2.1.7 Summary

The isothermal sections at 800°C and 600°C were investigated up to 33.33 at% Ba in the
Ba — Ag — Ge system. For the clathrate phase BagAg.Gessxy[ly the cubic primitive
symmetry (space group Pm3n, a~1.1nm) was confirmed by x-ray powder diffraction
assisted by x-ray single crystal analyses. From EPMA, XRD and DSC/DTA
measurements, the liquidus and solidus projection of the Ba-Ag-Ge system has been
constructed up to 33.33 at.% Ba. Eight different primary crystallization regions were

found: (Ge), BagAgGesexyLy (i1, clathrate type-1), BagAgGess. (kix, clathrate type-1X),
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BaGe,, Ba(Ag; «Gex), (11), BaAg, «Geyx (12), BaAgs and (Ag). k; forms quasi-binary
sections with (Ge), BaGe, and 1. Three further quasi binary sections can be found
between 1, and 1, T; and (Ag) and 1, and (Ag). All the ternary compounds form
congruently from the melt. The ternary invariant reactions (4 eutectic and 3 transition
reactions) have been determined for the region investigated and are the basis for a Schulz-
Scheil diagram. At 800°C the clathrate type I solid solution ranges from binary
BagGessl3 to BagAgs3Geso; and at 600°C the clathrate solution BagAg,Gesexylly
separates from the Ba-Ge boundary and extends from about 6.6 to 9.8 at% Ag. The
clathrate type-IX BagGe,s phase has a maximum solubility of 1.5 at% Ag at both
temperatures. The homogeneity region of the two ternary compounds, that were already
reported in literature, have been found to extend from x = 0.7-0.2 for BaAg, «Geyix
(ThCr,Si, -type) and x = 0.5-0.7 for BaAg,Ge,.x (AlB;,-type) at 800°C. Both homogeneity
regions do not change significantly at 600°C. Five single phase samples with
compositions BagAg,Gesex (x = 3.4, 4.1, 4.8, 5, 5.3) were prepared in a different way to
reach a higher relative density for measuring its physical properties. Large values of the
Seebeck coefficient have been measured for all compounds and the figure of merit
reaches about 0.5 for BagAgs 1Ges;4[los. Due to the very high values of the electrical
resistivity very near to compensation, the largest values of the figure of merit are found

for compounds exhibiting a residual metallic state.

5.3 THE TERNARY SYSTEM Ba-Ag-Si

Despite superconductivity, discovered in Na and Ba doped silicon clathrates, ( (Kawai H.
1995), (Yamanaka S. 2000)) triggered intense studies of clathrate type I compounds
BagAg,Sisex ( (Tse J. S. 2005), (Kamakura N. 2005), (Herrmann R.F.W.,,
Superconductivity in silicon based barium-inclusion clathrates 1998)), there is still little
known about phase equilibria in the Ba — Ag — Si system and about the homogeneity
region of clathrates at a defined temperature. Kamakura et al. (Kamakura N. 2005)
combined electronic band structure calculations of BagSiss and BagAgeSisy with
photoemission experiments performed on arc melted alloys BagAg,Siss— (x =0, 1, 3, 6),
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which were ground and compressed at 3 GPa and 800 °C in an h-BN container. Single
crystal X-ray data of BagAgsgSisn, confirmed Ag-atoms in the 6¢-site of the clathrate
type I structure (Cordier G. 1991). Beside the clathrate type-I phase, Dorrscheidt and
Schifer (S. H. Dorrscheidt W., Beitrdge zu den Stabilititskriterien der AIB2-Struktur
1981) mentioned a compound without a large homogeneity region derived from nominal
compositions BaAg,Si, « (0.5 < x < 1.0, space group C222, presumably SrgAgsSio-type, as
a derivative of the AlB,-type). A more recent reinvestigation by R. Cardoso Gil et al.
(Cardoso Gil R. 1999) arrived at a formula Ba,AgSi; with a different space group
(BasLi,Sig structure type, Fddd, a = 0.862, b = 1.493 and ¢ = 1.965 nm) and a
superstructure of the AIB,-type according to a = 2asp2, b = 2v/3aa), ¢ = 4Cap). Single
crystal X-ray intensity refinements by Merlo et al. (P. M. Merlo F. 1996) prompted a
compound Bas,Ags 5451302 with BazAg,Sis structure type (space group C222).

This chapter compiles consistent information on the phase relations in the isothermal
section at 800°C for the region with Ba-contents less than 33.3 at.%, provides details on
the homogeneity regions of ternary compounds in combination with atomic ordering in
the corresponding crystal structures and thermoelectric data on the clathrate type I as a

function of temperature.

5.3.1 Results and Discussion

5.3.1.1 The solid solution for clathrate type-I1 BasAg.Siss.x

The solubility range of the ternary type-I clathrate at 800 °C was studied by X-ray powder
diffraction (XRPD) and electron probe microanalysis (EPMA) on a series of samples with
nominal composition BagAg,Sisex (X = 3 to 7). Table X shows a comparison of the EPMA

data with the results of Rietveld refinements of the X-ray spectra.

Table X: Results from EPMA and Rietveld refinement for BagAg,Siye.x.

Nominal EPMA (at.%) Accepted Latt. Par. Si2 in 16i | Si3 in 24k

composition | Ba | Ag Si composition® | [nm] X Y, Z

BagAg;Sis; 153 84 76.3 BagAgy3Sis 7 1.04309(3) 0.1832(4) 0.1170(2), 0.3058(3)

BagAgsSiy, 158 10.0 742 BagAgsSiy; 1.04585(1) 0.1833(2) 0.1153(3), 0.3050(3)

BagAgeSisg 152 103 745 BagAgs 4Sisg 6 1.04613(5) 0.1842(2) 0.1149(4), 0.3049(5)

*from Rietveld refinement
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In all cases the spectra could be fully indexed in the basis of a cubic clathrate type I lattice
(space group Pm3n) with minor amounts of Si and/or BaSi,. As no binary clathrate type I
exists under normal pressure, the ternary homogeneity region is very limited at 800°C and

was found to extend from BagAgs 3Sis; 7to BagAgs 4Siag ¢ (Figure 26).
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Figure 26: Lattice parameters versus silver content for alloys BagAg,Siy.« quenched from 800°C and
literature data.

The lattice parameters show a linear increase with increasing silver content but differ
quite strongly from those reported earlier by Cordier at al. ( (Cordier G. 1991), (X-ray
single crystal data, a = 1.0478(6) nm for BagAgs 3Sisy»)) and from those of Herrmann et
al. ( (Herrmann R.F.W. 1998), XRPD for BagAg,Sissx, x = 4,2,1,0.8,0.5). Our refinement
unambiguously located the Ba atoms in the sites 2a (0,0,0) and 6¢ (%4,0,'2), whereas Ag
and Si atoms share the 6d ('4,'2,0) site. Silicon occupies the sites 161 (x,x,x) and 24k
(0,y,z). No vacancies were encountered. Substitution of silicon by silver atoms in the
crystal lattice does not strongly affect positional parameters of Si in the 161 site and the
24k site. X-ray single crystal data for BagAga 9Sis;; (see Table XI) confirm the general

atom distribution on the lattice sites.
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Table XI: X-Ray single crystal data at RT (*nominal composition).

Parameter/compound BagAgsSis”
Space Group Pm3n
IFormula of refinement BagAgyoSiy
o [nm] 1.0446(2)
I abs [mm'] 39.9
V (nm?) 1.1398
. (gem™) 405
Reflections in refinement 388>4c(F,) of 480
Number of variables 17
Ry’ = ZIF,>-F I/ZF,’ 0.018
Rine 0.0134
wR2 0.0486
GOF 1.046
IExtinction (Zachariasen) 0.0023(2)
Residual density e/A3 ;

max; min 0.81;-1.44
Bal in 2a(0, 0, 0); occ. 1.00
U= Uxp=Us; 0.0108(1)
Ba2 in 6¢(1/4, 0, 1/2);0cc. 1.00
U= Upp; Usz 0.0247(2); 0.0326(2)
M in 6d(1/4, 0, 1/2); occ. 0.816(2)Ag + 0.184Si
U= Upp; Usz 0.0143(2); 0.0112(2)
Si2 in 16i(x, x, x); occ. 1.00
e 0.18432(4)
U1 1=Uyp=Us;3 0.0113(2)
Si3 in 24k(0,y,z); occ. 1.001(1)
v, 2 0.11720(6), 0.30405(5)
Ui, Un; 0.0111(3); 0.0121(3);
Us; 0.0114(3)

Atomic displacement parameters (ADP) in the crystal are consistent with features
generally observed for clathrates of type-I: Ba2-atoms in the 6c sites show a large
anisotropy of the electron densities, whereas Bal-atoms in 2a behave like framework
atoms (see Table XI). Least squares fits of the ADPs as a function of temperature (Figure
27) with the Einstein model (see Figure 27) for Ba2 and with the Debye model for the
framework atoms, results in Og;; = 108 K, Op2 = 81 K and Op = 427 K (O, Op

Einstein- and Debye temperature). The linear thermal expansion coefficient (Formula see

128



Figure 27; azpk: lattice parameter at 300 K; ar: lattice parameter at temperature T) yields

o, = 9-10° K!, which is perfectly consistent with a recent compilation of clathrate type I

thermal expansion data (R. G. Falmbigl M. 2010). The deviation of the linearity in all

cases (lattice parameter a(T), ADPs U(T)) may be explained by a slight uncertainty in the

temperature measurement at 200 K.
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Figure 27: Temperature dependency of atom displacement parameters and lattice parameter of

BagAgyoSiy.1.

5.3.1.2 Phase equilibria in the system Ba — Ag — Si for 0 to 33.3 at.% Ba

The isothermal section at 800°C for the silicon and silver rich part is shown in Figure 28.
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Figure 28: Partial isothermal section for the ternary system Ba — Ag — Si at 800°C.

At low Ag content, clathrate I is in equilibrium with silicon and BaSi,. At higher silver
content, the equilibrium phase was identified as 1,-Ba,AgSis (BasLi,Sie structure type),
which does not show a homogeneity range at 800 °C but oxidizes on air. Structural details
can be found in (Cardoso Gil R. 1999). Figure 29 shows the SEM images of samples
documenting the four three-phase equilibria at 800°C.

Figure 29: SEM images showing the microstructures of the four three-phase equilibria of Figure 28
(71 clathrate-I; 7,: Ba,AgSi;).

It is interesting to note that high pressure synthesis at 3 GPa and 800°C yields a
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continuous clathrate type I solid solution starting from binary BagSiss up to BagAgeSigg at

surprising and significantly larger unit cell parameters (a = 1.0560 nm).

5.3.1.3  Temperature dependent thermal conductivity
The temperature dependent thermal conductivity was measured for BagAgsSiy; in the low
temperature range between 10 K and about 300 K. A pronounced low temperature

maximum, which in general characterises crystalline solids, is obvious from Figure 30.
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Figure 30: A(T) of Ba8Ag5Si41. The black dashed line is a least squares fit to the model of Callaway

(v. B. Callaway J. 1969) as described in the text. The violet dashed-dotted-dotted line, the red solid

line and the green dashed dotted line represent the phonon part, the electronic contribution and the
radiation losses, respectively.

For a more detailed consideration, the thermal conductivity can be separated into the
lattice thermal conductivity (A,n) and the electronic contribution to the thermal
conductivity (Ae): A= App + Ae. (10)
The electronic contribution to the thermal conductivity can be calculated using the
Wiedemann-Franz law:

A= (LoT)/p (11
using the electrical resistivity (p) and assuming a temperature independent Lorentz
number (Lo = 2.45-10® WQ/K?). The lattice thermal conductivity according to Callaway
(v. B. Callaway J. 1969), together with a radiation loss term (FT3) is drawn in Figure 30.
The overall relaxation time for scattering processes (t.) is expressed as the sum of various
scattering processes (scattering on boundaries, point defect scattering, “Umklapp”

processes, scattering on electrons).
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5.3.1.4 Thermopower, resistivity and figure of merit

The results of the electrical resistivity and thermopower measurements at low (4.2-300 K)
and high (300-800 K) temperatures are shown in Figure 31. The thermopower values S(T)
are negative over the whole temperature range, indicating electrons as dominant charge
carries, with a quite moderate maximum of -76 uV/K at about 760 K. Below about 400 K,
S(T) behaves almost linearly, before reaching a minimum at higher temperatures.
Employing Mott’s formula (Blatt F. J. 1968) (see Figure 31) where m is the mass of the
carriers and e is the respective charge, allows to derive the charge carrier density n (n =

6.2:10° cm™).

1400 T L e e B o e —T— 0
E ®  Resistivity
Bloch Griuneisen fit
- ® Thermopower
1200 [ - -20 g
>
=
g e g
< 1000 5 H -40
2 ph . S
= ]
. i eny
800 L . e F
L 7-[2’(22]7 ] 4!}0[}(] 600 800
s.0>e)—=2"1  ° .
G’ ) tr
600 m——— ] g
0 200 400 600 800 1000
T [K]

Figure 31: Temperature dependent resistivity (p), thermopower (S) and calculated figure of merit
(ZT) for BagAgsSiy;. The blue solid line is a least squares fit based on the Bloch-Griineisen model.

The Equation in Figure 31 is valid for systems without significant electronic correlations.
The temperature dependent electrical resistivity exhibits a simple metallic behaviour,
which can be described with the Bloch-Griineisen model. A least squares fit is shown as a
blue solid line in Figure 31, revealing a Debye temperature ®p = 474 K, in quite good
agreement with the value extracted from a least squares fit to the ADPs. The calculated
temperature dependent dimensionless figure of merit can be found in the inset of Figure
31. As any application requires ZT above 1, the derived highest ZT value of about 0.12 at
800 K, caused by a quite low thermopower and high thermal conductivity, may be

improved by fine-tuning the composition.
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5.5 THE TERNARY SYSTEM Ba-Au-Si

Single crystal X-ray refinements proved isotypism with the clathrate type I structure for
three alloys BagAu,Siss x, X = 5.4, 5.9 (Jaussaud N. 2005) and 6.0 (Cordier G. 1991). In
contrast to the X-ray single crystal structure determination by Cordier (Cordier G. 1991)
suggesting full atom order with Au atoms in the 6c¢ sites, the X-ray analysis by Jaussaud
et al. (Jaussaud N. 2005) revealed a lower gold content within the 6¢ sites, but a small
random substitution of Au for Si within the 24k sites. Both groups of authors ( (Jaussaud
N. 2005), (Cordier G. 1991)) agree on a defect free Si, Au framework. The maximum
superconducting fraction in the clathrate solution BagAu,Siss « (0.2 < x < 6) prepared at
800°C and 3 GPa was found at x = 1 (Herrmann R.F.W. 1998). Thermoelectric
properties, measured for two compounds x = 5.4, 5.9, yielded either n-type or p-type
behaviour, respectively, but Seebeck coefficients were rather small in both alloys
(Jaussaud N. 2005). *Si MAS NMR (Magic Angle Spinning Nuclear Magnetic
Resonance) spectroscopy indicated a strong contribution of the Si-3s orbital to the band at
the Fermi level (Jaussaud N. 2005). Investigations of the electronic structure revealed a

metallic character for BagAueSis and TEM studies confirmed a simple type I unit cell

(space group Pm3n) (Herrmann RFW 1999). Vibrational dynamics and electronic
structure have been analyzed for BagAu,Sis«x (x = 1 to 6) by means of first principles
calculations assisted by Raman spectroscopy (Tse J.S. 2005). It was demonstrated that Au

b

substitution within the Si-framework of “BagSiss” significantly reduced the electron
density at the Fermi-level leaving behind a poor metal for BaAugSisy (Tse J.S. 2005).
High pressure Raman spectroscopy experiments (up to 27 GPa) have been carried out on
BagAueSigp (Kume T. 2007) in order to find an isostructural phase transition similar to
BagSise under high pressure. Besides the type I clathrate, the high temperature and high
pressure synthesis of BaAu,Si, (ThCr,Si; type, a = 0.45331(6) and ¢ = 1.0297(1) nm) has
been reported (Takahashi S. 2001).

The present chapter presents information on the phase relations in the isothermal section
at 800 °C for the region with Ba-contents less than 33.33 at.% and gives details on the

crystal structures and homogeneity regions of binary and ternary compounds.

Additionally, temperature dependent thermoelectric data are provided for BagAus ;Sisg9,

133



as part of the clathrate type-I homogeneity region, and low temperature resistivity

measurements for the new superconducting compound BaAu;Si.

5.4.1 Results and discussion

5.4.1.1 The clathrate type-I solid solution BasAu,Siss

The solubility range of the ternary type-I clathrate at 800 °C was studied by XRD and

EPMA on a series of samples with nominal composition BagAu,Sissx (x = 3,4,5,6). Table

XII shows a comparison of the EPMA data with the results of Rietveld refinement of the

X-ray spectra.

Table XII: Results from EPMA and Rietveld refinement for type-I clathrates BagAu,Siyg .
Nominal EPMA (in at.%) Accepted Lattice parameter | Si2 in Si3 in
composition | Au Ba Si composition [nm] 16i(x,x,x) | 24k (0,y,z)

0.1195(2),
BagAusSiys 7.4 14.2  78.4 | BagAuyoSis 1.03963(4) 0.1825(2)

0.3079(2)

0.1164(1),
BagAusSiy, 10.0 14.6 75.4 | BagAus;Sisno 1.04130(2) 0.1834(1)

0.3047(1)

0.1168(1),
BagAugSisg 11.3  15.1 73.6 | BagAugSiyg 1.04191(2) 0.1852(1)

0.3063(1)*
*Au+Si

In all cases the spectra could be fully indexed on the basis of a cubic clathrate type I

lattice (space group ngn) with minor amounts of Si in some cases. As no binary Si-

based type I clathrate exists at normal pressure the ternary homogeneity region is limited

at 800°C and was found to extend from 7.4 to 11.3 at.% Au (i.e. 4 < x < 6.0). The lattice

parameters for the clathrate series increase linearly with increasing gold content and are in

perfect agreement with single crystal data reported by Cordier et al. (a = 1.0422(2) nm for
BagAueSigg (Cordier G. 1991)) and single crystal data of Jaussaud et al. (a = 1.0414(1) nm
for BagAus43Siss7 and a = 1.0419(1) nm for BagAusgoSigo 1 (Jaussaud N. 2005)) (see

Figure 32).
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Figure 32: Lattice parameters versus gold content for the alloys BagAu,Siy.., quenched from 800°C
including literature data. The dashed line is a guide for the eye.

Our refinement of the XRD spectra unambiguously located the Ba atoms in the sites 2a
(0, 0, 0) and 6¢ (Y4,0,2), Au and Si atoms were found to randomly share the 6d site
(V4,%2,0), and silicon atoms occupy the sites 161 (x, x, x) and 24k (0, y, z). Cordier et al.
(Cordier G. 1991) reported that Au preferentially occupies the 6¢ site but our XRD
refinements are in good agreement with the results of Jaussaud et al. (Jaussaud N. 2005),
who reported for 2 single crystals, that minor amounts of Au also occupy the 24k site. No
vacancies were encountered. Substitution of silicon by gold atoms in the crystal lattice
over the limited homogeneity range leads to Au-dependent atom parameters for xg; in 161
(x, X, x) and ys;, zsi for Si3 atoms in 24k (0, y, z). The results obtained for the clathrate-I

series from Rietveld refinement and EPMA are summarized in Table XII.

5.4.1.2 Phase equilibria in the system Ba — Au — Si for 0 to 33.3 at.% Ba
The partial isothermal section at 800°C, evaluated from XRD and EPMA on about 35

alloys, is shown in Figure 33.
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Figure 33: Partial isothermal section for the ternary system Ba - Au - Si at 800°C.

The information concerning the binary phase diagrams Ba-Si and Au-Si is taken von
Massalski (Massalski T.B. 1990) and a summary of all the appearing phases at 800°C is
given in Table XIII.

Table XIII: Crystallographic data on all solid phases of the ternary system Ba-Au-Si at 800°C.

Space Structure | Lattice parameter [nm]
group type a b c Ref.
(Si) Fd3m Ciam 0.54303 - - (Massalski T.B.
1990)
(Au) Fm3n Cu 0.40773(1) - - (Massalski T.B.
1990)
BaSi, Pnma BaSi, 0.8942(4) 0.6733(3) | 1.1555(5) (Massalski T.B.
1990)
BaSi Cmcm TII 0.5042(5) 1.197(1) 0.4142(2) (Massalski T.B.
1990)
BaAu, P6/mmm AlB, 0.4804 - 0.4119 (Bruzzone G.
1970)
BaAu; P6/mmm CaCus 0.5690 - 0.4542 (Palenzona A.
1967)
T- Pm3n KuGeys« 1.0396(3)- - - *
BagAu,Sis « 1.0419(1)
4<x<6)
1-BaAu,Si, | P6/mmm AlB, 0.4193(2)- - 0.5032(2)- | *
(04=<x<1) 0.4305(1) 0.490(1)
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T5- ol unknown | 0.65097(4) 0.82267(5) | 2.38516(13)
BaAuy,,Si; «

Ty- tP unknown | 1.053 1.053 0.845
BaAuy,,Sis «

1s-BaAus. Pnma BaAusSi, | 0.8935(2) 0.6939(2) | 1.0365(2)
xSipix

Te-BaAu;. unknown unknown | - - -
xS1j4x

;- P4/nmm BaAu;Ge | 0.6488(2) - 0.5305(2)
BaAu;,,Si; «

* This work

At low gold content, 1;-BagAu,Siss« is in equilibrium with silicon and BaSi, (see Figure

34a).
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Figure 34: SEM (backscatter detector) images of Ba-Au-Si alloys annealed at 800°C revealing phase
equilibria; composition of the phases a, b, c, d, e, f refer to Table XIV (t,-clathrate I; T,-Ba(Au,.,Siy)»;
T3-BarAuy,,Siz 5 T¢-BaAuySiy.,; T5-BaAus, Sy 1e-BaAu;,Sijyg
T7-B3AU3+XSi1_x).

At higher gold content, a three-phase equilibrium between t;, BaSi, and 1,-Ba(Au;Six)2
(AIB; type) is formed (see Figure 34c). 1, exhibits a quite large homogeneity region,

extending from BaAug4Sije (a = 0.4193(2) and ¢ = 0.5032(0) nm) to BaAugoSi;; (a =
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0.4353(4) and ¢ = 0.4853(0) nm), in all cases with c/a~1.1. The Rietveld refinement for

BaAuoSi; ; as the main phase is shown in Figure 35.
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Figure 35: Rietveld refinement for t,-Ba(Au,.,Six), (AIB, type, x = 0.55) as the main phase with less
than 3% of BaAu,.

Besides BaAug¢Si; j, small amounts of BaAu, (< 2%) and traces of 1;-BaAus,Sijx (as
seen in EPMA, but no additional peaks present in the XRD spectra) can be found in the
sample. The SEM picture of a sample (20.8 at.% Ba, 56.2 at.% Au, 23 at.% Si)
representing this three-phase equilibrium is shown in Figure 34d. BaAu, (c/a~0.88, AlB,
type) solves about 7.5 at.% Si at 800°C. Both compounds with 33.3 at.% Ba, BaAu, and
T2, oxidize on air. Five further new ternary phases were encountered in the Au-Ba-Si
system at 800°C. 13-BayAus.xSiz« (formula derived from EPMA measurements) exhibits
a homogeneity range of only a few atomic percent of gold at 800°C with hitherto
unknown structure type. At the gold-rich end of the solubility range of 13, a three-phase
equilibrium exists among 13, T4-BaAuySirx (structure unknown) and ts-BaAus(Sijx
with also unknown structure type. Figure 34e shows the three-phase equilibrium between
(Si1), 14 and 15-BaAus.xSiz« (own structure type), which has a small homogeneity region at
800°C. Binary BaAus, 15 and 17 were found to be in equilibrium with liquid at 800°C. The
crystal structure of

17-BaAusSiix (BaAusGe type) has been determined from single crystal analysis. The
crystal structures of the new ternary phases ts and t; will be discussed in detail in the next

chapter. The results received from EPMA and X-ray phase analysis are summarized in
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Table XIV and the SEM pictures representing all the three-phase equilibria are shown in

Figure 34.

Table XIV: EPMA and X-ray phase analysis data for ternary three phase alloys (quenched from
800°C) in the system Au-Ba-Si; a, b, ¢, d, e and f correspond to the SEM images of Figure 34.

Nominal Composition EPMA
Lattice parameter [nm]
composition (at. %) X-ray phase Structure (at. %)
analysis type

Au | Ba Si a b c Au Ba Si
56 148 79.6 (Si) Ciam 0.5429(2) | 0.5429(2) | 0.5429(2) | 0.0 0.0 | 100.0
T KyGeos 4 1.03963(2) | 1.03963(2) | 1.03963(2) | 8.3 | 142 | 775
Y BaSi, BaSi, - - - 1.0 | 315 | 675
220 232 548 T KyGeos « 1.04178(2) | 1.04178(2) | 1.04178(2) | 11.5 | 15.6 | 729
T, AlB, 0.42370(3) | 0.42370(3) | 0.49653(5) | 17.8 | 33.6 | 48.6
® T3 - - - - 433 | 21.7 35
8.0 26.0 66.0 T AlB, 0.4193(2) | 0.4193(2) |0.50320(4) | 12.7 | 32.3 | 55.0
T K4Geys 4 1.04066(2) | 1.04066(2) | 1.04066(2) | 8.6 | 149 | 76.5
¢ BaSi, BaSi, - - - 00 | 322 | 678
57.0 200 230 T AlB, 0.43051(6) | 0.43051(6) | 0.4901(1) | 32.3 | 31.8 | 359
T; BaAu;Ge | 0.64588(6) | 0.64588(6) | 0.52989(4) | 60.3 | 19.2 | 20.5
¢ BaAu, AlB, - - - 62.0 | 313 | 6.7
235 59 706 (Si) Cliam 0.54340(7) | 0.54340(7) | 0.54340(7) | 0.0 0.0 | 100.0
Ts BaAusSi, - - - 60.0 | 125 | 275
© T4 unknown - - - 545 | 17.1 | 284
43.0 20.0 37.0 T KyGess 4 - - - 11.3 | 155 | 722
T3 unknown - - - 434 | 22.0 | 34.6
D T4 unknown - - - 520 | 19.7 | 28.3
470 18.5 345 (Si) Ciam - - - 0.0 0.0 | 100.0
T KyGeos « - - - 113 | 158 | 729
¢ T4 unknown - - - 519 | 20.0 | 28.1
495 223 282 T AlB, - - - 19.6 | 333 | 47.1
T3 unknown - - - 47.5 | 214 | 31.1
n T unknown - - - 589 | 20.2 | 209
523 20.7 27.0 T3 unknown - - - 469 | 22.1 | 31.0
' T4 unknown - - - 53.5 | 20.0 | 26.5
) T unknown - - - 58.7 | 20.8 | 20.5
70.0 20.0 10.0 BaAus CaCus - - - 835 | 165 | 0.0
) BaAu, AlB, - - - 67.2 | 328 | 0.0
D (7] BaAu;Ge - - - 65.0 | 19.0 | 16.0
76.0 140 10.0 BaAus CaCus - - - 849 | 15.1 -
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T; BaAu;Ge - - - 65.7 | 19.1 | 152
o Liquid - - - - 739 | 11.7 | 144

8.0 9.7 53 BaAus CaCus 0.57252(3) | 0.57252(3) | 0.45333(6) | 83.6 | 16.4 -
Liquid - - - - 75.7 | 12.8 | 11.5

b Au (Cu) - - - 100 - -

1;-clathrate I; 1,-Ba(Au;_Si,),; 13-Ba,Auy,,Sis; 14-BaAu,,,Si,; T5-BaAus Siy,; 16-BaAus ,Sij,,;

5.4.1.3 Crystal structure of the new ternary compounds

5.4.1.3.1 t5-BaAusSi, (BaAusSiz-type)

T7-B3AU3+XSi1_X

The crystal structure of 14-BaAusSi, was solved by direct methods and refined to R =

0.029 with residual electron densities smaller than + 4.4 e/A°, yielding a completely

ordered atom arrangement (see Table XV).

Table XV: X-Ray single crystal data for 1s-BaAusSi, at RT (Anisotropic displacement parameters in

[10”nm’)).

Parameter/compound

Space Group Pnma

Composition from EPMA Augs sBaj;0Sins 6 (at. %)

Formula from refinement BaAusSi,

a, b, ¢ [nm] 0.8935(2), 0.6939(2), 1.0365(2)

M abs [mm'] 119.97

V (nm’) 0.6427

o, (gem™) 12.18

Reflections in refinement 1355>46(F,) of 1512

Number of variables 44

R§* = SIF>-F2IIZF,” 0.029

Rine 0.065

wR2 0.066

GOF 1.131

Extinction (Zachariasen) 0.00080(6)

Residual density e'/zoA3; max; min 4.44; -4.08
Atomic parameters

Aul in 8d (x,y,2); occ. 1.011(4)

X ¥ 2

0.09011(3), 0.04489(4), 0.60857(2)

Uii; Up; Uss

0.0102(2); 0.0122(1); 0.0139(1)

Au2in 8d (x,y,2); occ.

1.004(4)
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X, )2

0.09919(3), 0.03388(4), 0.16865(3)

Uiy Up; Uss

0.0118(1); 0.0131(1); 0.0184(1)

Au3 in 4c (x,1/4,7); occ.

1.002(4)

x’Z

0.33198(5), 0.31754(4)

Uiy; Up; Uss

0.0090(2); 0.0163(2); 0.0154(2)

Ba in 4c (x,1/4,7); occ.

0.991(4)

x’Z

0.22133(8), 0.89391(5)

Uji; Up; Usz

0.0122(3); 0.0137(3); 0.0134(2)

Sil in 4c¢ (x,1/4,2); occ.

1.09(2)

X, Z

0.0613(4), 0.3804(2)

Uy; U Usz

0.008(1); 0.009(1); 0.015(1)

Si2 in 4c¢ (x,1/4,7); occ.

1.03(2)

X,z 0.3238(3), 0.5516(3)
Uiis Upp; Uss 0.009(1); 0.011(1); 0.015(1)
Interatomic distances [nm]; standard deviations < 0.0001

Ba-— 2Au2 0.3398 | Au2 1Au3 0.2993
—2Au2 0.3450 —-1Au2 0.2999
—2Aul 0.3461 —1Ba 0.3398
—2Aul 0.3485 —1Ba 0.3450
—2Au2 0.3536 —1Ba 0.3536
—2Aul 0.3589 | Au3 1Si2 0.2428
-2Au3 0.3591 —1Sil 0.2505
—18Si2 0.3596 —2Au2 0.2823

Aul 1Sil 0.2456 —1Sil 0.2899
—-18Si2 0.2595 —2Au2 0.2993
—-1Sil 0.2772 —2Aul 0.3060
—1Aul 0.2837 —2Ba 0.3591
—1Aul 0.2847 | Sil 2Aul 0.2456
—-1Au2 0.2897 —1Au3 0.2505
—-1Au2 0.2914 —2Au2 0.2680
—1Au3 0.3060 —2Aul 0.2772
—1Ba 0.3461 —1Sil 0.2899
—1Bal 0.3485 —1Ba 0.2942
—1Bal 0.3589 | Si2 2Au2 0.2413

Au2 1Si2 0.2413 —1Au3 0.2428
—-18Sil 0.2680 —2Aul 0.2595
—1Au3 0.2823 —1Sil 0.2942
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—1Aul 0.2897 —1Ba 0.3596

—1Aul 0.2914

The crystal structure of 14-BaAusSi, adopts the orthorhombic primitive space group Pnma
as the highest possible crystal symmetry (a = 0.8935(2), b = 0.6939(2) and c = 1.0365(2)
nm), revealing Ba, Au and Si atoms in the crystallographic site 4c (x,%,z) and Au atoms
in the site 8d (x,y,z). Refinement of the occupancy of all atom sites and anisotropic
atomic displacement parameters show full occupation in all Wyckoff positions (see Table

XV). The structure in a three-dimensional view is shown in Figure 36a emphasizing on

the Ba and Au3 polyhedra.
@

Au1[Au1,Au2,Au3 Au2[Au1,Au2Au3,
° Ba,Si1,Si2] Ba,Si1Si2
S d & X

a)

Si2[Au1,Au2,Au3  Si1[Au1,Au2,
Ba1Si1] Au3,Si2]

& Ba[Au1,Au2,] Au3[Au1Au2,Ba1Si1,Si2]

Figure 36: Crystal structure of ts-BaAusSi, (own structure type) (a) three dimensional view (2 unit
cells in x direction) with anisotropic displacement parameters from single crystal refinement and
polyhedra around the Ba and Au3 atoms; coordination polyhedra around Aul (b), Au2 (¢), Sil (d)
and Si2 (e).

Each Ba-atom is surrounded by 12 gold atoms and these Ba-polyhedra are interconnected
sharing rectangular faces to form chains along the x-direction. The Au3 atoms are
surrounded by 3 Si and 6 Au atoms and share triangular faces to build up chains in the
same direction. The whole structure can be described by alternating layering of these two
chains. The other coordination polyhedra of this structure type are shown in Figure 36b,

c,d, e.
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5.4.1.3.2 t7-BaAu;Si (BaAu;Ge-type)

The crystal structure of BaAusSi was solved employing direct methods and was found to

be isotypic with the structure type of BaAus;Ge (space group P4/nmm). The lattice of this

structure type is fully ordered with Ba-atoms occupying the crystallographic site 2b

(34,%4,%), Au-atoms in sites 4d (0,0,0) and 2c¢ (¥4,%4,z) and Si-atoms in site 2¢ (Table

XVI).

Table XVI: X-Ray single crystal data for 7,-BaAu;Si at RT (anisotropic displacement parameters in

[10°nm’)).
Parameter/compound
Space Group P4/nmm
Composition from EPMA Aug 1Bay; 0Siis.9 o)
Formula from refinement BaAusSi
a; ¢ [nm] 0.6488(2); 0.5305(2)
M aps [mm™'] 106.99
V (nm’) 0.2233
p (gem”) H-2
Reflections in refinement 290 2 40 (F,) of 311
Number of variables 16
R§* = SIF>-F2IIZF,” 0.023
Rine 0.042
wR2 0.062
GOF 1.324
Extinction (Zachariasen) 0.0049(5)
Residual density e /A’ 4.85;-2.85
max; min

Atomic Parameters
Bain 2b(3/4,1/4,1/2); occ. 1.009(7)
Ujp; Upp=Us; 0.0113(3); 0.0202(5)
Aul in 4d(0, 0, 0); occ 0.993(9)
Ujp; Upp=Us; 0.0235(2); 0.0148(3)
Au2 in 2¢(1/4,1/4,7); occ. 0.997(5)
Z 0.6613 (1)
U1=Uy; Uss 0.0134(2); 0.0158(3)
Siin 2¢(1/4,1/4,z); occ. 0.995(6)
Z 0.2012(6)

U= Uy; Usz

0.0039(6); 0.0049(5)

Interatomic distances [nm];Standard deviations < 0.0001
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Ba-— 4Au2 0.3355
-8Aul 0.3507
—4Si 0.3611
Au2 - 1Si 0.2441
-1Si 0.2864
—4Aul 0.2914
Aul - 2Si 0.2530
—2Au2 0.2914
—4Aul 0.3244
Si— 1Au2 0.2441
—4Aul 0.2530
—1Au2 0.2864

Although the Au-Si distances are rather short (~ 0.25 nm), full occupancy in all Wyckoff
positions was proven during the refinement. Characteristic polyhedra in this structure are
a square pyramid around the silicon atoms in 2c (Figure 37a), a distorted “rectangle”
around the gold atoms Aul in 4d (Figure 37c) and a 16-atom coordination polyhedron

around the Ba-atoms (Figure 37b).

jﬁo

b)

Ba[Au1;Au2,Si,] Aul[Au1,Au2,Si,)]
Figure 37: Crystal structure of 1,-BaAu;Si (BaAu;Ge type); (a) three dimensional view of the unit cell
with anisotropic displacement parameters from single crystal refinement and the corresponding
coordination.
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The polyhedra around the Au2 atoms are very similar to those of the isotypic compound

BaAu;Ge with exception of one additional Si atom of the quite short Au-Si distances.

5.4.1.3.2.1 Electrical resistivity of BaAusSi

Low temperature resistivity measurements (see Figure 38) reveal a rather metallic
behavior with a superconducting transition at 7. ~ 1.5 K. An external magnetic field
reduces the critical temperature 7.. The upper critical magnetic field is reached by 7, =0.

External magnetic fields of ~ 0.25 T suppress superconductivity completely.

50
I —e— B=0T, 0.1 mA cool
° B=0T; 10 mA heat
——v-— B=005T
—a—- B=01T
40 F —w— B=015T
[ —-=- B=02T
——— B=025T
.E [ —e— B=03T
5 30 e B=0.35T
g 20 ," +f' ‘IY ® I‘.‘
@) T 5 ; i
=20 Bt [ S I‘
o : £ .
BaAu3Si S 4 ) s +
a | ] [
10 S A
n o A j®
0 ‘ ) ‘ D‘D‘ ) ‘0,5I T‘[K]LO ) 1,8 ) 24
0 50 100 150 200
TK]
Figure 38: Temperature dependent resistivity of BaAu;Si for various externally applied magnetic
fields.

5.4.1.4  Physical properties of BagAus.1Sis.9

5.4.1.4.1 Temperature dependent thermal conductivity

The temperature dependent thermal conductivity of BagAus ;Sisog is shown in Figure 39.
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Figure 39: Measured thermal conductivity (red circles), electronic contribution (black solid line) and
phonon part (dashed-dotted-dotted black line) of the total thermal conductivity. The blue dashed line
is a least squares fit described in the text, the green dashed dotted line is the radiation loss and the
dark pink dotted line is the minimum thermal conductivity.

The “glass-like” temperature dependency of A(T) without a peak at very low temperatures
is related to the scattering of both, electrons and heat-carrying phonons on impurities,
vacancies, grain boundaries and static defects. The overall values are rather small with the
lattice thermal conductivity (4,,) being the dominant contribution to the overall thermal
conductivity.

The electronic contribution to the total thermal conductivity (A., Figure 39) can be derived
from the electrical resistivity (Figure 38) using the Wiedemann-Franz law. This, in
general, is valid only for free electron systems but used often also for clathrates and other
complex materials. The temperature dependency of the lattice thermal conductivity can be
modelled according to Callaway (v. B. Callaway J. 1969). A least squares fit to the data is
shown in Figure 39. The minimum thermal conductivity in Figure 39 (dark pink dotted
line) has been calculated using a formula derived by Cahill and Pohl (Cahill D. 1989)

0,T
=(31)13k12j2 e 12
an | hOp o (-1 (12)

min

The Debye temperature (6p = 290 K) has been taken from a recent publication (R. G.
Falmbigl M. 2010) dealing with the thermal expansion of several Si and Ge based
clathrate compounds. The number of atoms per unit cell volume, n = 4.8x10°%/m’. The
measured thermal conductivity is about 3 times larger than the minimum thermal
conductivity.
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5.4.1.4.2 Electrical resistivity
The temperature dependency of the electrical resistivity in the temperature range between
4.5 and 1000 K is shown in Figure 40 including literature data for BagAus4Sise and

BagAus 9Sigo; (Jaussaud N. 2005) in the low temperature range.

— 3800
300
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10 J —— 2-band model with Mott-Jones term ]
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Figure 40: Temperature dependency of the electrical resistivity (p) and literature data. The red solid
line is the least squares fit explained in the text.

BagAus 4Sis6 is a semiconductor and BagAus9Sisg; shows a simple metal-like behaviour
in the temperature range up to 300 K with an about 6 times larger resistivity compared to
BagAus 1Sig09.

The electrical resistivity of BagAus ;Sisog is characterized by a distinct minimum at very
low temperatures and a broad maximum at high temperatures. Such a complex behavior
can never be described by the standard Bloch-Griineisen equation. We adopted a model
(Berger S., PhD Thesis 2003) containing the Bloch-Griineisen formula to account for the
electron phonon interaction, but allowing for a temperature dependent charge carrier
density n(T). A Mott-Jones term, AT°, was added to specify scattering of electrons in
narrow states (in general, d-like) near to the Fermi energy (Berger S., PhD Thesis 2003),
T

Op

P pn =R

lei=1)(1—¢7?) (13)

_ Poly P AT
Pl i (14

In equations (13) and (14), po is the residual resistivity (T—0), ny the residual charge

carrier density, R the electron-phonon interaction constant and 6p is the Debye
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temperature. The high temperature maximum can be described quite well with this model
(see fit in Figure 40). The decrease of the resistivity beyond the maximum implies an

increase of the charge carrier density caused by thermal excitations across the band gap.

5.4.1.4.3 Thermopower, Hall Effect and dimensionless Figure of Merit
The thermopower of BagAus Sisn9 has been measured in the temperature range between

4.5 and 1000 K. The measurement results are shown in Figure 41a including literature

data (Jaussaud N. 2005) for BagAus 4Sis0 ¢ and BagAusoSigg 1.
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Figure 41: a) Temperature dependency of the thermopower (S) and literature data b) Shows the
calculated temperature dependency of the dimensionless figure of merit ZT for BagAusSiy .

The thermopower values of BagAussSige are very small and negative over the whole
temperature range (see Figure 41la; Syax(300 K) ~ -10 pV/K) whereas the measured
thermopower values of BagAusoSig are slightly larger and positive (Spnax(300 K) ~ 35
uV/K), indicating a hole dominated transport. BagAus ;Sis9 is also an n-type material, in
which electrons are the main charge carriers, but its thermopower value at 300 K is about
6 times larger than that of BagAus4Sisye. For temperatures well below 500 K, S(T)
behaves almost linearly before reaching a maximum at higher temperatures. Using Mott’s
formula,

the charge carrier density n = 1.65x10?° ¢cm™ can be calculated. At high temperatures,
however, charge carriers are excited across the gap in the electronic density of states,
hence, n(7) increases. As a consequence S(T) starts to decrease. Note, the maximum in

S(T) coincides with the maximum in p(T), suggesting the very same physical origin.

149

ZT



In order to confirm the obtained charge carrier concentration, Hall measurements were
done in the temperature range from 4.5 to 350 K (9 and 5 T) on a Physical Property
Measurement System (PPMS). The charge carrier concentration (electrons) has been

calculated from the Hall coefficient n=—1/eR,, (Figure 42b) and has been found to be in

perfect agreement with the estimation from the slope of the S(7) curve.
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Figure 42: a) Hall coefficient (RH), b) charge carrier concentration (n) and c¢) Hall mobility (p) for
BagAus ;Sig.o.

The negative values of the Hall coefficients (Figure 42a) are also in good agreement with
the Seebeck coefficient. From the Hall coefficient and the electrical resistivity we also
calculated the Hall mobility u = R,, / p, which is about 12 cm’/Vs at room temperature
(Figure 42c).

The calculated temperature dependency of the figure of merit can be seen in Figure 41b.
As a high ZT (>>1) requires large thermopower, good electrical conductivity and low
thermal conductivity, the maximum ZT value of 0.09 at 800°C is currently too low for
any thermoelectric applications. The low ZT results from the quite high electrical

resistivity and a small thermopower.

5.4.1.5 Summary
Phase relations at 800°C within the ternary system Ba-Au-Si up to 33.3 at.% Ba have

been derived. Equilibria are characterized by the clathrate type-I solid solution,

BagAu,Sisex, extending at 800°C from BagAusSig; (a=1.039 nm) to BagAueSigy (a=1.042
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nm). Cubic primitive symmetry (space group ngn) was confirmed for the entire
clathrate solution by x-ray powder diffraction. Consistent with a monotonous almost
linear rise of the lattice parameters with increasing gold content, atom site preferences
from X-ray refinement define that gold atoms preferably occupy the 6d site in random

mixture with Si atoms.

The phase equilibria at 800°C reveal a total of seven ternary phases in the investigated
region up to 33.3 at.% barium. The homogeneity range has been established for Ba(Au,.
Wix)2 (AlB-type; extends from BaAug 4Si; ¢ to BaAugoSi; 1). BaAu,:xSip « exhibits a very
small homogeneity range (x = 0.6-0.7) and two other ternary phases exist at about 22 at.%
Ba, 52 at.% Au and 28 at.% Si and 20 at.% Ba, 58 at.% Au and 22 at.% Si. The crystal
structures of two further novel phases in the gold-rich part have been determined from
single crystal X-ray data: BaAus.Si;x with BaAusGe-type (space group P4/nmm, x=0:
a=0.6448(2), c=0.5305(2) nm) and BaAus.,Si>x (own structure type, space group Pnma,
x=0: a=0.8981(2), b=0.7106(2) and ¢=1.0363(2) nm). BaAu;Si has been found to be

superconducting from resistivity measurements with 7, ~ 1.5 K.

5.5 THE TERNARY SYSTEM Ba-Au-Ge

Although several research groups have dealt with compounds from the Ba - Au - Ge
system ( (Cordier G. 1991), (Johnsen S. 2007), (H. M. Anno H. 2005), (Herrmann RFW
1999), (Zhang H. 2011)) there is still a lack not only on the phase equilibria in the ternary
system but also on the homogeneity range of the type I clathrate solid solution
BagAu,Gessnyly at a defined temperature. Electrical resistivity, magnetic
susceptibilities, the density of states at the Fermi level as well as the band gap have been
elucidated for BagAucGeso (Herrmann RFW 1999), for which X-ray data seem to confirm
a full atom order ( (Cordier G. 1991), (Johnsen S. 2007)) without superstructure formation
in contrast to binary BagGes3[]3 with an 8-fold enlargement of the basic clathrate type I

unit cell ( (C. J. Carrillo-Cabrera W. 2000), (B. S. Carrillo-Cabrera W. 2004), (N.L.
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Okamoto 2006)). However no information on vacancy/atom distribution for x<6 has
hitherto been reported. Resistivity, thermopower and Hall effect have been studied in
detail for alloys 3 < x < 6 revealing n- and p-type behavior (n-type for x=3 to 5, p-type for
x=5 to 6) (H. M. Anno H. 2005). Besides the clathrate type I a ternary compound
BaAuj 16Gepgsa was synthesized by melting the elements in Al,O; crucibles under an
argon atmosphere at about 1300°C and reported to be isotypic with the ThCr,Si, structure
type, a = 0.465 and ¢ = 1.056 nm (May N. 1972).

Details on the vacancy/atom distribution throughout the homogeneity region of the
clathrate-I phase are given in this part together with the derived phase equilibria at 800°C
for the composition range from 0 to 33.3 at.% barium. The crystal structures and
homogeneity ranges of ternary phases in the range from O to 33.3 at.% Ba have been
determined. Furthermore thermoelectric performance of BagAusGeso has been tested for
the temperature range from 4.2 to 800 K and resistivity has been measured for the new

compound BaAusGe.

5.5.1 Results and discussion

5.5.1.1 The clathrate type I solid solution BasAu,Gey3..,[1, at 800°C

The solubility range of the ternary type I clathrate was studied by XPD and EPMA (Table
XVII) on a series of samples with nominal composition BagAu,Gessx (X =1, 2, 3,4, 5, 6,
8).

Table XVII: Composition and crystallographic data from combined EPMA and Rietveld analyses for
the clathrate type I solid solution BagAu,Gey;.,.,O,.

Nominal EPMA (at.%) Accepted Lattice Ge2 in 16i Ge31 in 24k Ge32 24k
composition Ba Au Ge composition” pal;nlz‘]ater (X,X,X) (0,y,z); occ. (0,y,z); occ.
0.1118(5), 0.1312(8),
BagAu,Geys 152 24 824 BagAu,; 3Gesnlls7 1.06820(2) 0.1837(1) 0.3062(5); 0.3331(7);
0.540(5) 0.460(5)
0.1115(8), 0.1260(8),
BagAu,Geqs 156 43 80.1 | BagAusoGesia_ 24 1.07081(2) 0.1830(1) 0.3033(9); 0.3269(7);
0.54(1) 0.46(1)
0.118(1), 0.122(1),
BagAu; sGear s 153 72 775 | BasAussGess 14 1.07550(3) 0.1831(1) 0304(1); 0.321(1);
0.54(1) 0.46(1)
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0.1132), 0.123(2),
BasAwGep, | 151 84 765 | BasAusuGeis 15 1.07726(2) 0.1835(2) 0.304(2); 0.314(2);
0.53(1) 0.47(1)
0.112(D), 0.126(2),
BasAussGesos | 15.1 107 742 | BasAuscGesolos 1.07965(2) 0.1829(2) 0.296(2); 0.315(1);
0.58(2) 0.42(2)
0.1171(3),
BasAucGeso | 148 111 74.1 BasAuGeao 1.07979(1) 0.1828(2)
0.3092(3)

* from Rietveld refinement introducing the Au content in the 6d site from the corresponding EPMA data

In all cases the spectra could be fully indexed on the basis of a cubic clathrate type I
lattice (a = 1.07 nm) with minor amounts of Ge (< 2.2%). No extra reflections for a larger
unit cell such as a’ = 2a as reported for BagGes3[ 13 ( (B. S. Carrillo-Cabrera W. 2004), (N.L.
Okamoto 2006)) were observed in BagAuyGessx for 1 < x < 6 by XPD and XSCD.
Starting from binary BagGes;[ 13 the maximal solubility for gold at 800°C was found to be
6 gold atoms per formula unit (Figure 43).

Au content x/formula unit

0 1 2 3 4 5 6 7
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Figure 43: Lattice parameters vs. Au-content for the clathrate type I solid solution BagAu,Geyg.x.y[y;
the inset shows the filling of vacancies with increasing gold content derived from X-ray Rietveld
refinement and single crystal data.

The lattice parameters show a linear increase with increasing gold content with some
small positive deviation at higher gold contents. Samples close to the solubility limit,
yield lattice parameters, which are close to that reported by Cordier and Woll (Cordier G.
1991) for a single crystal of stoichiometric BagAusGeso (melted at 1300°C and cooled at
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100 K/hr; a = 1.07987(7) nm). Structure analyses by Cordier et al.( (Cordier G. 1991)
XSCD) and Johnsen et al. ( (Johnsen S. 2007) XPD) agree on the fact that Au

preferentially occupies the 6d site in BagAugGes. X-ray single crystal data for

BagAus sGesosl1 (Table XVIII) show a full occupancy of both Ba sites whereas a

random mixture of Au, Ge atoms and vacancies occupies the 6d site (%4,'%,0).

Table XVIII: X-Ray single crystal data for k;-BagAu,Geysryy (x=4.6, y=1.1) at RT, (Anisotropic
displacement parameters in [10'2nm2]).

Parameter/compound
Space group Pm3n
Structure type KiGers
Formula from refinement BagAu, ¢Geyozlly
a [nm] 1.0791(2)
I abs [mm™'] 44.74
V (nm’) 1.2566
px (gem’) 652
Reflections in refinement 460 > 40(F,) of 575
Number of variables 24
Ri = ZIF-E2I/ZF,’ 0.022
Rine 0.027
wR2 0.039
GOF 1.068
Extinction (Zachariasen) 0.0006(5)
Residual density e'//°\3; max; min 1.07;-0.77
Atom parameters
Bal in 2a (0,0,0); occ. 1.01(1)
U= Up=Us; 0.0125(2)
Ba2 in 6c¢ (1/4,0,1/2); occ. 1.02(1)
U= Up; Uss 0.0303(4); 0.0461(4)
M in 6d (1/4,0,1/2); occ. 0.77Au* + 0.05Ge + 0.18(1)
U= Up; Uss 0.0238(2); 0.0122(1)
Ge2 in 16i (x,x,x); occ.; x 1.00; 0.1834(1)
U =U;p=Usj; 0.0131(1)
Ge31 in 24k (0,y,z); occ. 0.831(3)

vy, 2z

Uji; Un; Uss

Ge32 in 24k (0,y,z); occ.
¥z

Ujp; Up=Us;

0.1171(1), 0.3062(1)
0.0147(2); 0.0152(5); 0.009(1)
0.169(3)
0.1276(7), 0.3315(6)
0.0147(2); 0.0152(5); 0.009(1)

Interatomic distances with standard deviations < 0.0004
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Bal — 8Ge2
—12Ge31
—12Ge32
Ba2 - 8Ge32
—8Ge31
—4M
—8Ge2
—4Ge31
—4Ge32
M- 4Ge32
—4Ge31
—4Ba2
-8Ge2
Ge2- 3Ge31
-1Ge2

0.3429
0.3521
0.3713
0.3560
0.3651
0.3815
0.4013
0.4158
0.4174
0.2371
0.2551
0.3815
0.4013
0.2477
0.2486

Ge2—

Ge3l-

Ge32-

-3Ge32
—1Bal
1Ge32
—1Ge31
—2Ge2
-1M
—1Bal
—2Ba2
1Ge31
-1M
—2Ge2
-1Ge31
—1Ge32
—2Ba2
—1Bal

0.2571
0.3430
0.0194
0.2531
0.2477
0.2551
0.3521
0.3651
0.0352
0.2371
0.2571
0.2579
0.2614
0.3560
0.3713

*Au content was fixed after EPMA

Because refinement of occupancies for three species in one site is not reliable, the Au

content was fixed from EPMA measurements. The occurrence of vacancies in 6d leads to

a disturbance in the neighbouring 24k site (occupied by Ge3 atoms): the atomic

displacement parameters (ADPs) reveal strong anisotropy, which disappears with

vanishing 6d defects. A Difference Fourier calculated for the clathrate structure without

the 24k Ge atoms (see Figure 44a) documents a splitting of the Ge3 atom into two

positions (Ge31 and Ge32) with slightly different coordinates. It should be noted that the

occupancy of Ge32 (occ.=0.17, Table XVIII) directly correlates with the amount of

vacancies in the 6d site (occ.=0.18). The variation of the free parameters y and z for the

site 24k (0, y, z) for Ge31 and Ge32 with increasing Au content is shown in Figure 44b.
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Figure 44: a) Three dimensional view of the contour plot of the electron density (Ge in 24k) from a
difference Fourier map for BagAu, Ge 30115 b) Au content x per formula unit vs. compositional
parameters y and z for the split Ge3 site (0, y, z) in BagAu,Gesg 5.y y.

This structural model was successfully used for Rietveld refinement of the X-ray
diffraction spectra of several clathrate compositions BagAu,Gesex (x =1, 2, 3.5, 4, 5.5, 6).
The XPD refinement in all cases confirmed the Ba atoms in sites 2a (0, 0, 0) and 6¢
(V4,0,4), Ge atoms in the sites 161 (X, x, x) and 24k (0, y, z), whereas Au, Ge atoms and
vacancies can be found at 6d (%4,%2,0). The refinement of XPD intensities for the sample
with x=6 showed, that a small amount of gold (~1.5%) also enters the 24k site in
agreement with the findings of Johnsen et al. (Johnsen S. 2007). Table XVII summarizes
EPMA data and the results of Rietveld refinements. The higher Ba-content in mass %, as
derived from EPMA, is related to the occurrence of vacancies in the crystal lattice. The
amount of vacancies does not decrease linearly with the increasing gold content but all
voids vanish at a composition of 6 atoms of gold per unit cell (Figure 43). The
experimental data concerning gold atoms filling the voids are clearly in between two
substitution models drawn in Figure 43: (i) substitution of germanium atoms and no
filling of vacancies according to BagAuyGess.<[13 and (ii) first all the vacancies are filled
prior to Ge/Au exchange. This means that filling vacancies and substitution of Ge by Au
atoms takes place simultaneously in quite good agreement with the results reported for
other ternary clathrates such as Ba-Zn-Ge (G. A. Koblyuk-M. N. 2007)  Ba-Cu-Ge (G. A.
Koblyuk-M. N. 2009), Ba-Cd-Ge (B. S. Koblyuk-M. N. 2007), Ba-Ag-Ge.
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5.5.1.2 Phase equilibria in the ternary system Ba — Au — Ge for 0 to 33.3 at.% Ba
The partial isothermal section at 800°C is presented in Figure 45 and microstructures of

alloys representing the three-phase equilibria are shown in Figure 46.

Ge 800 °C
1,-Ba(Au,Ge,,),
1,, 1, -BaAu,,,Ge,,
1,-BaAu,Ge
1, T, -BaAu,,,Ge,
= BaAu; 15Geg s
70 o sample position

10

binary Ba - Au is unknown -

Ba 0 10 20 30 40 50 60 /70 80 80 100 Ay
— at.% Au— BaAu,

Figure 45: Partial isothermal section at 800°C of the ternary system Ba — Au — Ge.

Figure 46: Microstructures of several Ba — Au — Ge alloys (annealed at 800°C) revealing binary or
ternary phase equilibria; the composition of the phases in a, b, ¢, d, e, f, g, h can be found in Table
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XIX (ky: clathrate I; kpx: clathrate IX; t,: Ba(Au.,Ge,),; T,: BaAu,,,Ge;., (BaNiSn; type); T°5:
BaAu,,,Ges, (Ce(Ni,Sb), type); T3: BaAuzGe; 14: BaAus,Ge,.,; e: eutectic).

The corresponding EPMA data and results from X-ray phase analysis are summarized in

Table XIX.

Table XIX: X-ray phase analysis, lattice parameters and phase composition from EPMA (EDX) for
Ba-Au-Ge alloys annealed at 800°C; a, b, ¢, d, e and f refer to the SEM images of Figure 46.

Nominal composition Composition from
(at. %) Phase Structure Lattice parameter (nm) EPMA (at.%)

Au Ba Ge fvpe a b c Au Ba Ge
1.9 148 833 | (Ge) Cliam 0.5658(1)  0.5658(1)  0.5658(1) | 0.1 0.2 99.7
K| KyGeys 4 1.06820(2) 1.06820(2) 1.06820(2) | 2.4 152 824
6.9 234 69.7 T BaNiSn; - - - 224 205 57.1
a) K1 KyGess « 1.0797(1)  1.0797(1)  1.0797(1) | 11.3 154 734
BaGe, BaSi, 0.9072(2)  0.6808(1)  1.1636(4) | 0.3 33.0  66.7
5.6 150 794 | xix BagGe,s 1.45598(3) 1.45598(3) 1.45598(3) | 2.2 180 798
b) K1 KyGess « 1.07550(3) 1.07550(3) 1.07550(3) | 7.2 153 775
17.2 309 519 |1, BaNiSn; 0.4647(1)  0.4647(1)  1.0346(1) |23.1 183 58.6
T AlB, 0.4381(1) 0.4381(1) 0.4929(1) | 162 30.0 53.7
35.0 31.0 34 T’ Ce(Ni,Sb), | - - - 47.1 200 329
T AlB, 0.44870(4) 0.44870(4) 0.4754(1) | 31.7 321 362

© BaAu, AlB, 0.47689(5) 0.47689(5) 0.41867(8) | 614 33.0 54
48.6 170 344 |t Ce(Ni,Sb), | - - - 4577 19.6 347
(Ge) Cliam - - - 0.3 0.2 99.5
? T BaAusSi, | - - - 628 11.8 254
39.5 21 395 | 1 Ce(Ni,Sb), | 0.4575(2)  0.4654(2)  1.0553(5) | 40.8 194 398
e) T AlB, - - - 29.1  31.1 398
21.0 190 600 |1, BaNiSn; 0.4650(4)  0.4650(4)  1.033(3) 237 193 570
K KyGeas 4 1.0796(2)  1.0796(2) 1.0796(2) | 11.1 151 738
63.9 9.2 26.9 T BaAusSi, | 0.8981(2)  0.7106(1)  1.0363(2) | 61.3 13.0 254

(Au) Cu 0.4075(1)  0.4075(1)  0.4075(1) | 975 0.0 2.5
b Eutectic - - - - 658 0.0 342
58.8 15.2 26.0 T’ Ce(Ni,Sb), | - - - 51.8 197 286
T3 BaAu;Ge | - - - 612 192 19.6
® T BaAusSi, | - - - 63.0 119 251
57.6 22.0 20.4 T3 BaAu;Ge | 0.6457(2)  0.6457(2) 0.5485(2) | 61.1 194 19.6
T’ Ce(Ni,Sb), | - - - 533 195 272

m BaAu, AlB, - - - 670 316 14

Details on the crystal structure of the ternary compounds observed are discussed in the
next chapter. At low gold content, type I clathrate (k;) is in equilibrium with clathrate type

IX (x1x, BagGesys type). The microstructure of an alloy proving the corresponding tie line
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is shown in Figure 46b. The maximum solubility of gold in clathrate type-IX at 800°C is
2.7 at.% (a = 1.4559(8) nm). Alloys containing moisture sensitive BaGe, (BaSi, type)
quickly decompose on air and were therefore polished under glycerin. At the solubility
limit of gold in clathrate I, a three-phase equilibrium exists between «;, BaGe, and 1,-
BaAu,.xGes (for the corresponding microstructure see Figure 46a). The homogeneity
region of 1, does not include stoichiometric BaAuGe; (x > 0.1). At low gold contents, the
Rietveld refinement for 1, (x=0.6) indicates the BaNiSnj structure type (a = 0.4615(3) and
¢ = 1.0492(5) nm) (Figure 47) at 800°C.

38000 7 : y r

BaAu, ;Ge, , (BaNiSn, type); 14mm

33000 |- a=0.4615(2), c = 1.0492(5) nm ]
Ba 2a(0,0,z) z=0.6312(3)

28000 | 1.81(3)Au + 0.21(3)Ge 2a z=0.2515(3) 7
Ge 2a z=0.0000

23000 = Ge 4b (0,1/2,z) z = 0.3870(3) E
R = 0.068 ]

18000 =

13000 = H ]

8000 = E
3000 . l E
| I | L 1 1 T O Y WA 1 A RV R L
-2000 = E

-ruoow!r jrl"JTl' = AN ~= g

12000 1 1 1 1 1 1 1 1 1
14 23 32 41 50 59 68 T 86 95 104

20 (°)

Intensity

Figure 47: Rietveld refinement for 1,-BaAu;,,Ge; (x = 0.6, BaNiSn; structure type).

With increasing gold content, the tetragonal structure undergoes a structural
transformation into the orthorhombic phase labeled t,’. As this structural transformation
1s supposed to occur between x=0.8 and x=1, this part of the phase region is dotted in
Figure 45. Samples with higher gold content close to BaAu,Ge,, contain both structures,
but no correspondence was found to a ThCr,Si, type phase, which was reported by N.
May and H. Schifer (May N. 1972) for BaAus 16Geg s4. From X-ray single crystal analysis
it was possible to determine the structure type of the orthorhombic phase 1,’. It is a new
representative of the Ce(NiSb)s type with a homogeneity region ranging at 800°C for 1 <
x < 1.7. A two-phase equilibrium exists between t,’ and t; at 800 °C (Figure 46e). 1;-
Ba(Au,;_xGey), exhibits a quite large homogeneity range extending from BaAuysGe; s (a =

0.4381(0) and ¢ = 0.4929(7) nm) to BaAugoGe;; (a = 0.4656(3) and ¢ = 0.4979(5) nm)

with @~ 1.1 in all cases. The Rietveld refinement (Figure 48) and the SEM picture
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(Figure 46c¢) for the sample with nominal composition Bas 45Aus Ges 45 proves the three-

phase equilibrium between t;-Ba(Au; <Gey)s, 12°-BaAu;xGesx and BaAu, (AlB; type).

) [ T ]

L
-

35000 BaAu, ,Ge, , (AIB, type); P6/mmm -

a = 0.4656(3), ¢ = 0.4979(5) nm

30000 = Ba 1a (0,0,0) 5
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Figure 48: Rietveld refinement for a sample with nominal composition Ba; ssAu; ;Ge; 4s.

The simple AlB, type was confirmed for Ba(Au; xGey), as no unindexed X-ray reflections
are observed in the samples on both ends of the homogeneity range. A second phase with
AlB;-type extends at 800°C from binary BaAu, (a = 0.4804 and ¢ = 0.4119 nm (B. G.
Bruzzone G. 1970)) to a solubility limit of about 5.4 at.% Ge (from EPMA, BaAu, 3sGey

with a = 0.4983(4), ¢c = 0.4346(3) nm and o ~ 0.9). BaAu, oxidizes on air as can be seen
from the microstructure in Figure 46¢c. Two further new ternary phases were located in
the Au-Ba-Ge system at 800°C: 13-BaAusGe is in equilibrium with 1,° and 14-
BaAus.xGey« (x =0, BaAusSi; type). With higher gold content BaAus,Ge,x undergoes a
structural transformation into a closely related derivative structure type with the lattice
geometry: d = dpy,, 5; 0 =Dy g »€ =2Cp4, 5 - The sample with nominal composition
Bag 94Auc45Ges e (annealed at 800°C) was found to be in equilibrium with a gold-rich

liquid and contains three phases in solid state (Figure 49).
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Figure 49: Rietveld refinement for an alloy with nominal composition Ba,¢4Aug45Ge; ¢ revealing t4-
BaAusGe,, 14°-BaAus 3Ge; 7 and small amounts of (Au).

No further attempts have been made to establish the entire gold-rich part of the isothermal

section.

5.5.1.3 Crystal structure of the ternary compounds
The ternary compounds of the Ba — Au — Ge system mainly belong to three different

structural families: AlB; type, derivatives of the BaAly type, derivatives of CuszAu type.

5.5.1.3.1 Derivatives of the BaAly structure type

The classification of BaAls derivative structures relies on the type of coordination
polyhedron around the transition metal, which can either be a tetrahedron or a square
pyramid. The Ba-atom is located at the center of an almost regular 16-vertex coordination
polyhedron. The atomic framework of the ternary derivatives RT, M, (R: alkaline
earth, rare earth element, T: transition element, M: metal) can also be expressed as a
sequence of layers of atoms of the same element perpendicular to the c-axis (Bazela W.
2007). The sequence of atom layers in the structure types of ThCr,Si;, BaNiSn; and
Ce(Ni,Sb),4 can thus be written as:

R-M-T-M-R-M-T-M-R (ThCr;Si,)

M-R-T-M-M-R-T-M-M (BaNiSnj3)
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R-M/T-M/T-M/T-R-M/T-M/T-M/T-R (Ce(NiSb)4-type, with a statistical distribution of
Ni and Sb in all 8 Al sites)

5.5.1.3.1.1 Tetragonal derivatives: t,-BaAu;,,Ge;.. (BaNiSn; type)

The BaNiSnj structure type was confirmed by X-ray Rietveld refinement (Figure 47) of a
single-phase sample BaAu, ¢Ge, 4. The non-stoichiometric composition was proven with
EPMA and shows a homogeneity range 0.1<x<1.7. At higher gold content (x =2) a
structural transformation occurs into an orthorhombic phase 1,° with the closely related

Ce(Ni,Sb), type.

5.5.1.3.1.2 Orthorhombic derivative: 1;’- BaAu;.Ge;s. (Ce(Ni,Sb)4 type)

Although the Ce(Ni,Sb)s type (space group Immm) was already described by Percharskii
et al. (Percharskij V.K. 1982) in 1982, only a few isotypic compounds have hitherto been
reported in the literature.

A single crystal taken from an alloy with composition BaAu,Ge, revealed a body-
centered orthorhombic unit cell (a = 0.4577(2), b = 0.4656(2), ¢ = 1.0558(5) nm).
Structural solution was achieved by direct methods in the highest possible space group
Immm prompting three independent atomic positions. Barium adopts the crystallographic
2a sites and germanium and gold the 41 and 4;j sites (details can be found in Table XX and

Figure 50).

Table XX: X-Ray single crystal data for t,’-BaAu,,Ge;, (x=1) at RT (Anisotropic displacement
parameters in [10'2nm2]).

Parameter/compound
Space group Immm
Structure type Ce(Ni,Sb),
Formula from refinement BaAu,Ge,
a; b; ¢ [nm] 0.4577(2); 0.4656(2); 1.0558(5)
I abs [mm'] 86.60
V (nm’) 0.225
p. (gem™) 9986
Reflections in refinement 282 > 4c6(F,) of 314
Number of variables 15
Rf = ZIF,-F2I/ZF,’ 0.047
Ry 0.029
wR2 0.099
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GOF 1.164
Extinction (Zachariasen) 0.0026(5)
Residual density e'/A3; max; min 6.54; -5.81

Atom parameters

Bain 2a (0,0,0); occ. 1.00

Uii; U Uss 0.0125(7); 0.0127(8); 0.0143(7)
M1 in 4j (1/2,0,2); occ. 0.507Au + 0.493(8)Ge

Z 0.2549(1)

Uyy; Uns Usg 0.0202(6); 0.055(1); 0.0234(7)
M2 in 41 (0,0,2); occ. 0.500Au + 0.500(8)Ge

z 0.3738(1)

Uy; U Usz

0.0154(5); 0.0192(6); 0.0205(6)

Interatomic distances [nm] with standard deviations < 0.0001

Ba - 4M1
—-8M2

—4M1

—-2M2

Ml - 2M2
-2M2

M2—- 2M1
1M2

2M2

0.3480
0.3526
0.3533
0.3947

0.2610
0.2696
0.2610

0.2663
0.2663

<
Ba[8M18M2] M]l4M2J

Figure 50: Crystal structure of t,’-BaAu,Ge, (Ce(Ni,Sb), type); (a) three dimensional view with

anisotropic displacement parameters from single crystal refinement with Ba-polyhedra; (b)
polyhedra around M2 (~50% Au and ~50% Ge), (c) M1 (~50% Au and ~50 % Ge).
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As both 4-fold crystallographic sites (4i, 4j) are statistically occupied by gold and
germanium atoms in a ratio of about 1:1 (Table XX) and as these sites show elongation of
ADP ellipsoids along the b-axis, structural refinements were also performed in the lower
symmetry space groups Imm2 and 1222. However, attempts to separate germanium and
gold atoms geometrically were unsuccessful. The only improvement achieved from the

lower symmetry refinements came from small off-center positions of the atoms.

5.5.1.3.2 Tetragonal derivative of CuzAu type: t13-BaAuzGe (own structure type)

An X-ray powder diffraction spectrum similar to the already known BaAl, derivatives
was observed for a single phase alloy BaAusGe (t3), but the profile contained various
reflections which do not belong to any of the known derivative structure types. Analyses
of the extinctions of a single crystal - isolated from an alloy BaAus;Ge - yield the
primitive space group P4/nmm as the highest possible crystal symmetry. The structure
was solved with direct methods revealing Ba-atoms in site 2b (34,%,Y2), Au-atoms the

crystallographic sites 4d (0,0,0) and 2c¢ (%,%,z) and Ge-atoms in site 2¢ (Table XXI).

Table XXI: X-Ray single crystal data for t;-BaAu;Ge at RT( Anisotropic displacement parameters in
[10*nm’)).

Parameter/compound
Space group P4/nmm
Structure type BaAu;Ge
Formula from refinement BaAusGe
a; ¢ [nm] 0.6459(2); 0.5487(2)
I abs [mm™'] 110.55
V (nm?) 0.2289
o, (gem™) 11.62
Reflections in refinement 288 240 (F,) of 316
Number of variables 14
Rf = ZIF,-F2I/ZF,’ 0.029
Ry 0.034
wR2 0.079
GOF 1.173
Extinction (Zachariasen) 0.0011(4)
Residual density e/A3 6.78; -5.46
max; min
Atom parameters
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Bain 2b (3/4,1/4,1/2); occ.
U= Up; Usz

Aul in 4d (0, 0, 0); occ
U;1=Uyz; Uss

Au2in 2c (1/4,1/4,7); occ.
b4

U= Up=Us;

Ge in 2c (1/4,1/4,7); occ.
Z

U= Up; Uss

1.015(6)
0.0103(3); 0.0166(5)
0.999(5)
0.0222(2); 0.0142(2)
0.989(5)
0.6795(1)
0.0139(3)
1.06(3)
0.2185(3)
0.0112(4); 0.0126(5)

Interatomic distances [nm] wi

th standard deviations < 0.0001

Ba-— 4Au2
—8Aul

—4Ge

Au2 — 1Ge
—4Aul

Aul — 2Ge
2Au2
4Aul
Ge— 1Au2
4Aul

0.3376
0.3569
0.3580
0.2530
0.2882
0.2579
0.2882
0.3229
0.2530
0.2882

Refinement of the individual occupancies of all Wyckoff positions proved full occupation

and full atom order. The polyhedron around the gold and germanium atoms (Figure 51b,

c) in the 2c site is a square pyramid and the Ba-atoms can be found inside the

characteristic 16-atom coordination polyhedron (12 Au and 4 Ge atoms, see Figure 51a).
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Figure 51: Crystal structure of 1;-BaAu;Ge (own structure type); (a) three dimensional view of the
unit cell with anisotropic displacement parameters from single crystal refinement and Ba-polyhedra;
(b) coordination polyhedron of Au2, the polyhedron around the Ge-atom is also a square pyramid;
(c) polyhedron around Aul; (d) geometrical relation of the unit cell of T;-BaAu;Ge (solid frame) and
subunits of CePt;B type (unit cell outlined by grey hollow frame).

The structure of t3-BaAuszGe shows a close relation to the BaAly type (a = x/EaBu A, =

c
0.6459(2), ¢ = B”TAI“ = (0.5487(2) nm) concerning the lattice geometry and coordination

polyhedra, however, an even better description of the structure can be found as a stacking

variant of the CePt;B type (Figure 51d). In this case 13-BaAusGe is a tetragonal filled

derivative of the cubic CuzAu type (a = dc,p, V2, 0= Cceprp)-

5.5.1.3.2.1 Electrical resistivity of BaAus;Ge
A superconducting transition at T, ~ 2.2 K is obvious from the temperature dependent
resistivity measurements (see Figure 52). With increasing external magnetic fields, the

superconducting transition is broadened and shifted to lower values (see inset Figure 52).
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Figure 52: Temperature dependent resistivity measurements under various external magnetic fields.

5.5.1.3.3 Crystal structure of t4-BaAusGe; and t,’- BaAus 3Ge; 7

The crystal structure of t4’-BaAus3Ge;; was solved with direct methods in the
orthorhombic primitive space group Pnma (a = 0.8895(3), b = 0.7175(3) and ¢ =
2.0658(3) nm). Refinement of the occupancy of all atom sites and anisotropic atomic
displacement parameters show a statistical distribution of Au and Ge atoms in three of

eight sites 4c¢ (x,%,z) (Table XXII).

Table XXII: X-Ray single crystal data for t,-BaAus;Ge;; at RT (Anisotropic displacement
parameters in [10'2nm2]).

Parameter/compound
Space group Pnma
Structure type BaAus3Ge 5
Formula from refinement BaAus;Ge, ;
a, b, ¢ [nm] 0.8895(3), 0.7175(3) 2.0658(3)
I abs [mm'] 121.07
V (nm?) 1.318
e (gem™) 13.15
Reflections in refinement 1937>4c6(F,) of 3075
Number of variables 93
Ry’ = ZIF,*-FI/ZF,’ 0.047
Ruy 0.105
wR2 0.128
GOF 1.007
Extinction (Zachariasen) 0.00020(2)
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Residual density e/A% max; min 4.62; -4.68
Atom parameters
Aul in 8d (x,y,2); occ. 1.00

X2

Uji; Up; Usz

Au2 in 8d (x,y,2); occ.
X,y z

Uiy; Up; Uss

Au3 in 8d (x,y,2); occ.
X2

Ujy; U Usg

Au4 in 8d (x,y,2); occ.
X,V Z

Ujy; Ux; Usz

M1 in 4c¢ (x,1/4,7); occ.
X,z

Ujy; U Usg

Bal in 4c¢ (x,1/4,7); occ.
X,z

Uyy; Uspp=Us;

Ba2 in 4c (x,1/4,7); occ.
X, Z

Uiy; Up=Us;

M2 in 4c (x,1/4,2); occ.
X,z

Ujy; U Usg

M3 in 4c (x,1/4,2); occ.
X, Z

Ujy; Un; Uss

Gel in 4c (x,1/4,7); occ.
X,z

Uji; Un; Uss

Ge2 in 4c¢ (x,1/4,2); occ.
X,z

Uiy; Up; Uss

Au5 in 4c (x,1/4,7); occ.
X,z

Uyy; Un; Usz

0.05934(7), 0.04464(8), 0.30245(3)
0.0222(3); 0.0168(2); 0.0196(3)
1.00
0.06457(8), 0.05213(9), 0.56295(3)
0.0183(3); 0.0197(3); 0.0230(3)
1.00
0.10835(8), 0.03676(9), 0.05818(3)
0.0201(3); 0.0190(2); 0.0258(3)
1.00
0.39812(8), 0.55433(8), 0.32436(3)
0.0325(4); 0.0148(3); 0.0230(3)
0.533Au + 0.467(3)Ge

0.0853(2), 0.17923(8)
0.0365(1); 0.0221(7); 0.0314(8)
1.00
0.2471(2), 0.43519(6)
0.0219(7); 0.0188(6); 0.0150(6)
1.00
0.2564(2), 0.68865(6)
0.0171(6); 0.0242(6); 0.0139(6)
0.573Au + 0.427(3)Ge
0.3154(2), 0.25333(7)
0.0289(7); 0.0229(6); 0.0260(7)
0.418Au + 0.582(3)Ge
0.3356(2), 0.12039(8)
0.0284(8); 0.0177(6); 0.0253(7)
1.00
0.3565(3), 0.8582(1)
0.019(1); 0.014(1); 0.015(1)
0.976(7)

0.5470(3), 0.5648(1)
0.013(1); 0.015(1); 0.019(1)
1.00
0.8112(1), 0.51876(4)
0.0160(4); 0.0208(4); 0.0163(4)

Interatomic distances [nm] with standard deviations < 0.0001
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Bal —

Ba2 —

Aul —

Au2—

Au3—

2Au2
—2Au4
—2Au3
—2Au2
—2Aul
—2Au3
2Au4
—2Au2
—2Au4
—2Aul
—2Aul
—2Au3
1Ge4
-1M2
-1M2
—-1M3
—1Aul
-1M1
-1Au4
—-1Au2
-1Au4
—1Ba2
—1Bal
—1Ba2
1M3
—-1AuS
—1Au2
—1Ge4
—1Au2
—1AuS
—1Au3
—1Aul
—1Bal
—1Ba2
—1Bal
1Ge2
—-1M3

0.3408
0.3437
0.3514
0.3519
0.3532
0.3562
0.3390
0.3417
0.3423
0.3520
0.3561
0.3599
0.2521
0.2864
0.2897
0.2944
0.2947
0.2950
0.3069
0.3070
0.3129
0.3520
0.3532
0.3561
0.2626
0.2817
0.2841
0.2844
0.2940
0.2961
0.2980
0.3070
0.3408
0.3417
0.3519
0.2482
0.2842

Aud—

MIl1-

M2-

M3-

Gl-

Ge2—-

1Au4
—1Aul
—1Aul
—-1Au3
—1Ba2
—1Ba2
—1Bal
1M3
-1M2
—2Au4
-1M2
—2Au3
—2Aul
1M1
—2Au4
—-1M3
-1M1
—2Aul
—2Aul
—1Bal
—2Ba2
1M1
—2Au2
—-1M2
—2Au3
—-1AuS
—2Aul
—1Bal
—2Ba2
2Au2
—-1Au5
—2Au4
—2Au2
-1Ge2
—2Ba2
2Au3
—1AuS

0.2810
0.2809
0.3070
0.3129
0.3390
0.3423
0.3437
0.2535
0.2554
0.2747
0.2776
0.2939
0.2950
0.2554
0.2731
0.2752
0.2776
0.2864
0.2897
0.3806
0.3881
0.2535
0.2626
0.2752
0.2842
0.2883
0.2945
0.3836
0.3941
0.2521
0.2756
0.2844
0.3181
0.3615
0.3686
0.2482
0.2563
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—1AuS5 0.2849 —2Au4 0.2730
-1M1 0.2939 —2Au3 0.3016
—1Au2 0.2980 —1Gel 0.3181
-1Ge2 0.3016 —1Bal 0.3636
—1Au3 0.3058 —1Ba2 0.3780
—1Au3 0.3126 | Au5- 1Ge2 0.2536
-1Au4 0.3133 —1Gel 0.2573
—1Bal 0.3514 —2Au2 0.2817
—1Bal 0.3562 —2Au3 0.2849
—1Ba2 0.3600 -1M3 0.2883

Aud- 1Ge2 0.2730 —2Au2 0.2961
-1M2 0.2731 —2Bal 0.3747
-1M1 0.2747 —2Au4 0.3993
-1Gel 0.2756

All other sites are fully ordered among Au, Ge or Ba-atoms. The structure in three-

dimensional view is shown in Figure 53 emphasizing on the Ba-polyhedra.

B Au2

%
%Am

Au3

Ba,[2Au,4Au,4AU,2AU,]

Bay[4Au,2AU2AuU4A,]

Figure 53: Crystal structure of 1,’-BaAu;;Ge;; (own structure type), M are mixed sites (~50% Au and
50% Ge); (a) three dimensional view with anisotropic displacement parameters from single crystal
refinement; polyhedra around Bal (b), Ba2 (c).

Each Ba-atom is surrounded by 12 gold atoms and these Ba-polyhedra are interconnected

sharing edges or rectangular faces to form a three dimensional framework. The structure
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is closely related to 14-BaAusGe, (Figure 54), which crystallizes in the BaAusSi, structure

type.
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Figure 54: Crystal structure of a) BaAu;Ge, (BaAusSi, type) and b) BaAus;Ge,; (own structure
type); blue atoms are barium, red atoms are gold, green atoms are germanium or silicon and mixed
positions (~ 50% Au and 50 % Ge) are grey.

Rietveld refinement for a sample containing both structure types is shown in Figure 49.
The primitive orthorhombic unit cell of t4-BaAusGe, (space group Pnma; a = 0.8981(2), b
=0.7106(2) and ¢ = 1.0363(2) nm) contains half of the atoms with respect to the unit cell
of BaAus3Ge; ;. Atoms in the six different atomic sites of BaAusGe, are fully ordered

and the structure shows dense packing of Ba-polyhedra similar to BaAus3Ge; 7.

5.5.1.4 Physical properties of BagAusGey

Although intensive investigations concerning the thermoelectric properties (thermopower,
electrical resistivity or conductivity) of BaAuyGessx (x = 3-6) have been carried out by
Anno et al. (H. M. Anno H. 2005) in the high temperature region (300 - 900 K), for
BaAueGeso by Johnsen et al. (Johnsen S. 2007) in the low temperature regime (2 — 400 K)
and for BaAu.s3Geso7 (Zhang H. 2011) the aim of this work was to provide detailed
information on thermal conductivity, thermopower and electrical resistivity at the

solubility limit of gold in the Ge-based clathrate lattice BagAusGeay.
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5.5.1.4.1 Temperature dependent thermal conductivity
The temperature dependent thermal conductivity (A) was measured in the low temperature

range between 10 K and room temperature for BagAusGesg (Figure 55).
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Figure 55: Temperature dependency of the thermal conductivity. The black dashed line is a least
squares fit according to the model of Callaway (v. B. Callaway J. 1969). The blue dashed-dotted-
dotted line, the dark blue solid line and the green dashed dotted line represent the phonon part, the
electronic contribution and the radiation loss, respectively.

As assumed for clathrates, the overall values of A(T) are small and strongly dominated by
the lattice thermal conductivity (A,n) at low temperatures. A suppression of the
pronounced maximum of A(T) at low temperatures is a common feature of many Ge-
based clathrates. Scattering of both, electrons and heat-carrying phonons on impurities,
vacancies, grain boundaries or other static defects inhibits the initial rise of A(T), resulting
in a “glass-like” temperature dependency. The decomposition of the total thermal
conductivity into phononic and electronic contributions is shown in Figure 55. The
phonon contribution is still about 4 times the minimal thermal lattice conductivity as

estimated from the equation after Cahill and Pohl (Cahill D. 1989).
5.5.1.4.2 Thermopower, electrical resistivity and figure of merit

The results of the electrical resistivity measurements and thermopower measurements in

the temperature range between 4.2 and 800 K are shown in Figure 56.
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Figure 56: Temperature dependent electric resistivity (p), thermopower (S) and calculated figure of
merit (ZT) for BagAugGe,. The blue solid line is a least squares fit explained in the text.

As has been shown by Anno et al. (H. M. Anno H. 2005), n- and p-type clathrates can be
received within the BaAuyGese.x solid solution through changing the gold content. For
BagAugGesp, the thermopower values are positive over the whole temperature range
(highest value: 120 uV/K at about 800 K) and are in good agreement with the results
reported in the literature ( (H. M. Anno H. 2005), (Johnsen S. 2007)). Positive
thermopower values can be related to a hole dominated transport and the charge carrier

3 (holes)) has been estimated from the linear range at high

density (n = 1.2x10*' cm’
temperatures (Blatt F. J. 1968), which is in perfect agreement with the result reported
from Hall measurements (H. M. Anno H. 2005).

The simplest way to describe the metal-like behavior of the electrical resistivity is to

apply the Bloch-Griineisen formula for the phonon part,
J«GD /T ZSdZ

5
C(T
S 15
Pon @D(G)D) 0 ‘ez—lil—e_zi (15)

C is a temperature independent electron-phonon interaction constant and ®p is the Debye
temperature. This equation reveals a T dependency at very low temperatures whereas at
higher temperatures p(T) should show a linear behavior. As the measured temperature
dependent electrical resistivity p(T) of BagAugGeso exhibits a distinct positive deviation
from linearity, p(T) can be described only, taking into account an additional T* term
(Chiu J.C.H. 1976) and a temperature dependent charge carrier density (blue solid line

Figure 56, compare e.g. Ref. (Berger S. 2003)). There, the resistivity is governed by
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scattering processes, in which electrons are scattered into unoccupied states present in the
type I clathrates. The probability of such scattering is proportional to the density of states
and its derivative with respect to energy.

For the calculation of the temperature dependent figure of merit (ZT) above room
temperature, the room temperature value of the radiation corrected thermal conductivity
has been taken, assuming that it should be constant. As any thermoelectric application
requires a ZT above 1, the highest ZT value of about 0.4 derived at 800 K is too low but
can be improved to 0.9 by working in the region between 5.3-5.4 gold atoms per formula

unit as has been shown by Zhang et al. (Zhang H. 2011).

5.5.1.5 Summary

The isothermal section at 800°C has been investigated up to 33.33% Ba in the Ba-Au-Ge
system. The homogeneity range of the clathrate type I solid solution (K4Ge;s.« type, space
group Pm3n) BagAu,Geys.y[ 1y ([ is a vacancy) ranges from binary BagGess 3 (a =1.066
nm) to BagAuesGesp (a =1.079 nm). Another clathrate type (clathrate type IX, BasGess
type, a = 1.456 nm) can be found at 800°C with a small solubility of gold (~2.7%).
Furthermore four new ternary phases have been found in the investigated region. A
homogeneity range of the phases t;-Ba(Au;xGey), ( 0.55<x<0.75, AlB;-type), T»-
BaAu;+xGes« (0.1<x<1, BaNiSn; type) and 1,’-BaAu;Gesx (1<x<1.7, Ce(Ni,Sb)s-type)
could be established. The crystal structures of two phases in the gold-rich part have been
determined from single crystal X-ray data and were found to form new structure types: t3-
BaAus;Ge with BaAus;Ge-type (space group P4/nmm, a=0.6459(2), c=0.5487(2) nm) and
t4-BaAus,Ge,x (x=0, BaAusSi,-type, space group Pnma, a=0.8981(2), b=0.7106(2) and
c=1.0363(2) nm), the latter revealing with increasing gold content a closely related

— ) _ _ -
derivative structure type 14" (BaAus3Ge17, a = dp,u, 51 0 = Dpopisiy € = 2Cpopusi, )-

Resistivity measurements of the new compound BaAus;Ge showed metallic behavior with
a superconducting transition at 2.2 K. Physical properties (resistivity, thermopower,
thermal conductivity) were measured for BagAusGeso in the high and low temperature
range. BagAueGeso shows p-type behavior over the whole temperature range and a rather
low temperature dependent thermal conductivity and resistivity. The evaluated maximum

figure of merit ZT . ~ 0.4 at 800 K.
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5.6 THE TERNARY SYSTEM Sr-Cu-Ge

In contrast to the large number of known intermetallic clathrates of type-I with barium as an
electropositive guest atom inside the cages, the number of representatives reported with
strontium is rather limited. Eisenmann et al. (S. H. Eisenmann B. 1986) were the first to
report on the formation and crystal structure of the compounds SrgAl;6Siz, SrgGa;Sizg and
SrsGa;6Gesg. Besides these examples, the only further Sr-based ternary clathrate type-I
compound, which has been found so far, is SrgZngGess (Qiu L. 2004). Additionally, several
investigations have been published dealing with the substitution of a forth element (a) either
in the framework (e.g., SrsGa;sGesoxSny (0 < x < 12) (Li D.C. 2012) and SrsAlGa;6.Si3o
(clathrate type-I, 0 < x <7 and type-VIII, 8 < x < 13) (I. N. Kishimoto K. 2008)) or (b) as a
second guest inside the cages (f. e. BagSriAusGessx (0 < x < 4) (F. H. Anno H. 2006) and
Bag «SrxAl14Si3; (0.6 < x < 1.3) (Roudebush J.H. 2011)).

This chapter focuses on (I) the formation and crystal structure of type-I clathrates in the
systems Sr-Cu-Ge and Ba-Sr-Cu-Ge; (II) on phase relations in the Ge-rich part of the Sr-Cu-
Ge system at 700°C and (IIT) on low temperature physical properties (electrical resistivity and
specific heat) of SrgCus3Gesp 7. The investigations will rely on single crystal X-ray diffraction
at different temperatures (300, 200, 100 K), X-ray powder diffraction, differential thermal

analysis and electron probe micro analysis.

5.6.1 Results and Discussion

5.6.1.1 Clathrates type-1 in the systems Sr-Cu-Ge(Si,Sn) and Ba-Sr-Cu-Ge

In the ternary system Sr-Cu-Ge, a clathrate type-I phase (k;) was found to exist in only a very
small temperature interval below melting with an almost point composition close to the Zintl
limit SrgCus3Geqo7 (a = 1.06311(3) nm, Ge standard). The k-phase decomposes eutectoidally
already at 7304£3°C (from DTA measurements) according to the isothermal reaction: k; <

(Ge) + SrGe, + SrCu,.xGe, (for crystallographic details on the phases see Table XXIII).
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Table XXIII: Crystallographic data on the solid phases of the binary systems Sr-Ge and Cu-Ge and
the ternary system Sr-Cu-Ge.

Space Structure Lattice parameter [nm]
Phase group type a b c Ret:
(Ge) Fd3m Ciam 0.56574 - - (Massalski T.B. 1990)
(Sr) hT Im3m 4 0.485(1) - - (Sheldon E.A. 1953)
(Sr) 1T Fm3m Cu 0.60849(5) | - - (Sheldon E.A. 1953)
(Cu) Fm3m | Cu 0.36416 - - (Massalski T.B. 1990)
SrGe, Pnma BaSi, 0.874 0.665 1.124 (S. H. Betz A. 1968)
SrGe Cmcem TII 0.486(1) 1.140(1) | 0.419(1) (S. H. Betz A. 1967)
SrGeg 76 1T Immm SrSi 0.484 1.338 1.852 (S. H. Eisenmann B.
1975)
Sr,Ge Pnma PbCl, 0.813(2) 0.520(6) | 0.958(2) (S. H. Eisenmann B.
1974)
Cu,sGe hT Fm3m | BiF; 0.5906 - - (Lenz J. 1971)
Cu;Ge hT P6y/mmc | IrAl; 0.4169 - 0.7499 (Lenz J. 1971)
Cu;Ge 1T Pmmn Cu,Ti 0.455 0.529 0.420 (B. H. Schubert K. 1957)
Cup g5Geo 15 P6y/mmc | Mg 0.2612 - 0.4232 (B. G. Schubert K. 1952)
SrgCuGeysx | Pm3n NaySip; 1.06311(3) | - - x=5.3%
SrCug6;Ge 33 | P6/mmm | AlB, 0.4230 - 0.4619 (Rieger W. 1969)
SrCuyGe, I4/mem | CeNigsSiys | 0.8273(2) | - 1.1909(5) | (Kranenberg C. 2003)
SrCuy ,Geyix | I4/mmm | ThCr,Si, 0.4270(6) | - 1.0258(10) | x=0 (Parthé E. 1969)
0.4256(2) | - 1.0205(8) | x=0 (Schifer M.C. 2012)
0.428(1) - 1.031(2) x=0 (N. N. Dérrscheidt
W. 1976)
0.42850(4) | - 1.0370(1) | x=0.4*
* This work
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SrGe,+1,+(Ge)

F——100pum|

Figure 57: EPMA images of alloys with nominal composition SrgCus;Ge,; (a) annealed at 600°C, (b)
partial decomposition and (c) in as cast state, (d) of SrgCusGe,;Sis in as cast state, (e) of
SrgCusGey,Sn, in as cast state and (f) of Ba(sSr;sCus3Gey 7 in as cast state, (g) annealed at 760°C and
(h) 700°C. Compositions of all phases from EPMA measurements can be found in Table XXIV.

Figure 57a shows this decomposition, starting at the grain boundaries of an as cast sample
annealed at 600°C; Figure 57b is a close-up with a higher magnification. Although it was
possible to receive a major amount of the clathrate phase in small (and thus rapidly
quenched) arc-melted buttons (< 0.25 g), the decomposition of the clathrate phase is already
visible at the top of the samples due to slower cooling (see Figure 57c). All other attempts to
produce larger single-phase samples of the ternary clathrate by quenching from high
temperatures, including from liquid state, failed. Due to the presence of SrGe,, multiphase

alloys decompose rather quickly on air.

We further investigated the substitution of k; via a forth element as a possible stabilizer either

as a guest or a framework atom, as it was observed for the binary clathrate type-I1 BagGess[ 3,
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where the substitution with transition metals like silver leads to a strong stabilization (DFT
calculations in (C. M. Zeiringer 1. 2011)). Concerning the framework, a partial substitution of
Ge by Si or Sn proved unsuccessful by analyzing alloys with nominal composition
SrgCusSixGesex (x =5, 10, 20, 30) and SrgCusSn,Geqq in as cast state and after annealing at
750°C. Figure 57d shows the microstructure of the alloy SrgCusSisGey; in as cast state. The
main phase is (Ge,Si), with a rather inhomogeneous distribution of Si. A small amount of
silicon is solved in the ternary compound 1,. The alloy SrgCusSn,Gey4 in as cast state (see
Figure 57e) also contains three phases, namely (Ge), SrGe, and a ternary phase 13. A small
amount of tin solves in (Ge) and SrGe,. Crystallographic details and EPMA data for these
alloys are compiled in Table XXIV.

Table XXIV: EPMA and X-ray phase analysis data corresponding to the microstructures of the
alloys shown in Figure 57, for the alloys used for the lattice parameter determination shown in Figure
58 and for the alloys in the partial isothermal section in Figure 61.

Composition EPMA
Lattice parameter [nm]
(at. %)
Alloy X-ray phase | Structure
Ba
(Nominal composition)| analysis type
a b c Sr Si Cu Ge
Sn
(Ge) Cgiam 0.56579(5) |- - 0.0 | 1.6 98.4
SrgCus 3Geyq 7
K1 Na,Sis3 1.06307(2) | - 143 | 9.8 75.9
a) and b)
600°C SrGe, BaSi, - - - 31.7 |- 1.2 67.1
T ThCr,Si, | 0.4287(2) | 1.0370(1) (19.3 |- 314 493
(Ge) Ciam 0.56569(5) |- - 0.0 |- 1.6 98.4
SrgCus 3Geyo 7 Kp NaySiy 1.06288(4) |- - 142 | 9.5 76.3
©) SrGe, BaSi, - - - 3.1 | (15 674
as cast T - - - - 192 | [209 [59.9
(GeSi) Ciam - - - - 6-30 |~1.7 [94-70
SI'SCUSGQ“SiS
T - - - - 23.3 [2.6 [209 |53.2
d) as cast
SrGe, BaSi, - - - 308 |- |19 |67.3
(Ge) Caiam - - - - 12 1.7 Jo71
SrgCu5Ge44Sn2
T3 - - - - 21.9 [21.8 |0.9 554
e) as cast
SrGe, BaSi, - - - 32.1 1.3 |1.7 64.9
K1 Na,Siy; 1.06277(3) |- - 146 |- 9.4 75.9
Bay 5517 5Cus 3Geso 7 .
K1 -r.Ba Na,Siy; 1.0648(1) | - 99 |43 |95 (763
f) as cast
SrGe, BaSi, - - - 31.6 |- 1.4 67.0
Bar Sro <Cue .G K1 Na,Siy; 1.06315(3) |- - 146 |- 9.6 75.9
dg.5917,5L U5 30Cy,
S N, Na,Siy; | 1.0658(1) |- - 88 60 97 [7156
g) 760°C
SrGe, BaSi, . N N 320 |- |16 664
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Ky Na4Si23 - - - 14.4 - 9.9 75.7

KisrBa NasSir; | 1.06588(6) |- - 74 P2 199|755
Ba0,58r7,5Cu5,3Ge40,7 - - - 9.6 49 19.8 75.7
h) 700°C (Ge) Ciam 0.56574(3) |- - 0.1 | 1.3 98.6

SrGe, BaSi, ; - - 20 1.1 669

T ThCr,Si, | - - - 195 | 30.8 49.7

(Ge) Ciam 0.56579(3) |- - 00 | 0.5 99.5
SrCuGe;

SrGe, BaSi, - - - 319 |- 1.3 66.8
i) 700°C .

T ThCr,Si, | 0.42850(4) |- 1.0370(1) (199 |- 314 487

(Ge) Caiam 0.56568(5) |- - 0.0 | 0.7 99.3
SrCu4Ge|2
) T ThCr,Si, | 0.42700(5) | 1.0376(1) [20.0 | 349 |45.1
i) 700°C

eutectic - - - - 09 | 57.8 1413

Ky Na4Si23 - - - 14.7 | 9.7 75.6
Ba5'5Sr2'5Cu5'5Ge40'5 KI -Sr,Ba Na4Si23 106813(2) - - 1.3 13.5 9.6 75.6
as cast SrGe, BaSi, - - - 32.5 |- 1.2 66.3

T - - - - 22.6 |- 20.7 |56.7
Ba4,SSr3,5Cu5,2Ge4O,8 Ky Na4Si23 106281(2) - - 5.0 9.4 19.6 76.0
as cast KI -Sr.Ba NaySiys 1.06648(2) |- - 146 |- 9.5 76.9

Replacement of Sr by Ba, however, leads to the formation of a quaternary solution of
clathrate type-I Bag.,SryCu,Gess.x (0 <y < ~5.6; 5.2 < x < 5.4), which is confined to the Ba-
rich side and does not cover the region near SrgCus3Gesp7. Our present investigations of the
clathrate type-I solid solution Bag.,SryCu,Geys.x are focused on the region with approximately
five copper atoms (x = 5.2 - 5.4) per formula unit and strontium contents y between 0.5 and 8.
In as cast state, all prepared samples showed a mixture of two clathrate type-1 phases, namely
SrgCuyGeyex (K1) and Bag.,SryCuyGess.x (Krsrea) With clearly defined phase boundaries in
between. Figure 57f shows the microstructure of an alloy with nominal composition
BapsSr;5Cus3Geqp7 in as cast state, indicating primary crystallization of «pg g, Wwith
composition Bap 4SrscCus3Gesp7 (from EPMA) followed by the crystallization of small
amounts of SrGe, and xj with composition SrgCus,Gesos. After annealing at 760°C (Figure
57¢g), large grains of both clathrate phases can be seen (kps;p. With composition
Bay 3Sr3,Cus,Geqps and xy), whereas after annealing at 700°C, «; already decomposes and
mainly large crystallites of «ps;p. remain with different Sr/Ba ratios from the center
(Baz oSt4.1Cus 4Geyp6) to the edge (Bay;Srs3CusaGesoe) of the grain (see Figure 57h). The
homogeneity region of the clathrate solid solution Bag ySryCu._s3Geso7 extends from y = 0 to

y ~ 5.6 in as cast state. No measurable Ba content has been found in the Sr-clathrate ;. The
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dependency of the lattice parameter with increasing Sr content from y = 0 to y = 8 is shown

in Figure 58.
at.% Sr (EPMA)
0 2 4 6 8 10 12 14
1,070l"'T"'I"'!"'I“'I"'I"'IY
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B
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© A Bay g5Srs 14CU5 35G840 64 SC Il
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Figure 58: Dependency of the lattice parameter with increasing Sr-content for the clathrate type-I
solid solution Bag.,Sr,Cu,Gey.« with 5.2 < x < 5.4; the lattice parameters (at RT, composition and
exact values are given in Table XXIV) were obtained either from single crystal X-ray diffraction (SC)
or from X-ray powder diffraction (XPD) using Ge as internal standard; the yellow area indicates the
solubility limit of Sr determined by EPMA in as cast state.

The exact composition has been determined with EPMA. As can be seen, the lattice
parameters almost linearly decrease with increasing Sr-content and the observed deviations
are probably due to the slightly different Cu-content. Detailed information on the crystal
structure of the clathrates type-I SrgCu,Gessx and Bag,Sr,Cu,Gessx 1S given in the next
chapter. Table XXIV summarizes the results from EPMA and XPD for the alloys in Figure
57 (they are correspondingly labeled from a) to h)), for the samples used for lattice parameter

determination in Figure 58 and for the alloy marked in red in Figure 61.

5.6.1.2 Crystal structure of the clathrates type-1 SrsCu,Geys.« and Bag.,SryCu,Ges.x

Crystal specimens suitable for X-ray single crystal diffraction were isolated from
mechanically crushed samples with nominal composition SrgCus3Gesp7 in as cast state
and BasSr4CusGey; annealed at 800°C. The crystal structure was successfully solved for
both compounds in the cubic primitive space group Pm3n, as typical for the clathrate
type-1 crystal structure. The refinements for both crystals revealed full occupation of the
crystallographic sites 161 and 24k by germanium. The mixed occupancy in the 6d site has

been refined in two different ways. First, the Cu content has been fixed according to the
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result from EPMA (5.3) and only the Ge content has been refined. For both crystals, a
fully occupied 6d site results from this strategy. Additionally, a possible split of the 24k
site occupied by germanium has been investigated (Difference Fourier synthesis), which
is generally correlated with the appearance of vacancies in the 6d site (see also f.e.
clathrates type-I BagAgiGese x , BagCuyGesex (G. A. Koblyuk-M. N. 2009), BagCdGese «
(G. A. Koblyuk-M. N. 2007). After excluding vacancies in the crystal structure, the
Cu/Ge ratio has been refined and resulted in the reported value of x,=5.36 close to the
value from EPMA. In case of BasoSr3 1Cus3Geyg 7, the refinement furthermore revealed a
mixed occupancy of Ba and Sr in the crystallographic sites 2a and 6¢ (atoms AE1 and
AE2). Final refinements for both crystals were carried out introducing anisotropic atom
displacement parameters (ADP’s) and converged to R-values lower than Rp < 0.022 and
residual electron densities below 1.5 e /A3. The chemical formulae derived from these X-
ray refinements (Bas 36513 14Cus36Ge40,64 and SrgCus36Geqpes) are in good agreement with
the composition obtained from EPMA (Bas,Sr33Cus3Gesos and SrsCus3Geso 7). Details
of the structure refinement at 300 K can be found in Table XXV. X-ray powder
diffraction intensities collected from polycrystalline samples are in good agreement with
the intensities calculated from the structural models obtained from the single crystal
studies. The atom site distribution among Ba, Sr in Bas 36513.14Cus 36Geso 64, clearly shows
that Ba, Sr atoms are sharing both centers of the cages, however, the smaller Sr-atoms
reveal preference for the 2a-site in the smaller pentagondodecahedral cage (occ.=0.805)
with respect to a much lower Sr-occupancy of the 6c¢ site (standardized setting) at the
center of the larger tetrakaidekahedral cage (occ.=0.255). A mixed occupancy of both
sites has also been found for EusSr4Ga;sGesp by synchrotron X-ray powder diffraction
studies (Zhang Y. 2002), whereas full atom order with the smaller atom in the pentagon
dodecahedron has been reported for KgEu,Ga;0Gess (B. S. Paschen S. 2000),
K¢Eu,ZnsGey; (B. S. Paschen S. 2006), K¢Eu,CdsGey; (B. S. Paschen S. 2006) and
Eu;BagM,Sisex (M=Cu, Al, Ga) (Mudryk Y. 2002) from X-ray single crystal data. The
anisotropic displacement parameters (ADP) of the guest atoms inside the large
tetrakaidecahedron are usually 2 times larger than those of the guests inside the smaller
pentagondodecahedron (U;;=0.028(1); Up=U33=0.043(1) Az, see Table XXV and Table
XXVI) but for SrgCusssGesoes, the ADP’s of Sr2-atoms were about 4 times larger
(U11=0.0422(7); Uxn=U33=0.0802(7) AZ) applying the same structure model. Figure 59
shows a plot of the electron density of the Sr2-atoms in the 6c¢ site at 300 K (difference
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Fourier synthesis) illustrating a rather unitary round shape in case of
Bay g6S13.14CuUs 36Geqp s (Figure 59b), whereas clear hints are visible for an off-center

position in SrgCus 36Geag 64 (Figure 59a).

Table XXV: X-Ray single crystal data for Ba,¢Sr;;Cus;Gey; at 300 K (Anisotropic displacement
parameters U;; in [10'2nm2]).

Parameter/compound Ba,oSr; Cus3Gey s
Space Group Pm3n
Formula from EPMA Bay 51)S13.81)Cus 31,Geao.701)
Formula from refinement Bay 86(3)513.14(3)CUs 36(4)G€40 64010
a [nm] 1.06748(2)
Haps [mm”'] 34.52
V (nm’) 1.216
ps (gem’) 37
Reflections in refinement 439>46(F,) of 561
Number of variables 20
R = ZIF,-F /ZF, 0.022
Rine 0.057
wR2 0.043
GOF 1.152
Extinction (Zachariasen) 0.00109(9)
Residual density e'/fAS; max; 1.539; -1.391

min

Atom parameters

AEl1 in 2a (0,0,0); occ. 0.195(4) Ba + 0.805 Sr
U= Up=Us; 0.0125(3)

AE2 in 6¢ (1/4,0,1/2); occ. 0.745(3) Ba + 0.255 Sr
Ujp; Uy =Us; 0.0239(4); 0.0431(3)
M in 6d (1/4,1/2,0); occ. 0.107(4) Ge + 0.893 Cu
Ujp; Uy =Uss 0.0145(5); 0.0102(3)
Ge2 in 16i (x, x, x); occ. 1.000(2)

X 0.18296(3)

U 1=Uxn=Us; 0.0096(1)

Ge3 in 24k (0,y,z); occ. 0.999(2)

¥z 0.11941(4), 0.31410(4)
Uiy; Up; Uss 0.0110(2); 0.0114(2); 0.0114(2)

Interatomic distances [nm]; Standard deviation < 0.0001

AE1 - 8Ge2 0.3383 -3Ge3 0.2497
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-12Ge3 0.3587

AE2 - 8Ge3  0.3562
—-4M 0.3774
-8Ge2 0.3972
M- 4 Ge3  0.2425
-4 AE2 03774
-8Ge2 0.3972
Ge2—- 1Ge2 0.2479

-1 AE1 0.3383

-3 Ge2 0.3906
-3 AE2 0.3972
Ge3— 1Ge3  0.2549
—2Ge2 0.2497
-1M 0.2425
-2 AE2 0.3561
-1 AE1 0.3587

Table XXVI: X-Ray single crystal data for SrgCus3;Gey; at 300 K (the non-standardized setting is

used for an easier comparison;

Anisotropic displacement parameters U;; in [10*nm?]).

Parameter/compound SrgCus;Gey s
Space Group Pm3n
Formula from EPMA Srg,o(l)Cu5‘3(1)Ge40,7(1)

Formula from refinement

Srg 01yCus 36(2)G€40.64(10)

a [nm] 1.06368(2)

Labs [Mm™'] 36.07

V (nm’) 1.203

px (gem’) 3

Reflections in refinement 423>40(F,) of 548

Number of variables 22

Rr = ZIFy-F.I/ZF, 0.020

Rine 0.029

wR2 0.041

GOF 1.076

Extinction (Zachariasen) 0.0013(1)

Residual density e'/AB; max; 1.029; -1.228
min

Atom parameters

Srl in 2a (0,0,0); occ. 0.989(4)

Uj = Up=Us; 0.0135(3)

Sr2 in 24k (0,y,z); occ. 0.248(1)

» 2

Uy Up =Uss

Min 6d (1/4,1/2,0); occ.
Ujp; Uy =Uss

Ge2 in 16i (x, x, x); occ.
x

U;1=U=Us;3

0.4771(7), 0.2405(6)
0.028(1); 0.043(1)
0.106(3) Ge + 0.894 Cu
0.0155(4); 0.0108(2)
1.003(2)
0.1828(2)

0.0104(1)
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Ge3 in 24k (0,y,z); occ.

Y, 2
Uji; Up; Usz

0.998(2)

0.1187(5), 0.3148(4)

0.0119(1); 0.0115(1); 0.0122(1)

Interatomic distances [nm]; Standard deviation < 0.0001

Srl - 8Ge2 03369 M- 4Ge3 02414
_12Ge3  0.3579 _4Sr2 03667
Sr2 — 2Ge3  0.3335 82 0.3698
_2Ge3 03541 8Ge2 03959
~2Ge3  0.3661 _4Sr2 04005
_IM 03668  Ge2— 1Ge2 02474
M 0.3698 _3Ge3  0.2494
_2Ge3 03710 Sl 0.3369
_2Ge2 03736 35 03796
~2Ge2  0.3865 352 0.3865
_1Ge3  0.3893 3Ge2 03890
_IM 04005  Ged— IM 02414
-2Ge2  0.4102 —2Ge2  0.2494
~2Ge3 04105 _1Ge3 02526
_1Ge3 04370 2Sr2 03335
a) b)
©
x
SrsCU;5 36G€4 64 Ba, 6573.14CUs5 36G€40 64

y/b

y/b

B/x

Figure 59: Contour plot of the electron density at 300 K of the Sr2-atoms in the 6c-site for (a)
SrgCus 3Geqp 64 and (b) Bay geSr3 14Cus 36Gey 64 from difference Fourier synthesis; negative electron

density was omitted.

This off-centering could be described by placing the strontium atoms (Sr2-atoms) in a 24

k site with an occupation of ~1/4. Off-centering has already been successfully applied to
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other ternary type-I clathrates with Sr as guest ions like SrgZngGesg or SrsGa;6Geso (Qiu
L. 2004). For SrgCus36Geso64 the distances between the off-center Sr2 atoms at 300 K are
0.0398 nm and 0.0486 nm and decrease only slightly with decreasing temperature (100 K:
Sr2-Sr2 0.0371 nm and Sr2-Sr2 0.0421 nm); they are in good agreement with those in
SrsZngGess. The results of the crystal structure refinement at 300 K are summarized in

Table XXVL
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Figure 60: Temperature dependent lattice parameter and atomic displacement parameters of (a)
Ba, 36Sr3.14Cus 36G e 64 and (b) SrgCus 3sGeq g4

Least squares fits as a function of temperature of the ADP’s (see Figure 60) for AE2 or Sr2
(off-center model) for both crystals employing the Einstein model (Eq.(16)) and the Debye
model (Eq.(17) for the framework atoms)

2 .
i = coth Or.i +d? (16)
zkaGE’ii 2T
2
LT 0], a7
mk,©5 | ©,% e -1 4T

(where Ogj; is the Einstein temperature; ii refers to the direction or plane of the vibration; m

is the mean atomic mass; kg is the Boltzmann constant; 7 is the reduced Planck constant and
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®p is the Debye temperature) result in Og;; = 67 K, gz = 93 K and Op = 276 K for
Ba4Ag6Sr3,14Cu536Ge4o,64 and ®E,11 = 68 K, ®E,22 =76 K and ®D =268 K for SrgCU5.36GC40,64,
respectively.

The linear thermal expansion coefficient, i.e.,

1@%) , (18)

. Azp0x \ OT
where a3gok is the lattice parameter at 300 K and ar is the lattice parameter at temperature T,
is oa = 12.65x10° K™ (Bau 36Sr3.14Cus.36Geso 64) and o, = 13.25x107° K (SrgCus 36Geao.64).

The speed of sound (v) can be estimated from

v~ ﬂhl’kf?/(@ﬁn)‘” , (19)

where n is the number of atoms per unit volume (Qiu L. 2004). The calculated speed of sound
according to equation (19) is 2500 m/s for SrsCusicGesss and 2600 m/s for
Bay g6513.14Cus 36Geso 64. These values range in the same order of magnitude as reported by

Qiu et al. (Qiu L. 2004) for SrgZngGesg (2600 m/s) or SrgGa;Gesp (2800 m/s).

5.6.1.3 Phase relations at 700°C

Information on the pertinent binary phase diagrams Sr-Ge and Cu-Ge is taken from Massalski
(Massalski T.B. 1990). Crystallographic data on the solid phases of the binary systems Sr-Ge
and Cu-Ge and the ternary system Sr-Cu-Ge are summarized in Table XXIII.

The phase equilibria in the Ge-rich part of the Sr-Cu-Ge system have been studied below the
decomposition temperature of the clathrate type I at 700°C. Only two three-phase equilibria

exist in the region investigated (see Figure 61).
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Ge 700°C

T, SrCu,,Ge,,,
1046080 o, © sample position

Figure 61: Partial isothermal section of the Sr-Cu-Ge system at 700°C in the Ge-rich corner. Results
from EPMA and XPD for the alloys marked in red and labeled with (i) and (j) are given in Table
XXIV.

(Ge) is in equilibrium with SrGe; and SrCu, xGe,« (t1) and with 1, and liquid. t; crystallizes
in the ThCr;,Si;, structure type (XPD) at this temperature and its homogeneity range extends to
higher Ge-contents of 48.7 at.% Ge (x=0.4; EPMA). The results of EPMA measurements and
XPD are summarized in Table XXIV (i and j).

5.6.1.4 Physical properties

A small single crystal specimen of SrgCus3Geso7 (~ 20mg, with < 1.5% (Ge) as secondary
phase) for physical properties measurements (from 2 K to room temperature (RT)) was
gained from an arc melted sample (~100 mg), kept on air for some days to decompose due to
the presence of SrGe,. The remaining pieces were washed afterwards with diluted H,SO4 to
remove secondary phases and/or decomposition products. Figure 62 shows the Rietveld
refinement of the sample used for physical properties measurements in comparison with the

XPD pattern of the as cast alloy and the alloy annealed at 700°C.
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Figure 62: Rietveld refinement of the alloy used for physical properties measurements and XPD
pattern of the as cast and annealed (700 °C) alloy.

5.6.1.4.1 Electrical resistivity

The electrical resistivity was measured on bar-shaped pieces of around 1.2 mm length, 0.5
mm height and 0.5 mm width. A study of the temperature dependent electrical resistivity, p,

performed for SrgCus;Ges7, revealed a simple metallic behavior as deduced from the

constant slope of p(T) above 80 K (see Figure 63).

900
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Figure 63: Temperature dependent electrical resistivity, p, of SrCus;Gey 7; the red solid line

TIK]

SrgCu; ,Gey,
® experimental data
BG-Einstein fit
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Op= 193K TIK
000
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corresponds to a least squares fit (Bloch Griineisen-Einstein fit) as explained in the text and the green
dashed line to the simple Bloch Griineisen fit. The inset shows the temperature range between 2 and
80 K with a larger magnification.
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At lower temperatures, a combination of electron scattering on thermally activated acoustic

phonons and scattering on low lying optical phonon branches allow to fairly well describe
p(T), i.e.

®E.22

6 5 T _
jo””{ ! }B. ©,,-0,,+TIn| 1| (20)

dx
ie"—lil—e”‘i AT

e’ —1

s
2.(T)=p, +4A.[®TDJ
The first two terms refer to the conventional Bloch Griineisen (BG) law (BG-fit is shown as a
green dashed line in Figure 63), while the far right terms of Eqn. (20) represent the
temperature dependence of p(T) originated from scattering of conduction electrons on optical
phonons (Engquist H.L. 1980). Employing the Einstein temperatures as derived above (®g j;
= 68 K and ®g2, = 76 K), reveals a reasonable fit to the data for a Debye temperature Op =
193 K, a residual resistivity po =407 uQcm and two material dependent parameters A = 75.3
uQcm and B = 11.8 pQem/K. The Debye temperature from this procedure is smaller than
that extracted from the ADP data. The resulting residual resistivity ratio (RRR) is 2.12. The
rather high overall resistivity might be explained from a reduced charge carrier density due to
the closeness of the material to a metal-insulator transition. A composition with x¢,;=5.333
would actually be at the Zintl limit and locate the alloy in the band gap. However, the
experimental uncertainty from EPMA with a Axc,~+0.2 might infer a carrier concentration

An<=#0.2 e'(holes)/f.u. explaining the observed resistivities.

5.6.1.4.2 Heat Capacity
Specific heat measurements of SrgCus3Geq7, taken from 2 K to 200 K, are plotted as

C/T vs T in Figure 64a.
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Figure 64: Temperature dependent specific heat, C,, of SrsCus3Gey; plotted as C,/T vs T (a), and
(CI,-yT)/T3 vs InT (b); the dashed line corresponds to the Junod fit as explained in section 3.4.2. The

spectral function, F(w), plotted as (4/5)Rn403_2F(0)) vs. ©/4.93, is shown as a solid line (referring to the
right axis); the dashed dotted line is the calculated Debye function.

A standard low temperature fit Cp(T)=,T+ pr° was applied, resulting in a Debye
temperature @p"" = 273 K that is close to the value obtained from the ADP calculations. The
relatively large Sommerfeld value, y = 24 mJ/mole, can be attributed to an electronic
density of states at the Fermi energy of about 10 states/eV/f.u. if the electron-phonon
enhancement factor is small. The lattice dynamics of SrgCus3Gesp7 can be derived,
employing a model proposed by Junod et al. ( (B. D. Junod A. 1979), (Junod A. 1983)). A
comparison between a simple Debye model (red dashed line) and the Junod model (black
dashed line) is presented in Figure 64b. The heat capacity data obtained apparently deviate
from the simple Debye scenario. As a consequence, an inclusion of Einstein modes with
certain finite spectral widths is required to arrive at a proper description of C,(T). Such a fit
renders a Debye temperature ®p = 258 K and two Einstein modes, Og ;1 = 42 K and Og 2, =
75 K with a width of 1 K and 3 K, respectively. The resulting spectral function F(®) is shown
as a blue solid line in Figure 64b, referring to the right axis. This analysis clarifies the
contribution and backs the importance of Einstein modes in the present clathrate. A more
detailed explanation of the models used can be found e.g. in Ref. (G. A. Koblyuk-M. N.
2007).
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5.6.1.5 Summary

In the Sr-Cu-Ge system, the clathrate type-I forms in a very small temperature range below
melting with a very limited solubility close to the Zintl limit SrgCus3Gesp7 and decomposes
at about 730 °C eutectoidally into (Ge), SrGe, and t1,-SrCu, \Gey+x. At 700°C, a three phase
equilibrium exists between (Ge), SrGe, and t;. The ternary compound t,-SrCu;Gepix
exhibits a homogeneity range in the Ge rich part to x=0.4 (a = 0.42850(4) nm, ¢ = 1.0370(1)
nm; ThCr,Si, type). Lattice parameters of the clathrate type-I solid solution Bag.,SryCuyGe4e.x
(0 £y £~5.6; 52 < x £54) decrease linearly with increasing Sr content reaching the
maximum solubility of strontium at about 10 at%. The clathrate type-I crystal structure has
been proven by X-ray single crystal diffraction on two single crystals with composition
SrsCus3Geqo7 (a(Sr) = 1.06368(2) nm) and BayoSrs ;Cus3Gesp7 (a(mix) = 1.06748(2) nm)
measured at 300, 200 and 100 K. For the pure Sr compound an off-center model has been
applied for the Sr atom inside the larger cage, whereas in case of the mixed compound the
guests take almost center positions in the cages. From the temperature dependency of the
lattice parameter and the atomic displacement parameters, the thermal expansion coefficient
(a(Sr) = 13.25x10° and a(mix) = 12.65x10° K), the Debye (Op(Sr) = 268 and Op(mix) =
276 K) and Einstein temperatures (®g2:(Sr) = 76, Og11(Sr) = 68 and Ogn(mix) = 93,
Og11(mix) = 67 K) and the speed of sound (v(Sr) = 2500 v(mix) = 2600 m/s) have been
determined. A detailed analysis of the heat capacity data of SrgCus3Geso 7 corroborates fairly
well these Debye and Einstein temperatures. From these investigations, one might expect a
very low and glass-like thermal conductivity as it has been reported for other Sr or Eu based

clathrates type-I (see e.g. Ref. (Bridges F. 2004)).
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5.7 THE TERNARY SYSTEMS Sr-{Ag,Au}-{Si,Ge}

In a series of previous reports, we have systematically studied the ternary systems Ba-TM-
{S1,Ge} (TM = Mn (Grytsiv A. 2009), Fe (Grytsiv A. 2009), Co (Grytsiv A. 2009), Rh [(G.
A. Falmbigl M. 2013), (K. F. Falmbigl M. 2013)], Ir (G. A. Falmbigl M. 2013), Ni (C. M.
Falmbigl M. 2012), Pd [ (G. A. Koblyuk-M. N. 2008), (G. A. Koblyuk-M. N. 2007)], Pt [ (G.
A. Koblyuk-M. N. 2008), (G. A. Koblyuk-M. N. 2007)], Cu [ (G. A. Koblyuk-M. N. 2009),
(Yan X. 2010)], Ag [ (B. E. Zeiringer 1. 2011), (C. M. Zeiringer 1. 2011), (G. A. Zeiringer 1.
2012)], Au [ (C. M. Zeiringer 1. 2012), (M.-K. N. Zeiringer 1. 2011)], Zn [ (G. A. Koblyuk-M.
N. 2007), (G. A.-K. Nasir N. 2009)] and Cd [ (G. A.-K. Nasir N. 2009), (Koblyuk-M. N.
2007)]) and Sr-TM-{Si,Ge} (TM = Ni [ (Falmbigl M. 2014), (Nasir N. 2010)], Cu [
(Falmbigl M. 2014), (Nasir N. 2010), (Zeiringer 1. 2014)], Pd (Romaka V.V. 2015), Pt
(Romaka V.V. 2015), Zn [ (Falmbigl M. 2014), (Romaka V.V. 2012)]) concerning the phase
relations, formation and properties of thermoelectric clathrates, BCS-type superconducting
skutterudites (f.e. {Ba,Sr}PtsGe;, (Bauer E. 2007)) and other new ternary intermetallic
compounds (f.e. BaPtsSij; (Grytsiv A.V. 2010)) or ternary compounds EpTxX4x (Ep=Sr, Ba;
T = Ni, Pd, Pt, Ag, Au; X = Si, Ge, Sn; (F. Kneidinger 2014)) among which
noncentrosymmetric representatives exhibit unconventional superconductivity. Sequel to
these studies, the present work is devoted to the investigation of the ternary systems Sr-
{Ag,Au}-Si and Sr-{Ag,Au}-Ge in as cast state and after annealing at 700°C (Ge systems) or
800°C (Si systems). Hitherto, only a few ternary phases from these Sr-systems have been
reported in the literature. Common to all these is a phase with 122 stoichiometry and
ThCr,Si, structure type (space group /4/mmm): SrAg,Ge, (Eisenmann B. 1970), SrAg,Si,
(May N. 1972), SrAu,Ge, ( (Lin Q. 2012), (May N. 1972)) and SrAu,Si; (N. N. Dérrscheidt
W. 1976). The off-stoichiometric compounds SrAu;¢Ge,4 (CeBe,Ge, type, space group
P4/nmm) and SrAu, 9Ge,; (BaCu,Sb; type, space group /4/mmm) have been reported in our
paper on ternary compounds EpTxX4.« (F. Kneidinger 2014). SrAus;Ge (BaAu;Ge type, space
group P4/nmm) has recently been described by Lin and Corbett (Lin Q. 2012). Merlo et al.
(Merlo F. 1996) investigated RMX compounds with R=alkaline earth, Eu or Yb, M=Ag and
X=Si, Ge, Sn or Pb and among them characterized the compounds SrAg,¢Ge;; (AIB; type,
space group P6/mmm), Sr(AgosGeos), (SrAgGe type, space group C2/m), SrAg;;Geoo
(KHg, type, space group Imma). SrgsAgsSiy (SrsAgsSiy type, space group C222) has been

[38

characterized by Dérrscheidt and Schifer®™ from X-ray single crystal investigations.
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The present paper is designed to explore the four ternary systems Sr-{Ag,Au}-{Si,Ge} in
order to clarify two questions: (i) the existence of clathrate compounds, which may exhibit
and (ii)

noncentrosymmetric crystal structures and fully ordered atom arrangements, which may

interesting thermoelectric properties, the existence of compounds with

provide examples for unconventional superconductivity at low temperatures.

5.7.1 Results and Discussion

5.7.1.1 The binary systems Sr-Si, Sr-Ge, Sr-Ag, Sr-Au, Ag-Si, Ag-Ge, Au-Si and Au-Ge

Information on the binary phase diagrams Sr-Si and Sr-Ge are accepted from Palenzona
and Pani ( (Palenzona A. 2005), (Palenzona A. 2004)), whereas phase relations for the
systems Sr-Ag, Sr-Au, Ag-Si, Ag-Ge, Au-Si and Au-Ge were taken from Massalski
(Massalski T.B. 1990). Crystallographic details of all solid phases are summarized in
Table XXVIL

Table XXVII: Crystallographic data on solid phases of the binary phase diagrams Sr-Ge, Sr-Si, Sr-
Ag, Sr-Au, Ag-Ge, Ag-Si, Au-Ge and Au-Si and of the ternary systems Sr-{Ag,Au}-{Si,Ge}. The
symbol O denotes a vacancy.

Ph Space Structure Lattice parameter [nm] Reference/
ase

group type a b c Method
(BSr) hT Im3m w 0.485(1) - - (Sheldon E.A. 1953)
(T > 547 °C)
(aSr) rT Fm3m Cu 0.60849(5) - - (Sheldon E.A. 1953)
(Si) Fd3m Ciam 0.54303 - - (Massalski T.B. 1990)
(Ge) Fd3m Ciam 0.56574 - - (Massalski T.B. 1990)
(Ag) Fm3m Cu 0.40857 - - (Massalski T.B. 1990)
(Au) Fm3m Cu 0.40773 - - (Massalski T.B. 1990)
Sr,Si Pnma Co,Si 0.811 0.515 0.954 (Widera A. 1976)
Sr5Sis I4/mem CrsB; 0.8089(4) - 1.5733(8) (Nesper R. 1999)
SrSi Cmcem TII 0.483(1) 1.133(1) 0.404(1) (Rocktischel G. 1962)
B-SrSi, " 14,/amd o-ThSi, 0.4429(1) - 1.3842(1) (Palenzona A. 2004)
0-SrSi, P4;32 SrSi, 0.6515 - - (Pringle G.E. 1972)
Sr,Ge Pnma Co,Si 0.813(2) 0.520(6) 0.958(2) (S. H. Eisenmann B. 1975)
SrGe Cmcem TII 0.486(1) 1.140(1) 0.419(1) (S. H. Betz A. 1967)
SrGe; g5 P6/mmm AlB, 0.4259(1) - 0.4578(1) (Palenzona A. 2005)
SrGe, Pnma BaSi, 0.874 0.665 1.124 (S. H. Betz A. 1968)
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SrAgs P6/mmm CaCus 0.5675 - 0.4619 (B. G. Palenzona A. 1967)
SrAgy unknown unknown - - - (Massalski T.B. 1990)
SrAg, Imma KHg, 0.4817 0.7716 0.8263 (Koster W. 1965)
SrAg Pnma SrAg 1.6558(7) 0.4788(1) 0.6385(1) | (F. M. Merlo F. 1981)
Sr;Ag, R3 Er;Ni, 0.9962(3) - 1.861(1) (F. M. Merlo F. 1981)
SrAus; P6/mmm CaCus 0.5627 - 0.4616 (Feller Kniepmeier M.
1960)
SrAu, Imma KHg, 0.4700 0.7489 0.8234 (Bruzzone G. 1970)
St;Au, R3 Er;Ni, 0.9604(4) - 1.836(1) (Fornasini M.L. 1985)
Sr;Au, hT unknown unknown | - - - (Massalski T.B. 1990)
(725<T<
770 °C)
Sr;Au; P6;mc Th,Fe; 1.107(1) - 0.7161(4) | (F. M. Merlo F. 1984)
SroAu unknown unknown | - - - (Massalski T.B. 1990)
Ternary Compounds
SrgAgsSig C222 SrgAgsSio | 0.848(1) 1.469(2) 1.840(2) (S. H. Dérrscheidt W.
1981), XSCD
T1-S1,Ag 4S54 Fddd S1,LiSi; 0.84488(2) 1.46376(2) | 1.84018(2) | *, XSCD
yHy
x=0.17; y=0.43
T-StAg) (Sizix
x=0.1 I4/mmm ThCr,Si, | 0.437664(6) | - 1.04517(2) | *, XSCD
x=0 0.438(2) - 1.048(2) (May N. 1972), XSCD
©1-St(Ag,Ge/.0)
x=0.25 P6/mmm AlB, 0.43431(2) | - 0.45838(1) | *, XPD
x=0.45 0.4439(1) - 0.4443(1) | (Merlo F. 1996), XPD
SrAgGe C2/m SrAgGe 1.1064(3) 0.4671(1) 1.4171(2) | (Merlo F. 1996), XPD
B=98.64(2)°
SrAg; 1Geo o Imma KHg, 0.4708(3) 0.7568(6) 0.8084(6) | (Merlo F. 1996), XPD
Tp-StAg) < Gerix
x=0.2 IA/mmm ThCr,Si, | 0.44476(2) | - 1.0822(1) | *, XPD
x=0 0.445 - 1.085 (Eisenmann B. 1970),
XSCD
T1-Sr(Au,Si|_y), P6/mmm AlB, 0.42241(2) | - 0.45799(3) | *, XPD
x=0.375
T, -Sr(Au,Si; 4)> Fmmm Ca,AgSi; | 0.83407(2) 1.44465(2) | 0.92664(3) | *, XSCD
x=0.25
T,-Sr(Au,.,0y) IAmm BaNiSn; 0.44594(2) | - 1.01013(6) | *, XSCD
(SijxAuy)3
x=0.59; y=0.64
SrAu,Si, IA/mmm ThCr,Si, | 0.437(1) - 1.014(2) (N. N. Dérrscheidt W.

1976), XSCD
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T3-SI‘AU3+XSil,X

unknown

T4-SrAUs,0,Si, Pnma BaAusSi, | 0.87557(3) | 0.69945(2) | 0.98873(3) | *, XSCD
x=0.7

71-S1(Au,Ge ), P6/mmm AlB, 0.43263(2) 0.45852(7) | *, XPD
x=0.25

T,-SrAu,_Ge, .«
x=0 IA/mmm ThCr,Si, | 0.451(2) 1.035(2) (May N. 1972), XSCD
x=0 0.4519(2) 1.0356(4) | (Lin Q. 2012), XSCD
x=0 0.45103(2) 1.0364(1) | *, XPD
x=0.2 0.45214(4) 1.0336(1) | *, XPD
x=0.35 IA/mmm BaCu,Sb, | 0.44866(2) 3.1808(1) | (F.Kneid. 2014), XSCD*
x=0.4 0.4477(2) 3.1694(2) | *, XPD
x=0.45 P4/nmm CaBe,Ge, | 0.44796(2) 1.06315(5) | (F. Kneid.2014), XSCD*
x=0.5 0.44930(4) 1.0578(2) | * XPD
x=0.6 0.45131(3) 1.0496(2) | *, XPD

SrAu;Ge P4/nmm BaAu;Ge | 0.6265(1) 0.55082 (Lin Q. 2012), XSCD

*This work; "temperature of the a-B transition is uncertain

5.7.1.2 The ternary systems Sr-{Ag,Au}-{Si,Ge}

The four ternary systems Sr-Ag-Si, Sr-Ag-Ge, Sr-Au-Si and Sr-Au-Ge have been
investigated by EPMA and XPD in as cast state and after annealing at 700°C (Ge) or 800°C

(Si) up to a maximum strontium content of 33.4 at.%. Crystallographic details of the solid

ternary phases are given in Table XXVIL

5.7.1.2.1 The System Sr-Ag-Si

The partial isothermal section at 800°C of the Sr-Ag-Si system, shown in Figure 65, has been
constructed basically on the results of XPD and EPMA of the annealed alloys marked in red

and labelled with (a)-(d) (see Table XXVIII).
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800°C
T1'Sr2Ag1*xSi3-x-y y
1,-SrAg,,,Siy.y

o Sample position

70 \¥%,

Od).
60

Figure 65: Isothermal section at 800°C and tentative liquidus projection (E: eutectic reaction, P:
peritectic reaction, U: transition reaction) for the Sr-Ag-Si system up to 33.4 at.% Sr and
microstructures in as cast state of the alloys marked in red and labelled with (a)-(d) in the isothermal
section. The results from XPD and EPMA for these alloys annealed at 800°C are summarized in
Table XXVIIIL.

Table XXVIII: Results from EPMA and XPD for alloys in as cast state or after annealing in the

ternary systems Sr-Ag-{Ge,Si}.
Composition EPMA
Alloy X-ray Lattice parameter [nm]
Structure (at. %)
(Nominal phase
s . type Ge
composition) analysis a b c Sr Ag
Si
Sr-Ag-Si
Sr14.8Ag2_8Si82_4 (Sl) Cdiam 0.5431 0(4) - - - - 100.0
800 °C (a) o-SrSi, SrSi, 0.65391(3) |- - 33.0 - 67.0
T Sr,LiSi; 0.83725(5) |1.4509(1) [1.8591(1) |33.6 14.7 51.7
Sr]448Ag9,3Si75,9 (Sl) Cdiam 054301(3) - - - - 100.0
As cast (b) T Sr,LiSi; 0.84547(5) |1.46521(1)(1.84266(2)|32.9 17.6 49.5
T Thcrzsiz - - - - - _
Sty0Ag33Sigy (Si) Caiam - - - - - 100.0
800 °C o Sr,LiSi; - - - 33.7 17.7 48.6
T ThCr,Si, 0.43717(2) |- 1.0434(1) [20.1 39.2 40.7
SrzzAg4osi38 T1 SrzLiSi3 - - - 33.8 17.5 48.7
800 °C (¢) T ThCr,Si, 0.43821(3) | 1.0460(2) [20.6 40.2 39.2
(Ag) Cu - - - 0.2 99.0 0.8
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Srs.8Ag23.65170.6 (S1) Caiam - - - - - 100.0
800 °C (d) T, ThCr,Si, 0.43822(3) |- 1.0463(1) |19.9 41.9 38.2
(Ag) Cu 0.40830(3) |- - - 99.5 0.5
Sr-Ag-Ge
Sr145A293Gerse  [(Ge) Cgiam 0.56594(5) | - - - 100.0
700 °C (e) SrGe, BaSi, - - - 334 - 66.6
T, ThCr,Si, 0.44561(4) |- 1.0827(1) |19.8 33.7 46.5
Sr3AgGes; SrGe, BaSi, 0.8725(1) 0.6553(2) (1.1196(7) |32.7 - 67.3
700 °C (f) o AlB, 0.43343(3) |- 0.45837(5)|33.1 17.1 49.8
T ThCr,Si, - - - 19.5 34.1 46.4
Sr590Ag35Gers  [(Ge) Caiam - - - - - 100.0
700 °C (g) T, ThCr,Si, 0.44531(2) | 1.0823(1) (19.4 35.0 45.6
(Ag) Cu - - - - 85.1 14.9
St Ag34Geyy o AlB, 0.4341(1) - 0.4587(1) 33.2 16.9 49.9
700 °C (h) T ThCr,Si, 0.44476(2) |- 1.0822(1) |19.7 36.4 43.9

The microstructures of the silicon rich alloys in as cast state (Figure 65(a), (b)) are
characterized by large (Si) dendrites and large amounts of eutectic matrix. In Figure 65(a),
the solidification of liquid appears along the monovariant line L <> (Si)+t; (11-S12Ag14xSi3x
yOy; SrpLiSis type) finally ending with the crystallization of SrSis (SrSi, type) in the invariant
point E;: L < (Si)+SrSix+t; (at ~ Srp4AgrSizs in at.%) close to the binary eutectic L «»
(S1)+SrSi, at 74 at.% Si. The eutectic structure of as cast alloy Srj43Agy 351759 in Figure 65(b)
arises due to the crystallization of liquid along the same monovariant line. Very small
quantities of Ty (12-SrAgy«Sizx; ThCr;Si, type) are also present in this alloy. The
microstructure of the cast alloy with nominal composition Sr2AgsoSizg (Figure 65(c))
documents the peritectic reaction P;: L+t,+(Si) <> 1, in which grains of 1, form around
primary t;. Primary grains of (Si) together with t;, 1, and silver rich liquid in Figure 65(d)
confirm this reaction. The position of a silver rich ternary eutectic E,: L < (Si)+(Ag)+t, (at
~SryAg79Sij7 in at.%) is near the binary one L < (Si)+(Ag) (89 at.% Ag). Based on the
analysis of the microstructures of all alloys, a tentative liquidus projection has been
constructed, which is presented in Figure 65.

Phase equilibria at 800°C (see Figure 65) are characterized by the two ternary compounds 1;-

SryAg1+xS13.xyOy and 1-SrAgySir+x. A liquid phase is not present anymore at 800°C in the
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(Ag) rich part of the isothermal section. EPMA suggest a homogeneity region for Tt
extending at 800°C from Sr33 6Ag)4.7S1s1 7 1n at.% but its Ag rich end has not been determined
yet. A single crystal has been selected for this phase. 1, exhibits only a very limited
homogeneity range at 800°C (x = + 0.1). Details of the single crystal X-ray diffraction

refinements are presented in the following chapters.

5.7.1.2.1.1  The crystal structure of t;- Sr2Ag;+xSi3.x,,0y (Sr2LiSis-type)

In order to elucidate the precise atom distribution in the crystal structure of t; at lower silver
and strontium contents than in the stoichiometric compound SrgAgsSig (quenched from
1000°C, XSCD, space group C222; a=0.848(1), b = 1.469(2), c=1.840(2) nm) previously
reported by Dorrscheidt (S. H. Dorrscheidt W. 1981) a single crystal was selected from a
single-phase sample with nominal composition Sr333Ag20Sis6 7 after annealing at 800°C. The
observed extinctions were unambiguously consistent with the space group Fddd (Nr. 70;
a=0.84488(2), b=1.46376(2), c=1.84018(3) nm). Crystal structure refinement was successful
using the atomic positions of the Ba,LiSi3 structure (Von Schnering H.G. 1996), but
refinement of the occupancies did not reveal full ordering in all positions. Whereas the Sr
atoms fully occupy the crystallographic sites 16g (1/8,1/8,0.50010(2)) and 16g (1/8,1/8,-
0.00026(1)), the  Wyckoff  positions 16f  (1/8,0.45741(3),1/8) and 32h
(0.37158(5),0.04132(4),0.12437(2)) are randomly shared by silver and silicon. However, the
Wyckoff site 16f (1/8,0.2888(1),1/8) 1s only partially filled (58 %) by silicon resulting in the
composition SrAgj 17(1)Si2.4000.43. The partial occupancy of the 16-fold position significantly
improves the R- value by ~ 1.5% and also reduces the anisotropy in the atom displacement
parameters (ADPs) of all atoms. The refinement converged with Rg=0.041, with rather
spherical ADPs and without any significant residual electron densities (+ 1.5 e/A%). The
smallest interatomic distances are dsimag+si=0.2390 nm, dm-mag+si=0.2450 nm, dg.-
M(Ag+sy=0.3332 nm, dg;.si=0.3326 nm and ds;.s,=0.4224 nm. Further details of the crystal

structure refinement are listed in Table XXIX.
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Table XXIX: X-Ray single crystal data for 7,-Sr,Ag;,,Siz«y[]y (Sr;LiSi;-type) at RT (anisotropic

displacement parameters U;; in [10”nm?]). The symbol O denotes a vacancy. In this case, the non-
standardized setting is used for an easier comparison with isostructural and standardized Ba,AgSi;

(Cardoso Gil R. 1999)

Parameter/Compound Sr2Ag 4 Siaxy Oy 3 x=0.17, y=0.43
Space Group Fddd
Formula from EPMA (at.%) St33.4A819S1476

Composition from refinement

SrzAgl,n(l)SionDom =

*Sr333A821.855144.82 at.%

a, b [nm] 0.84488(2), 1.46376(2)

¢ [nm] 1.84018(3)

Habs [mm_]] 156

1% (nm3) 2.275

px (gem™) 431

Reflections in refinement 831>40(F,) of 831

Number of variables 34

Ry = ZIF)-F.I/ZF, 0.041

Rine 0.060

wR2 0.068

GOF 1.31

Extinction (Zachariasen) 0.00006(1)

Residual density e'/loA3; max; min 1.23;-1.54

Atom parameters

Srl in 16g (1/8,1/8,z); occ. 0.999(2)

z -0.00026(1)

Uy, Uy, Uss, 0.0097(3), 0.0098(2), 0.0091(3),

U|2~ U23=U|3=O —00040(2)

Sr2 in 16g (1/8,1/8,z); occ. 1.000(2)

z 0.50010(2)

Uy, Uy, Uss, 0.0093(3), 0.0097(7), 0.0082(3),

Ui, Up=U13=0 -0.0037(2)

Sil in 16f (1/8,y,1/8); occ. 0.58(1)

y 0.2888(1)

Uy, Uy, Uss, 0.014(1), 0.014(1), 0.016(2),

U3, Up=Uy=0 -0.010(1)

M1 in 16f (1/8,y,1/8); occ. 0.560(2) Ag + 0.440 Si

Y 0.45741(3)

Ui, Up, Uss, 0.0090(3), 0.0079(2), 0.0124(3)

U13. U12=U23=O 00014(2)

M2 in 32h (x,y,z); occ. 0.307(2) Ag + 0.693 Si

X, ) 2 0.37158(5), 0.04132(4), 0.12437(2)

Uy, Uy, Uss 0.0072(4), 0.0091(3), 0.0133(4)

Uss, Uz, Uy 0.0002(1), 0.0032(3), -0.0010(1)

Interatomic distances [nm]; Standard deviation < 0.0001

Srl — 2M2  0.3343 -2Sr2  0.3365
-2M1 0.3349 -2Srl 0.3369
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—2M1  0.3362 M1 — 1Sil  0.2468
—2M2  0.3364 -2M2  0.2468
-2Sil  0.3369 -2Sr2  0.3344
-2M2  0.3380 -2Sr1  0.3349
—2Sr2  0.4224 M2 — 1Sil  0.2391

Sr2 — 2Si2  0.3326 —1M2  0.2450
—2M2  0.3332 —IM1  0.2468
-2M1  0.3344 -1Sr2  0.3332
—2M2  0.3348 —1Sr1  0.3343
-2Sil  0.3365 —~1Sr2  0.3348
-2Sr1  0.4224 -1Sr2  0.3354

Sil — 2M2  0.2390 —1Sr1  0.3364
—IM1  0.2468 ~1Sr1  0.3379
—2Sr2 0.3326

*Composition in at. %, normalised to 33.33 at.% Sr, as vacancies only appear in the Si positions

Detailed discussions of the Sr;LiSis structure type (filled B-K4O,Pe-type, superstructure of
AlB,-type based on 32 AlB,-type subcells) and isotypic compounds as f.e. Eu,AgSis,
CayAgSis or BayAgSis can be found in the papers of Schnering et al. (Von Schnering H.G.
1996) and Cardoso et al. (Cardoso Gil R. 1999). Mixed site occupancies of silver and
silicon in the crystallographic sites 16f and 32h have also been encountered for Eu,AgSis
(Cardoso Gil R. 1999). The rather large anisotropic ADPs reported for the silicon atoms

in the 16f site may also indicate the presence of vacancies in the crystal structure of
Eu,AgSi; (Cardoso Gil R. 1999). It should be mentioned that similar to Eu,AgSis
(Cardoso Gil R. 1999) also SrpAgi.,Siz«.yOy exhibits hexagonal pseudosymmetry (b/a =
1.7325 ~ \/3). The possibility of intergrowth with domains of polymorphic modifications
(such as o-K4O,Ps-type) or stacking faults leading to the appearance of random
substitutions and vacancies have already been discussed earlier (Cardoso Gil R. 1999).

As the Si-poor end and the phase width of the homogeneity range of t1; has not been
investigated in this work, a symmetry reduction to space group C222, as has been reported
earlier for SrgAgsSig (S. H. Dorrscheidt W. 1981), cannot be excluded for Si-poor

concentrations.
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5.7.1.2.1.2 The crystal structure of t,-SrAg>.,Siz+r (ThCrySi; type)

A single crystal suitable for X-ray single crystal structure determination was selected from a
mechanically crashed alloy with nominal composition SrypAgs3Sis; annealed at 800°C.
Analysis of the X-ray diffraction spots revealed a body centred tetragonal unit cell
(a=0.437664(6) and c=1.04517(2) nm) and the crystal structure solution was performed in
space group [4/mmm as the one with the highest possible symmetry consistent with
systematic extinctions. Refinement of the occupancy of the atomic positions revealed full
occupation of Sr in the 2a (0,0,0) and Si in the 4e (0,0,z) site. Refinement of the 4d
(0,1/2,1/4) site leads to a mixed Si and Ag occupation resulting in a final composition
SrAg; ssSir 2 and Rp = 0.012. These results confirm the ThCr,Si, structure type, earlier
reported for SrAg,Si; (May N. 1972). Details of the crystal structure refinement are given in
Table XXX.

Table XXX: X-Ray single crystal data for t,-SrAg,.Si>.x (ThCr,Si,-type) at RT (anisotropic
displacement parameters U;; in [10'2nm2]).

Parameter/ Compound SrAg,.Sis.. ; x=0.1

Space Group I 4/mmm

Formula from EPMA (at.%) Sra0AgssSign

Formula from refinement SrAg, 88251212 =
Sra0Ag37.65142.4

a, ¢ [nm] 0.437664(6), 1.04517(2)

s ('] 35.0

V (nm?) 0.2002

p. (gem’) >80

Reflections in refinement 195>4c6(F,) of 195

Number of variables 11

Rg = ZIFy-F.I/ZF, 0.012

Rine 0.041

wR2 0.024

GOF 1.125

Extinction (Zachariasen) 0.0201(8)

Residual density e'/loA3; max; min 0.93; -1.44

Atom parameters

Sr in 2a (0,0,0); occ. 1.006(5)

Uy 1= Upy, Ussz; Upp=U,3=U3=0 0.0078(1), 0.0081(2)

M in 4d (0,1/2,1/4); occ. 0.938(2) Ag+0.062 Si
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U= Uy, Uss; Upp=Up;=U5=0 0.01202(9), 0.0092(1)

Si in 4e (0,0,z); occ. 0.993(5)

Z 0.38842(8)

U= Uy, Uss; Upp=Upi=U;3=0 0.0102(3), 0.0079(4)

Interatomic distances [nm]; Standard deviation < 0.0001

Sr— 8Si 0.3327 —4Sr  0.3408
-8M  0.3408 Si— 1Si 0.2332

M- 4Si 0.2623 -4M  0.2623
—-4M  0.3095 —4Sr  0.3307

5.7.1.2.2 The System Sr-Ag-Ge

The isothermal section has been constructed from the results of EPMA and XPD of alloys
annealed at 700°C (see Figure 66 and Table XXVIII).

Ge 700°C
0

100 1,-Sr(Ag,Ge,.),
T,-SrAg, ,Ge,.,
90 O Sample position

Figure 66: Isothermal section at 700°C and tentative partial liquidus projection (E: eutectic reaction,
U: transition reaction) for the Ge-rich side of the Sr-Ag-Ge system and SEM images of the alloys
marked in red and labelled with (e)-(h) in the isothermal section in as cast state. The results from

XPD and EPMA for these alloys annealed at 700°C are summarized in Table XX VIII.

Figure 66(e) to 2(h) present the microstructures of as cast alloys, which are marked in red
in the isothermal section in Figure 66. The microstructure of the alloy Sris3Agy3Gerso
(Figure 66(e)) reveals primary grains of (Ge) together with needle like crystals of t,-
SrAg «Geyix (ThCr,Si; type) and a rather fine eutectic structure. The composition of the
ternary eutectic E;: L <> (Ge)+SrGey+1, (SrGe;: BaSi; type) is ~Srj9Ag;1Gero (in at.%).
As (Ge) is in equilibrium at 700°C with SrGe; and 1, (Figure 66), the invariant reaction

202



temperature is estimated to be within 700°C<T<755°C. The alloy with nominal
composition Sr3;pAg;1Gesy contains primary grains of SrGe, (Figure 66(f)) followed by the
peritectic formation of 1, and final crystallization of t,-Sr(AgyGe;x)> (AlB, type). Figure
67 shows the Rietveld refinement of the X-ray powder pattern of the annealed alloy with
nominal composition Sr33Agi7Gesy comprising 11 (AlB, type) as the main phase and small

quantities of 1, and SrGe,.

45000""'|"'*|""l I FSE | 2% L ST N P ER L
o[ 1,-SrAg, Ge, ; (AlB, type) _
34000 L P&/mmm E

. a=0.43431(2) nm

= 28000 | ¢=0.45938(1) nm h
€ i Sr 1a(0,0,0) ]
2 ool 0.49(2)Ag+1.51Ge 2d (1/3,2/3,1/2) E
% [ R.=0.053
@ 16000 o R;=0.044 4
E 10000__ Yobs '"
I 1 l Ycale ]
g 1 | L. Los
[ | I 1 1 | [ T I I | ol il Il ]
2000 = | [ || [ 11 I T \I\iEI 2 ]
% LT T TR TR MR 0 R LD AL [T NN SrGe,
-8000 - Yobs-Ycalc Bragg-position 4

AR J v | " 'S A Pl e
14000 = 1 .|1._H.|HT‘.|‘U...|..“| 1y ‘l_'(_.f
24 32 40 48 56 64 72 80 88 96 104

20 (%)

Figure 67: Rietveld refinement for an alloy with nominal composition Sr3;;Ag;;Ges, annealed at 700°C
containing 1,-Sr(Ag,Ge,.,), (AIB, type) as the main phase and small amounts of 7,-SrAg,Ge,
(ThCr,Si, type) and SrGe,.

Alloy SrsoAgy;sGerne (Figure 66(g)) contains large grains of (Ge), 1, phase and liquid,
which crystallizes finally in form of a ternary eutectic Ey: L < (Ge)+(Ag)+t,. The
position of the eutectic (~SrpAgesGess in at.%) is connected to the corresponding binary
one L « (Ge)t+(Ag) at 75 at.% Ag. At 700°C, (Ge) and 1, are in equilibrium with liquid.
The microstructure of the alloy Sry;Agz4Gess in Figure 66(h) shows primary grains of T
followed by the crystallization of 1, and liquid in form of eutectic E, (not shown in Figure
66). The Rietveld refinement of the X-ray powder pattern of the annealed alloy is
presented in Figure 68: only two phases are present at 700°C namely 1> (ThCr,Si, type) as
main phase and 1;. The refinement showed for 1, random site occupation of Ag and Ge in

the crystallographic site 4d, whereas the 4e site is filled entirely with germanium.
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Figure 68: Rietveld refinement for an alloy with nominal composition Sr,,Ag;,Gey, annealed at 700°C
containing 7,-SrAg,Ge, (ThCr,Si, type) as the main phase and small amounts of 7,-Sr(Ag,Ge,.,),
(AlIB, type).
The Ge-poor ends of the homogeneity ranges of t; and 1, at 700°C have not been investigated

in this work. The partial tentative liquidus projection shown in Figure 66 has been

constructed from the evaluations of the as cast microstructures.

5.7.1.2.3 The System Sr-Au-Si

The Sr-Au-Si system has been investigated up to 70 at.% gold and 33.3 at.% strontium on
alloys in as cast state and after annealing at 800°C (650°C). Results from EPMA and
XPD for the alloys marked in red in Figure 69 and annealed at 800°C (or at 650°C; see
Figure 69g) are summarized in Table XXXI.
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800°C

100 1,7 -Sr(Au,Si, ),
1,-Sr(Au,, 1, )(SiAu,),
\ 90 t5-SrAu,,,Si;

: t,~-SrAu; 1, Si,

o Sample position

Figure 69: Partial isothermal section at 800°C and tentative liquidus projection (E: eutectic reaction,
U: transition reaction, P: peritectic reaction) of the Sr-Au-Si system; microstructures are shown of
the alloys marked in red and labelled with (a)-(g) in the isothermal section in as cast state or after
annealing. The results from XPD and EPMA for these alloys annealed at 800°C (or 650°C (g)) are
summarized in Table XXXI.

Table XXXI: Results from EPMA and XPD for alloys in as cast state or after annealing in the ternary
systems Sr-Au-{Ge,Si}.

Composition EPMA
Alloy X-ray Lattice parameter [nm]
Structure (at. %)
(Nominal phase
.. . type Ge
composition) analysis a b c Sr Au
Si
Sr-Au-Si

Sr14.gAll2_8Si82_4 (Sl) Cdiam 054323(2) - - - - 100.0
800 °C (a) a-SrSi,  |SrSi, 0.65401(5) | - 324 - 68.6
T, Ca,AgSi; 0.82991(6) |- 0.93563(5)(32.1 14.3 53.6

Sr14.8Au9,3Si75,9 (Sl) Cdiam 054328(3) - - - - 1000
800°C (b) T Ca,AgSi; - - - 32.6 17.6 49.8
T BaNiSn; - - - 19.1 40.2 40.7

SrzoAuZosiﬁo (Sl) Cdiam 05429(3) - - - - 100.0
800 °C (c¢) T, Ca,AgSi; - - - 33.0 15.9 51.1
T BaNiSn; 0.44059(3) |- 1.0109(1) {19.5 40.7 39.8
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S1307AU,4S145 3 T, BaNiSn; - - - 204 433 36.3
800 °C (d) T Ca,AgSis - - - 32.8 17.8 494
o AlB, 0.42162(4) |- 0.46026(7)[32.6  [22.0 454
SrogAuy;Sis) T AlB, 0.42388(1) |- 0.45815(3)(32.5 26.7  40.8
800 °C (e) 7 - - - - 20.9 60.4 18.7
St13.5AUs6,55130 (S1) Caiam - - - - - 100.0
800 °C () T, BaNiSn; 0.44627(4) |- 1.01011(4)120.3 47.3 324
s - - - - 20.8 60.6 18.6
T BaAu;Si, - - - 12.5 64.5 23.0
Srg3Au677S124 (Si) Caiam - - - - 0.1 99.9
650 °C (2) T, BaAusSi, 0.87715(5) |0.70034(6)[0.99301(5)|12.6 654  |22.0
(Au) Cu - - - - - -
Sr-Au-Ge
St145AU, 5Geg) 7 (Ge) Ciam 0.56586(6) |- - - - 100.0
700 °C (h) SrGe, BaSi, - - - 336 | 66.4
T AlB, 0.43102(2) |- 0.46182(3)(32.1 17.9 50.0
St143AU9 3GE75 4 (Ge) Cgiam - - - - - 100.0
As cast (1) T AlB, - - - 30.8 16.7 52.5
T, - - - - 19.5 23.5 57.0
Sr0AuysGess (Ge) Cgiam - - - - - 100.0
700 °C (3) T AlB, 0.43289(1) |- 0.45800(5)(32.8 19.0 |48.2
T, CaBe,Ge, 0.45131(3) |- 1.0496(2) [18.9 29.3 51.8
Srs.9Auy; sGeqp 6 (Ge) Ciam 0.56580(3) |- - - - 100.0
700 °C (k) T, ThCr,Si, 0.45103(2) |- 1.0364(1) [19.1 39.1 41.8
(Au) Cu - - - - 85.1 14.9
- - - - - ~16 ~50 ~34

Microstructures of these alloys in as cast state and for some of them after annealing at 800

or 650 °C are shown in Figure 69(a)-(g). The microstructure in Figure 69(a) for the alloy

with nominal composition SrjsgAu,;Sigys (in at.%) reveals primary grains of (Si)

followed by the crystallization of liquid along the monovariant line L < (Si)+t; (1;-

Sr(AuxSijx)2; structure type has not been determined in as cast state) and the

crystallization of the last liquid at the invariant eutectic point E;: L <> (Si1)+SrSi+1; (at

~Sr19AuySiz; in at.%) close to the binary eutectic at 74 at.% Si. At 800°C, (Si) is in

equilibrium with SrSi, (0-SrSi, type) and t;-Sr(AuxSijx), (Ca,AgSis type); see Table

XXXI(a)). An alloy with nominal composition Srj4gAug3Sizsg is located in the same
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primary crystallization field; thus large quantities of eutectic structures are present in the
SEM image in Figure 69(b) resulting from the crystallization of the liquid along the same
monovariant line, but with crystallization of 7, at the invariant point E,: L < (Si)+1,+1;
(at ~SrysAu;sSigy, in at.%). The crystal structure of T,-SrAuyxSirx in as cast state,
however, has not yet been analysed. Joint crystallization of (Si) and 1; is visible on the
microstructure of the alloy with nominal composition SryAuySiso (see Figure 69(c)). 11
is surrounded by T, and the finally crystallized liquid corresponds to the monovariant
crystallization of (Si) and 1,. Equilibrium phases in this tie triangle at 800°C are (Si), T;
and 1> (t2-Sr(Au;.,0y)(SiixAuy)3; BaNiSn;3 structure type; see Table XXXI(c)). The alloy
with nominal composition Sr3p;Auz4Sisss (Figure 69(d)) is located in the primary
crystallization field of t';. Annealing at 800°C (see inset in Figure 69(d)) leads to the
formation of 1; around t’;. The microstructure of the alloy with composition SrosAus;Sisy,
presented in Figure 69(e), also reveals primary crystallization of t’; followed by the
crystallization of 1, (BaNiSns-type) and t3 (13-SrAus.Sijx; unknown structure type) and
monovariant crystallization of t'; and t3. After annealing at 800°C only 2 phases are
present in this alloy namely t'; and t3;. Large grains of 1, and 13 are visible on the
microstructure of the as cast alloy with nominal composition Sr;3sAusesSiso (see Figure
69(f)). The last liquid crystallizes in form of a two-phase eutectic microstructure (Si)+ty4
(t4-SrAusO4Sip; BaAusSip type). Rather large crystals of 1, and 13 are grown in
equilibrium with liquid at 800°C, as can be seen from the inset in Figure 69(f). The alloy
with nominal composition Srg3Aug;7Siz4 is completely in the liquid state at 800°C. The
microstructure of this alloy after quenching is shown in Figure 69(g). 14 is the primary
crystallizing phase and the last liquid crystallizes in form of the eutectic Ez: L «
(S1)+(Au)+t4 with a composition (~SrpsAugpSi-j95) very close to the binary Si/Au eutectic
(at 81 at.% Au). Another part of this alloy was slowly cooled from 800 to 650 °C and
annealed at this temperature for some days yielding large crystals of t4 (see inset Figure

69(g)). A possible partial liquidus projection for this system is also shown in Figure 69.

5.7.1.2.3.1 The crystal structures of t;-Sr(Au,Si;.x)2 (CaAgSis type) and t’;-Sr(Au,Si; )2
(AlB>-type)

The crystal structures of 1;- and t’;-Sr(AuSi;x)> have been investigated on alloys
annealed at 800°C by XPD and EPMA and of 1; also by XSCD. Rietveld refinement of

the X-ray powder intensities of t©';-Sr(AuSi;«), for an alloy with nominal composition
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Sr31AuspGesg is shown in Figure 70 defining isotypism with the AlB, type (space group
P6/mmm).

36000 . : o
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Figure 70: Rietveld refinement for the alloy with nominal composition Sr;;Auz)Gesy annealed at
800°C containing T'{-Sr(Au,Si;.,), (AlB, type) as the main phase and traces of 1,-SrAu,,,Si, .«
(BaNiSn; type).

As no unindexed reflections remain in the XPD patterns and the calculated intensities
from Rietveld refinement agreed rather well with the experimentally observed ones (Rp =
0.063), no single crystal has been selected for this phase.

XPD patterns of annealed alloys close to t;-Sr(AuxSij«)> at x=0.25, however, exhibit
various strong superstructure reflections to the simple AIB, type. As an ordered
superstructure can be expected with the stoichiometric composition Sr,AuSi3, a Rietveld
refinement of the X-ray powder pattern was carried out using the crystallographic
parameters of the CayAgSis structure ( (Cardoso Gil R. 1999), see Figure 71; space group
Fmmm; a=0.83504(4), b=1.4565(3) and ¢=0.9277(3) nm). For 1;-Sr(Au,Si;x) (x=0.25)
the agreement between the calculated intensities from refinement with the experimentally
observed spectrum was acceptable, but could be improved by a mixed occupation of Au

and Si in one of the crystallographic sites 8h and by a defect in 160.
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Figure 71: Rietveld refinement for an alloy with nominal composition Sri3 3Au47Sis, (in at. %)
applying the orthorhombic Ca,AgSi; structure type (ortho.) and Bragg-reflections of the hexagonal
Ca,Ag(AgSiyg)sSis, type (hex.).

In order to elucidate details of the superstructure, a single crystal specimen was
mechanically isolated from an alloy with nominal composition Srz;Au;9Sisg after
annealing at 800°C. Evaluation of the X-ray diffraction pattern prompted a hexagonal
primitive unit cell (a=0.83407(2) and ¢=0.92664(3) nm) without systematic extinctions.
Structure solution and refinement was carried out in space group P6m2. Final refinement
with ADPs converged to Rg=0.057 and highest residual electron densities +10.3 e/A’
located in the special position 1c (1/3,2/3,0), which is in the center of the Si¢ ring.
Comparing unit cell dimensions, crystal symmetry and the atom site distribution, the
crystal structure of “Sr,AuSisz” (SrsAua(Aug34Si0.66)3(AUg21S10.79)3S17.62AU038) would be
isotypic with the crystal structure of CasAg(Ag2Sipg)3Sisz, (labelled as “CasAg,Si;”)
reported by Merlo et al. (Merlo F. 1996). Detailed results of the crystal structure

refinement are given in Table XXXII.

Table XXXII: X-Ray single crystal data for t,-Sr(Au,Si;.,), at RT (anisotropic displacement
parameters U;; in [10'2nm2]).

Parameter/ Compound _ Sr(Au,Si;.,)»; x=0.25
Space Group P6m?2 Fmmm
Structure type CasAg(Ago2Sigg)sSiza Ca,AgSi;
Formula from EPMA Sr3333AU6.675150 at.% = Sr,Au;Si3 | SrazszAugg 67Siso at.% = SrrAu, Sis
Formula from refinement SrgAu,(Aug 3451 66)3(Alo21S10.79)3 Sr16.0001)AU8.092)S122.6(1)01.4
Siz 2Aug 35 = Sr12.00AU101512.8200.18
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= SrgAuy 035111 97 ~ SroAu;Si3

a, b, ¢ [nm] 0.83407(2), 0.92664(3) 0.83407(2), 1.44465(2), 0.92664(3)
Labs [Mm'] 68.6 68.6

V (nm?) 0.55827 1.11654

o, (gem™) 5.43 5.38
Reflections in refinement 985>4c(F,) 1400 7092406 (F,) 940
Number of variables 33 26

Rr = SIF,-F.I/ZF, 0.057 0.035

Rine 0.050 0.071
wR2 0.143 0.063
GOF 1.066 0.930
Extinction (Zachariasen) 0.0072(7) 0.00010(3)
Resifiual density e'//ok‘?; max; 10.3; -4.75 3.43;-3.11

min

Atom parameters

Srl in 2h (1/3,2/3,z) 8f (1/4,1/4,1/4)
occ. 0.98(1) 1.007(5)
X, Y, 2 z=0.2487(2) -
U, 1=Up=Uy,, Us3; 0.0146(4), 0.0110(5) Uy, Uz, Uss; Upp=U,3=U3=0
Ux=U3=0 0.0083(4), 0.0084(4), 0.0075(3)
Sr2 in 6n (X,-X,7) 8i(0,0,2)
occ. 0.96(6) 0.991(6)
X, ¥, 2 0.8331, 0.1669(2), 0.2498(1) 0.24938(5)
U1|=U22, U33, 00150(3), 00120(4) U| 1s U22, Uz';, U|2=U23=U13=0
Ujp; -Uyx=U;3 0.0075(3); -0.0005(4), 0.0082(4), 0.0083(4), 0.0072(3)
Aul in 1a (0,0,0) -
occ. 1.01(6) -
U;1=Up=Us, Uss; 0.0079(5), 0.0087(9) -
Up3=U;3=0
Au2 in le (2/3,1/3,0) -
occ. 1.002(3) -
U1|=U22=U12, U33; 00059(5), 00062(8) -
Up3=U,5=0
Sil in 11 (2/3,1/3,1/2) 8h (0,y,0)
occ. 0.96(1) 0.84(1)
X, 9,2 - 0.1646(1)
U 1=Uy=U),, Uss; 0.020(4), 0.032(9) Uy, Ugy, Usz; Upp=Uy3=U,3=0
Uyp=U,3=0 0.010(1), 0.006(1), 0.012(1)
Si2 in 3j (x,-x,0) -
occ. 0.98(2) -
X, ¥, 2 0.1718, 0.8281(2) -
U 1=Uyp, Uss, 0.031(2), 0.037(3) -
U12; U23:U13:O 0.01 2(1) -
Si3 in 3j (x,-x,0) -
occ. 0.94(1) -
XV, 2 0.4957, 0.5042(2) R
U,,=Uy, Uss, 0.021(2), 0.036(3) -
U|2; U23=U13=0 0006(2) -
Ml in 1b (0,0,1/2) 8h (0,y,0)
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occ. 0.377(7) Au + 0.623 Si 0.703(2) Au + 0.297 Si
X, ), 2 - 0.66674(2)
U11=U22=U12, U33; 0022(1), 0025(1) Ull’ U22, U33; U12=U23=U13=0
Uy3=U5=0 0.0062(2), 0.0063(2), 0.0089(2)
M2 in 3k (x,y,1/2) 160 (x,y,0)
occ. 0.215(4) Au + 0.785 Si 0.154(1) Au + 0.846 Si
X, ¥,z 0.5024, 0.4976(8) 0.24878(5), 0.08293(5)
U, 1=Uy,, Uss, 0.012(1), 0.010(1) U;1,Un, Usz
Ujp; Ups=U5=0 0.007(1) 0.0070(4), 0.0070(4), 0.0113(4)
U12200002(1), U23=U13=0
M3 in 3k (x,y,1/2) -
occ. 0.339(4) Au + 0.661 Si -
X, Y, 2 0.1691, 0.8309(1) -
U, 1=Uy, Uz, 0.0109(8), 0.015(1) -
Ujp; Up=U;3=0 0.0048(8)
Interatomic distances [nm]; Standard deviation < 0.0001 (only for the Ca,AgSi; type)
Srl — 2Sil 0.3316 -2S8r2  0.4170 —2Srl 0.3346
—-4M2  0.3329 Sil — 2M2  0.2387 M2 — 1Sil 0.2387
-2M1 0.3346 —1M1  0.2437 —-1M2 0.2396
—4M2  0.3349 -2Sr1 0.3316 —-1M1 0.2420
—4Sr2  0.4170 —48r2  0.3352 —2Srl 0.3329
Sr2 — 4M1 0.3341 M1 - 2M2  0.2420 —2Sr2 0.3345
—4M2  0.3345 —1Sil 0.2437 —2Srl 0.3350
—-4Si1  0.3352 —4Sr2  0.3341

Due to the relatively high residual electron density, the gained R values and the result
from Rietveld refinement, the crystal structure was inspected again. Final structure
refinement after transformation to an orthorhombic unit cell (agtho=anex, bonh():\/3ahex and
Cortho=Chex, S€€ Table XXXII) was successful in space group Fmmm. Full occupation by
strontium atoms has been found for the Wyckoff positions 8f (1/4,1/4,1/4) and 8i (0,0,
0.24938(5)). A defect of ~ 15% appeared after refining the silicon content in the
crystallographic site 8h (0,0.1646(1),0) and a mixed occupancy of gold and silicon in
different ratios became obvious for the crystallographic sites 8h (0,0.66674(2),0) and 160
(0.24878(5),0.08293(5),0) leading to the composition Sr;00Au;1Sizg00.1s for this
crystal. After introduction of ADP’s the refinement now converged to acceptable low R
values (Rg=0.035) and residual electron densities < £3.4 e/A>. Although the results from
Rietveld refinement and single crystal refinement differ concerning the mixed sites and
the position of the defect, the resulting composition is the same. It is worth to mention

that it is not completely clear at this point, if there exists complete order for
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stoichiometric Sr,AuSi3 with the fully ordered Ca,AgSi; type and whether the mixed sites

(defects) appear due to stacking faults or defects in this crystal specimen.

5.7.1.2.3.2 The crystal structure of t2- Sr(Au;.,0,)(Si;.xAuy); (BaNiSns-type)

Crystal structure and homogeneity range of t1,-SrAu,.xSir«x have been investigated by
EPMA and XPD after annealing at 800°C and by XSCD. The homogeneity range is rather
limited at this temperature ranging from x=0 to x=0.35. Previously, a ThCr,Si, type has
been attributed to stoichiometric SrAu,Si, (a=0.437(1), c=1.014(2) nm) by Dorrscheidt et
al. (N. N. Dorrscheidt W. 1976). Although the Rietveld refinements for all X-ray powder
patterns applying this structure type were acceptable and without unindexed reflections,
one single crystal has been selected from an alloy at the gold rich end of the solid solution
with nominal composition Sri3 5Ause 55130 (SEM 1mage of this alloy annealed at 800°C is
shown in Figure 69(f)). Diffraction data for this crystal confirmed the tetragonal
symmetry (a=0.44594(2) and c=1.01013(6) nm) and the analysis of the systematic
extinctions arrived at the space groups I4/mmm, I1Am2, [42m, I4mm, 1422, I4/m, 14, IA.
Crystal structure solution and subsequent refinement in the highest possible symmetric
space group I4/mmm immediately revealed several electron densities with different peak
heights close together along the c-axis, indicating a lower symmetry space group without
a mirror plane perpendicular to the c-direction. Therefore, the space group I4mm was
chosen and indeed crystal structure solution was successful within this space group. A
first refinement showed strontium occupying the crystallographic site 2a (0,0,0.605(1))
and a random occupancy of gold and silicon (M) in the sites M1 2a (0,0,0.0), M2 2a
(0,0,0.228(1)) and M3 4b (0,1/2,0.350(1)) in different ratios. Symmetry and atomic
arrangement are consistent with the BaNiSn; type. Although the refinement yields a
rather low Rf value (Rg=0.040), reasonable ADPs and small residual electron densities (<
+4.5 e/A3), the refined composition, SrAu,Si,, did not fit with EPMA (~SrAu; 4Si; ¢) and
also the interatomic bonding distance between the sites M1 and M2 was with dy-
M2=0.2300 nm too short for fully occupied sites. Therefore, only the gold content was
refined in the crystallographic site 2a (0,0,0.000) resulting in an occupation of 36%, as
vacancies are only possible in this site. Refinement of the occupation of the other 2a site
(0,0,0.228(1)) leads to an almost full occupation by silicon but a small amount of gold

(1%) 1s still necessary for reasonably shaped ADPs. Furthermore, a mixed occupancy of
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gold and silicon can be found also in Wyckoff position 4b. Details of the refinement are

summarized in Table XXXIII.

Table XXXIII: X-Ray single crystal data for 7,-Sr(Au,.,,)(Sij.cAuy,); (BaNiSns;-type) at RT

(anisotropic displacement parameters U;; in [10”2nm?]). The symbol [I denotes a vacancy.

Parameter/Compound

SI.(Aul-y O y)(Sil-xAux)3;
x=0.59, y=0.64

Space Group

I4mm

Formula from EPMA

SrzoAu4gsi32 at.% = SI‘AU2'4Si1<6

Formula from refinement

SrAu; 13(500.64511.23

= Sr(Aug 3600.64)(Sig.41AUg 50)3

a, ¢ [nm] 0.44594(2), 1.01013(6)
Haps [mm™] 104.5
V (nm?) 0.20088
P (gem”) 891
Reflections in refinement 308>40(F,) of 330
Number of variables 17
Ry = ZIFy-F.I/ZF, 0.043
Rine 0.071
wR2 0.095
GOF 1.120
Extinction (Zachariasen) 0.0006(2)
Residual density e'//°\3; max; 4.96; -3.21

min
Atom parameters
Sr in 2a (0,0,2); occ. 1.0*
Z 0.6049(5)
Uiy, Uy, Uss 0.0094(8), 0.0094(8), 0.0144(7)
Au in 2a (0,0,z); occ. 0.36(1)
Z 0.0000%*
U} 1=Uy, Uss, Upp=Up;=U;3=0 0.012(1), 0.019(1)
M1 in 2a (0,0,z); occ. 0.011(8) Au + 0.989 Si
z 0.228(1)

U 1=Uy,, U33; U,=U;=U;5=0

0.0044(8), 0.0025(9)

M2 in 4b (0,1/2,z); occ.

0.88(2) Au+0.12 Si

Z

0.3506(5)

Ui, Up, U33; U,=Uy3=U3=0

0.0246(6), 0.0133(5), 0.0202(4)

Interatomic distances [nm]; Standard deviation < 0.0001
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Sr— 4Au 0.3327 | M1 - 1Au  0.2303
-4M2  0.3336 -4M2  0.2551
-4M1  0.3389 —4Sr  0.3389
—-4M2  0.3402 —1Sr  0.3808
-1M1 03808 | M2 - 2M1  0.2551
—1Aul  0.3990 —2Au  0.2692
Au— IM1 0.2303 —-4M2  0.3153
—-4M2  0.2692 -2Sr  0.3336
-4Sr  0.3327 —2Sr  0.3402
—1Sr  0.3990

*fixed during refinement

This model results in a final composition Sr(Au;.y0y)(Si;xAuy)3 with x=0.59, y=0.64 i.e.

SrAus 135)511 2300.64, Rr=0.043, residual electron densities < + 5 e/A3 and rather spherical

ADPs. Up to now, almost all known compounds crystallizing with BaNiSnj3 structure type
exhibit a stoichiometric 1:1:3 composition or composition very close to it. Therefore,
further investigations/calculations will be necessary to find the reason for the symmetry
reduction and also to study this phase at other temperatures. The ThCr,Si, structure type
has been reported by Dorrscheidt et al. (Dorrscheidt W. 1976) for stoichiometric SrAu,Si,
samples, quenched from high temperatures (1250-1300°C). Therefore, a structure
transformation with temperature and/or composition is conceivable. Furthermore, Isobe et
al. (Isobe M. 2014) recently reported the formation of SrAuSi; with BaNiSn; type under
high pressure conditions (6GPa, 1500°C).

5.7.1.2.3.3 The crystal structure of t3-SrAuz,,Si;.«

Although large crystals of t3-SrAus.Sijx were grown in equilibrium with liquid as can be
seen from the SEM image in Figure 69(f) and from the drawn phase equilibria in the gold
rich corner in Figure 69, no suitable single crystal for XSCD could be selected. All
crystals had rather strong defects or diffuse reflections or crystal intergrowth. X-ray
powder patterns of alloys with t3 as the main phase could be indexed with the CeMg,Si,
structure type ( (Zmii O.F. 1971), space group P4/mmm; a= 0.44532, c= 0.52724 nm) but
many small, unindexed reflections remained, which are probably due to a superstructure

with a rather large unit cell.
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5.7.1.2.3.4 The crystal structure of t4-SrAus_,0,Si; (BaAusSi; type)

A suitable single crystal of 14-SrAusO,Si, was selected from an alloy with nominal
composition Srg3Aug77Sixs slowly cooled from 800 to 650°C and annealed at this
temperature for 3 days. The microstructure of this alloy is presented in Figure 69(g)
showing rather large crystals grown in equilibrium with the liquid. An orthorhombic
primitive unit cell (a=0.87557(3), b=0.69945(2) and ¢=0.98873(3) nm) has been found
from XSCD data and the crystal structure has been solved in space group Pnma as the
highest possible symmetric one. Crystal structure refinement indicates isotypism with the
BaAusGe, structure type revealing an ordered arrangement of Sr atoms in the
crystallographic site 4c (0.2524(1),1/4,0.8772(1)), Si atoms in the 4c sites
(0.3390(4),1/4,0.5332(4)) and (0.0431(4),1/4,0.3770(4)) and Au atoms in two 8d sites
(0.10065(4),0.05085(5),0.60759(4)) and (0.06462(4),0.03440(5),0.13680(4)). Refinement
of the gold content in the Wyckoff position 4¢ (0.29942(5),0.25,0.28942(6)) leads to an
occupation of only 32.5 %. Indeed, the same result could be achieved with a mixed
occupation of gold and silicon (0.2Au + 0.8Si) in this site but would lead to a too high

silicon content compared with the result from EPMA. Final refinement with ADPs
concludes with the composition SrAuy 310075912, Rr=0.043 and residual electron densities

+ 5.5 e/A’ close to the gold atoms. Further details of the crystal structure refinement are

given in Table XXXIV.

Table XXXIV: X-Ray single crystal data for t4-SrAus,0,Si, (BaAusSi,-type) (anisotropic

displacement parameters U;; in [10'2nm2]). The symbol [ denotes a vacancy.

Parameter/ Compound

SrAus_,[1,Si,; x=0.66

Space Group

Pnma

Formula from EPMA

Sr|2.5Au62.SSi25 at.% = SrAuSSiz

Formula from refinement

SrAuy 31,00 751,

a, b, ¢ [nm] 0.87557(3), 0.69945(2), 0.98873(3)
Labs [mm™'] 162.4

V (nm?) 0.60552

p (gem”) 1091

Reflections in refinement 1515>46(F,) of 1779
Number of variables 52

Rr = ZIFy-FI/ZF, 0.044

Rine 0.082
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wR2 0.110
GOF 1.111
Extinction (Zachariasen) 0.00030(6)
Residual density e'//°\3; max; min 5.50; -5.30
Atom parameters

Srin 4c¢ (x,1/4,z); occ. 1.013(8)

X, Z 0.2524(1), 0.8772(1)

Uy, Uss, Uy, 0.0087(5), 0.0111(5), 0.0091(5),
Uj3; Upp=Ups=0 -0.0014(4)

Aul in 4c¢ (x,1/4,z); occ. 0.325(2)

X, Z 0.29942(5), 0.28942(6)
Uy, Uss, Uy 0.0062(2), 0.0131(2), 0.0100(3)
Ujs; Upp=Up3=0 0.0008(2)

Au2 in 8d (x,y,z); occ. 0.984(7)

Xz 0.10065(4), 0.05085(5), 0.60759(4)
Uy, Uy, Uss 0.0092(2), 0.0057(2), 0.0104(2)
Uy, Ups, Upp 0.0003(1), -0.0011(1), -0.0010(1)
Au3 in 8d (x,y,z); occ. 0.982(7)

Xy Z 0.06462(4), 0.03440(5), 0.13680(4)
Uy, Uz, Uss 0.0089(2), 0.0089(2), 0.0155(2)
Ugs, Uz, Upp -0.0023(1), 0.0021(1), 0.0014(1)
Sil in 4c¢ (x,1/4,z); occ. 1.015(7)

X, Z 0.3390(4), 0.5332(4)

Uy, Uss, Uy 0.008(1), 0.007(1), 0.012(1),
Ujs; Upp=Uy3=0 -0.0005(3)

Si2 in 4c¢ (x,1/4,z); occ. 1.022(8)

X 2 0.0431(4), 0.3770(4)
Uiy, Uss, Uy 0.004(1), 0.006(1), 0.014(2)
Uis; Upp=Up=0 -0.001(1)
Interatomic distances [nm]; Standard deviation < 0.0001
Sr— 2Au2  0.3289 —-2Au2  0.2903
—-2Au2  0.3355 —2Au3  0.2963
—2Au2  0.3356 -2Sr  0.3632
—2Au3  0.3400 Au2 — 1Si2  0.2457
—2Au3 0.3418 —-1Si1  0.2615
-2Sil  0.3486 -1Si2  0.2719
—2Au3  0.3490 —1Au2 0.2786
-2S8i2  0.3518 —1Au2  0.2853
Sil- 2Au3  0.2391 —1Aul  0.2903
—-1Aul  0.2435 —1Au3 0.2973
—2Au2 0.2615 -1Au3  0.3005
—2Au3  0.2700 —1Sr  0.3289
—-1Si2  0.3016 —1Sr  0.3355
—1Sr  0.3486 —1Sr  0.3356
Si2 — 1Aul  0.2405 Au3 - 1Sil 0.2391
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—2Au2  0.2457 -1Si2  0.2820
—2Aul  0.2695 —1Aul  0.2863
—2Au2  0.2719 —1Aul  0.2962
—2Au3  0.2820 -1Au3  0.2971
—-1Sil1 ~ 0.3016 -1Au2  0.2973
—1Sr  0.3518 —-1Si1  0.2999
Aul — 1Si2  0.2405 -1Au2  0.3005
—1Sil ~ 0.2435 -1Au3 0.3016
—1Si2  0.2695 —1Sr  0.3400
—2Au3  0.2863

5.7.1.2.4 The System Sr-Au-Ge

Figure 72 presents the partial isothermal section at 700°C of the Sr-Au-Ge system together
with the as cast microstructures of the alloys marked in red and labelled with (h)-(k).

700°C

1,-Sr(Au,Ge, ),
1,-SrAu,_Ge,,,
O Sample position

Figure 72: Germanium rich part of the isothermal section Sr-Au-Ge at 700°C, tentative partial
liquidus projection (E: eutectic reaction) and microstructures of the alloys marked in red and
labelled with (h)-(Kk) in the isothermal section in as cast state. The results from XPD and EPMA for
these alloys annealed at 700°C are summarized in Table XXXI. The different structure types
appearing for t,-SrAu,.,Ge,,, are marked in brown: CaBe,Ge, type; blue: BaCu,Sh, type and red
ThCr,Si, type.

Results from XPD and EPMA of these alloys annealed at 700°C are summarized in Table
XXXI. The microstructure of the as cast alloy SrisgAuysGegr7 (Figure 72(h)) shows
primary grains of (Ge) and a rather fine eutectic E;: L < (Ge)+SrGe,+t; (11-Sr(Au,Ge;.
x)2; AlB; type) with composition SrppAu; sGesgs (in at.%), which is connected with the

binary eutectic e: L < (Ge)+SrGe, at 85 at.% Ge. The alloy with nominal composition
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Sri4.8Au9 5Geys 7 is close to another ternary eutectic Ey: L <> (Ge)+1+1; (T2-SrAuy Geoy;
CaBe,Ge;, type) with composition ~SrjsAu;Gess (in at.%) (see Figure 72(i)). The
microstructure in Figure 72(j) (alloy SrypAupsGess) reveals primary dendrites of t;
followed by the crystallization of 1, and a fine eutectic structure with composition E,.
Alloy SrsoAuy;sGeroe (Figure 72(k)) contains large primary grains of (Ge) and smaller
grains of 1. A gold rich phase 13 with approximate composition SrigAusoGess (in at. %;
very small grains) forms peritectically around 1, but the final liquid crystallizes in form of
a ternary eutectic E3: L < (Ge)+(Au)+1s (at ~ SripAussGesp in at.%, not shown in Figure
72). From these observations, the tentative partial liquidus projection presented in Figure
72 has been constructed.

Phase equilibria at 700°C are characterized by the two ternary compounds 1; and 1, (see
Figure 72). t; crystallizes with AIB, type as defined by the Rietveld refinement in Figure

73 of the X-ray powder pattern of the alloy with nominal composition Sr3pAu;es5Gess s.

24006 e ——
[ 1,-SrAu, ;Ge, ; (AIB, type)

P6/mmm

20000 | ]
i a=0.43263(2) nm

¢=0.45852(7) nm

16000 - Sr1a (0,0,0) ]
0.45(4)Au+1.55Ge 2d (1/3,2/3,1/2)
i . R.=0.043
12000 - R, = 0.040 ]

8000

4000

Intensity (arb. units)

[ e I T I I

L \ 1]
0 I [ T e N L 1 U N 1 (TR
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4000 i Yobs-Ycalc Bragg-position ]
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Figure 73: Rietveld refinement for an alloy with nominal composition Sr3;)Au¢sGes; s annealed at
700°C containing t,-Sr(Au,Ge;.,), (AlB, type) as the main phase and small amounts of T,-SrAu,.
«Gey,, (CaBe,Ge, type) and (Ge).

Besides 1, the alloy also contains small quantities of 1, and (Ge) according to the location

of the sample in the three-phase field. The crystal structures of 1, are discussed in more

detail in the next chapter.
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5.7.1.2.4.1 The crystal structure of ©,-SrAu,Gey+yx

The crystal structure of To-SrAu,.<Ge.x has been studied by XPD and XSCD in as cast
state and after annealing at 700, 800 and 900°C. All diffraction patterns could be basically
indexed within the ThCr,Si, structure type but at the Ge-rich site of the solid solution
some weak unindexed reflections remained and also the calculated intensities from
Rietveld refinement did not fit well with the experimental observation. As these
additional reflections appear also in as cast state but become less diffuse after annealing at
higher temperatures, single crystals have been selected after annealing at 900°C from an
alloy with nominal composition StAuGe;. Two different types of single crystals could be
isolated from this alloy, namely one with a smaller tetragonal primitive unit cell
(CaBe,Ge; type, space group P4/nmm; a=0.44796(2), c=1.06315(5) nm) and another with
a 3 times larger body centred tetragonal cell (BaCu,Sb, type, space group I4/mmm:;
a=0.44866(2), c=3.1808(1) nm). The novel compound t,-SrAu, «Ge,.« (at x~0.5) and the
two structure modifications have been briefly mentioned in a previous paper, which
essentially focused on the superconducting properties of non-centrosymmetric
compounds of stoichiometry 113 based on Sr and Ba in combination with 3d, 4d and 5d
transition metals (F. Kneidinger 2014). Therefore a full account of the structure
determination and results will be given here.

The CaBe,Ge, structure type is perfectly consistent with the crystal structure refinement
of the single crystal with the smaller unit cell with Sr occupying the crystallographic site
2c (1/4,1/4,0.74895(9)) and a mixed occupancy of gold and germanium in all other
crystallographic sites 2c (1/4,1/4,0.13122(5)), 2c (1/4,1/4,0.36823(8)), 2b (3/4,1/4,1/2)
and 2a (0,0,0). Detailed results of the structure analysis are presented in Table XXXV.
The final refinement with anisotropic displacement parameters converged to an R-value
Rr = 0.028, residual electron densities smaller than =+3 A® and the composition

SrAu, 55:3)Ge 45.

Table XXXV: X-Ray single crystal data for 1,-SrAu,.Ge,,, (CaBe,Ge,-type) at RT (anisotropic
displacement parameters U;; in [10'2nm2]).

Parameter/compound SrAu, ,Ge,,,; x=0.45
Space Group P4/nmm
Composition from EPMA Sra0AusoGesy at.% = SrAu, sGe, s
Formula from refinement SrAu, s5:3yGes.4s

a, ¢ [nm] 0.44796(2), 1.06315(5)

I abs [mm'] 94.65
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V (nm’) 0.2133

P (gem’) 076

Reflections in refinement 274>40(F,) of 324

Number of variables 21

Ry = ZIFy-FI/ZF, 0.028

Rine 0.059

wR2 0.084

GOF 1.207

Extinction (Zachariasen) 0.0015(1)

Residual density e'//°\3; max; min 2.07; -2.98

Atom parameters

Srl in 2c(1/4,1/4,z); occ. 1.04(2)

z 0.74895(9)

U;1=Uy, Uss; Upp=Up;=U,;3=0 0.0128(4), 0.0168(6)

M1 in 2c(1/4,1/4,z); occ. 0.709(7) Au + 0.291 Ge

z 0.13122(5)

U} 1=Usyp, Uss; Upp=Upu=U3=0 0.0151(2), 0.0169(3)

M2 in 2¢(1/4,1/4,2); occ. 0.252(5) Au + 0.748 Ge

Z 0.36823(8)

U 1=Uy, Uss; Upp=Upy=U;3=0 0.0142(4), 0.0157(5)

M3 in 2b(3/4,1/4,1/2); occ. 0.49(1) Au + 0.51 Ge

U 1=Uy, Uss; Upp=Upy=U;3=0 0.0174(3), 0.0171(3)

M4 in 2a(3/4,1/4,0); occ. 0.103(9) Au + 0.897 Ge

U 1=Uyp, Uss; Upp=Up,=U;3=0 0.0160(5), 0.0153(6)

Interatomic distances [nm] with standard deviation < 0.0001

Srl — 4M2 0.3404 —4M3 0.2642
—-4M1 0.3414 —4Srl 0.3404
—4M3 0.3467 | M3 - 4M2 0.2642
—4M4 0.3484 —4M3 0.3168

Ml - 1M2 0.2520 —48Srl 0.3467
—4M4 0.2639 | M4 - —4MI1 0.2639
—48Sr1 0.3414 —4M4 0.3168

M2 - IM1 0.2520 —48Srl 0.3484

A new representative crystallizing with the BaCu,Sb, structure type (DiinnerJ. 1995) has
been found with the other single crystal. According to Diinner (Diinner]. 1995) the
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BaCu,Sb, structure type is an ordered stacking variant of two unit cells of CaBe,Ge,
alternating with one unit cell of ThCr,Si, along the c-direction. Refinement for the bct
crystal 1,-SrAu, Gey.x revealed that strontium occupies the crystallographic sites 2a
(0,0,0) and 4e (0,0,0.33436(5)), whereas a mixed occupancy of gold and germanium in
different ratios fills the sites 4e (0,0,0.12895(5)), 4e (0,0,0.45948(3)) and 8g
(0,1/2,0.08311(2)) (details can be found in Table XXXVI). The Wyckoff positions 4e
(0,0,0.20623(2)) and 4d (0,1/2,1/4) are occupied either by gold (4e) or germanium (4d),
but the refinement of the 4d site showed an occupation of only 80% germanium. This
lower occupancy significantly improved the final refinement (Rg value lower by about
1% and smaller ADP’s in all sites) and leads to the refined composition
SrAu, ¢54)Ge2.1500.2. As the ThCr,Si; structure type has been reported for stoichiometric
SrAu,Ge, by May et al. (May N. 1972) and by Lin et al. (Lin Q. 2012) also at 700°C,
another alloy richer in gold (nominal composition Sry;Aus3Gess) closer to the 1:2:2
composition was investigated by XPD after annealing at 700°C. Indeed, no additional
reflections were observed on the X-ray powder patterns and the Rietveld refinement

endorses the ThCr,Si, structure type (see Figure 74) for 1,.

Table XXXVI: X-Ray single crystal data for t,-SrAu,,Ge,,, (BaCu,Sb,-type) at RT (anisotropic

displacement parameters Uj; in [10nm?]). The symbol O denotes a vacancy.

Parameter/compound SrAu,.Ge,.; x=0.35
Space group 14/mmm
Composition from EPMA Sry0Aus0Gesy at.% = SrAu, sGe, s
Formula from refinement SrAU, g5 Ger 5oz
a, ¢ [nm] 0.44866(2), 3.18088(16)
1L abs [mm™'] 22.44

V (nm?) 0.6403

P (gem”) o0t
Reflections in refinement 429>4c(F,) of 496
Number of variables 25

Rr = ZIF)-F/ZF, 0.033

Rie 0.057

wR2 0.097

GOF 0.976
Extinction (Zachariasen) 0.0005(1)
Residual density e'/f‘f; max; min 3.48;-1.93
Atom parameters
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Srl in 2a(0,0,0); occ. 1.06(2)
U”:Uzz, U33; U12=U23=U13=O 00143(7), 00150(9)
Sr2 in 4e(0,0,z2); occ. 1.09(1)

z 0.33436(5)
U”:Uzz, U33; U12=U23=U13=O 00153(6), 00141(8)
Aul in 4¢(0,0,z); occ. 0.95(5)

z 0.20623(2)
U”:Uzz, U33; U12=U23=U13=O 00177(3), 00158(3)
Gel in 4d(0,1/2,1/4); occ. 0.79(1)

U;1=Uyy, Uss; Upp=Uyp=U,3=0

0.0209(9), 0.0158(1)

M1 in 4e(0,0,7); occ.

0.100(9) Au + 0.900 Ge

z 0.12895(5)
U11=U22, U33; U12=U23=U13=0 00191(4), 00145(8)
M2 in 4e(0,0,z); occ. 0.476(7) Au + 0.524 Ge
z 0.45948(3)
U11=U22, U33; U12=U23=U13=O 00149(4), 00102(4)
M3 in 8g(0,1/2,7); occ. 0.477(7) Au + 0.523 Ge
b4 0.08311(2)

Ui, Uz, Uss; Upp=Uy3=U,3=0

0.0181(4), 0.0196(4), 0.0133(4)

Interatomic distances [nm] with standard deviation < 0.0001

Srl — 8M2 0.3424 | M1 — 1Aul 0.2458
—8M3 0.3467 —4M3 0.2675
Sr2 — 4M1 0.3380 —4S8r2 0.3380
—4Aul 03425 | M2 - 1M2 0.2577
—4M3 0.3453 —4M3 0.2621
—4Gel 0.3497 —48rl 0.3424
Aul — 1M1 0.2458 | M3 — 2M2 0.2621
—4Gel 0.2640 —2M1 0.2675
—4Sr2 0.3425 —4M3 0.3172
Gel — 4Aul 0.2461 -2812 0.3453
—4Gel 0.3172 —28rl 0.3467

—4S12 0.3497
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Figure 74: Rietveld refinement for an alloy with nominal composition Sr;;Au;3Geys annealed at 700°C
containing 1,-SrAu,.Ge,,x (ThCr,Si, type) as the main phase and small amounts t-Sr(Au,Ge,.),
(AlB, type).

The sample also contains small quantities of t;. Thus from the present investigation it is
not clear if one can assume a continuous homogeneity field for 1,-SrAu,.<Ges.x as the
region near stoichiometric SrAu,Ge, adopts the ThCr,;Si,-type, whereas Ge-richer
compositions crystallize with the BaCu,Sb; structure. Lattice parameters (a and ¢ in nm),
c/a ratios and volume of the unit cells in dependence of the increasing germanium content
x are shown in Figure 75(a)-(c). For the phase with the BaCu,Sb, structure type we
plotted the reduced lattice parameters c=cBaCu,Sb,/3 for x=0.35 and 0.4. The lattice
parameter a changes only slightly over the whole investigated homogeneity range (0.4477
< a <0.4521 nm, Figure 75(a)), whereas c strongly increases at the transition from the

ThCr,S1; type to the BaCu,Sb, type and decreases afterwards again.
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Figure 75: Lattice parameter (a), c/a ratio (b) and volume of the unit cell (¢) for SrAu, Ge;,, 0 <x <

0.6; the reduced lattice parameters c=cg,cusp2/3 are shown for comparison with the smaller unit cells
of the ThCr,Si, and CaBe,Ge, structure type. Circles represent the data of this work, squares - (F.
Kneidinger 2014), triangle up — (May N. 1972), triangle down (Lin Q. 2012). Compositions and exact
lattice parameters values of these alloys are also given in Table XXVII.

As can be seen from Figure 75(c), the volume of the unit cell increases with increasing
germanium content, although gold has an atomic radius larger than covalent or metallic
germanium radii (Taetum E. 1972). Group-subgroup relations in form of a Béarnighausen
tree (Barnighausen H. 1980) for the BaAl, family have been shown by Kussmann et al.
(KuBmann D. 1999) and have been extended in our previous paper (F. Kneidinger 2014).
Similar polymorphism has been reported recently for BaCu,Sb, by Saparov and Sefat
(Saparov B. 2012), who described an a-BaCu,Sb, (CaBe,Ge, type) to B-BaCu,Sb,
(BaCu,Sb; type) transition and further polymorphs with the ThCr,Si, structure type and
possibly other metastable phases. Anand et al. (Anand V. K. 2012) found a further
symmetry reduction for another BaCu,Sb, modification for which he suggested a
monoclinic structure (space group P2i/c; a = 0.46414(3), b = 0.46418(3), ¢ = 3.2680(2)
nm and = 90.616°).
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5.7.1.3 Summary

Phase relations in the isothermal sections of the four ternary systems Sr-{Ag,Au}-{Si,Ge}
have been established for the (Ge) or (Si) rich part up to 33.4 at.% strontium by X-ray
powder diffraction and electron probe microanalysis of alloys in as cast state and after
annealing at 700°C (Sr-{Ag,Au}-Ge) or 800°C (Sr-{Ag,Au}-Si). Phase equilibria in these
systems are characterized by a series of ternary compounds, exhibiting in some cases
extended homogeneity regions at a constant Sr-content. The existence of ternary
compounds, reported earlier, has been confirmed: SrAg,Si,, SrAg,Ge,, SrAgyoGe i,
SrAu,Ge,. For most of the novel compounds detected X-ray single crystal studies have
been carried out: SroAgi4xSiz«yOy (SroLiSi; type; space group Fddd; x=0.17, y=0.43:
a=0.84488(2), b=1.46376(2) and c=1.84018(2) nm), SrAg,Sir+x (ThCr,Si, type; space
group I4/mmm; x=0.1: a=0.437664(6) and c=1.04517(2) nm), Sr(Au;yOy)(Si|xAUy);
(BaNiSn3 structure type; space group [4mm; x=0.59, y=0.64: a=0.44594(2) and
c=1.01013(6) nm) and SrAus,O,Si, (BaAusSi, type; space group Pnma; x=0.7:
a=0.87557(3), b=0.69945(2) and ¢=0.98873(3) nm). The crystal structures of some of the
compounds have been characterized by X-ray powder diffraction: Sr(AgyGe )2 (AlB;
structure type; x=0.25: a=0.43431(2) and c=0.45838(1) nm), SrAg,Gesix (ThCrSi,
type; x=0.2: a=0.44476(2) and c¢=1.0822(1) nm) and Sr(AuxGe;x)> (AlB; structure type;
x=0.25: a=0.43263(2) and ¢=0.45852(7) nm).

Polymorphism has been observed for SrAu, Gey.x (x=0.5: CaBe,Ge, type; space group
P4/nmm; a=0.44796(2) and c=1.06315(5); x=0.45: BaCu,Sb, type; space group I4/mmm;
a=0.44866(2) and ¢=3.1808(1) nm and x=0.2: ThCr,Si, type; space group I[4/mmm;
a=0.45214(4) and c=1.0336(1) nm) and for Sr(Au,Si;x)> (x=0.25: Ca;AgSi; type; space
group Fmmm; a=0.83407(2) and ¢=0.92664(3) nm; x=0.375: AlB, type; space group
P6/mmm;, a=0.42241(2), ¢=0.45799(3) nm).

In summary, the exploration of the four ternary systems Sr-{Ag,Au}-{Si1,Ge} resulted in a
series of ternary compounds with various crystal structures mainly based on parent types
such as BaAls and AIB,. Neither clathrate structures nor non-centrosymmetric structure
types with full atom order have been encountered in the temperature range investigated.
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