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Abbreviations

A = Alkali metal

ADP = Atomic Displacement Parameter
bcc = body-centered cubic

CCD = Charge-Coupled Device

dmf = dimethylformamide

DOS = electron Density Of States

DTA = Differential Thermal Analysis
EDX = Energy Dispersive X-ray analysis
FOM = Figure Of Merit

hkad = hexakaidecahedron

IPDS = Image Plate Detector System
pdod = pentagonal dodecahedron
PDOS = Phonon Density Of States

PGEC = Phonon-Glass and Electron-Crystal
pkad = pentakaidecahedron

SEM = Scanning Electron Microscope
SOF = Site Occupation Factor

SPS = Spark Plasma Sintering

SQUID = Superconducting QUantum Interference Device
tkad = tetrakaidecahedron

Tr = Triel, element of the group 13

Tt = Tetrel, element of the group 14
VEC = Valence Electron Concentration
XRD = X-Ray Diffraction

XRPD = X-Ray Powder Diffraction
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1. Introduction

1.1 Thermoelectric materials

The global need for efficient energy management has become in the last decades a
major scientific topic. Among various research fields, the interest in thermoelectric
materials has revived. In general, thermoelectricity is the direct conversion of
temperature differential into voltage and vice versa."? The effect has been discovered by
T. Seebeck in 1821 by applying a temperature gradient (AT) on a metal rod that
produced electromotive force (AV) on the junctions. Inversely, passing electric current
through the rod causes temperature gradient on the junctions (Figure 1.1). The two
phenomena are known as Seebeck and Peltier effect, respectively and are best

described by the band theory for solids.?

o o
T, a T, a

AV I/

- L

Figure 1.1 Schematic representation of the thermoelectric effects on a metal rod (a).

The development of powerful thermoelectric materials is an interdisciplinary field
involving physics, chemistry and mechanical engineering. Up to now, thermoelectric
materials have gained widespread use as thermocouples as well as some commercial
interest in refrigeration devices and small-size coolers for computer processors (Peltier
effect). However, there have been only limited applications in energy recovery from
waste heat (Seebeck effect). This has intensified the search for new materials and
technologies that would provide except for a large Seebeck coefficient, S = AV (AT)™,
maximization of the electrical conductivity (o) and minimization of the thermal
conductivity (k).*® The overall thermoelectric efficiency is defined by the dimensionless
figure of merit (ZT):
oS8T

K

ZT

However, these three transport properties are strongly correlated and cannot be
optimized separately. Materials such as pure metals with high electrical conductivity also
exhibit high electron contribution to the thermal conductivity whereas insulators with

large Seebeck coefficient (in absolute value) and low thermal conductivity are also very
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poor electric conductors and therefore would not reach large ZT values. The main
characteristics of thermoelectric materials can be summarized as follows: a) low thermal
conductivity, which approaches that of amorphous materials, b) indirect electronic band
gap, which facilitates large effective mass of the charge carriers and moderate electrical
conductivity and c) small electronegativity difference between the constituent elements
to maximize the charge-carrier mobility.

Several classes of compounds have been extensively studied with respect to their
thermoelectric properties (Figure 1.2).%" The use of thermoelectric materials for waste-
heat recovery requires ZT = 1. Some high-efficiency bulk materials for room-temperature
applications are: a) tellurides, like BipTes with ZT ~ 1 and its alloys with Sb and Se, b)
skutterudites, like Ybg.19C04Sb12 with ZT = 0.7, c) n- or p-type doped PbTe d) half-
Heusler alloys, like YNiSb with ZT = 0.4. At higher temperatures, other compounds like
Zn4Sbs exhibit ZT up to 1.5 (700 K).

AgPb SbTe,
m =+

1.5+ 'n Sb .
{ ‘ 0 S
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, / 012
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Figure 1.2 High-efficiency thermoelectric materials taken from reference .

Nowadays, the design of thermoelectric materials focuses mostly on mechanisms for
reducing the thermal conductivity, like nanostructuring. The strategy is to scatter
phonons at interfaces, leading to the use of multiphase composites mixed on the
nanometer scale.” These nanostructured materials can be formed as thin-film
superlattices or as intimately mixed composite structures. Indeed, Bi;Tes/SboTes

superlattices may reach ZT up to 2.5 even at room temperature.'®
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1.2 Intermetallic compounds

Intermetallic compounds are chemical species formed by two or more metallic
elements with a definite composition.”'? In some cases, the term is also used for
compounds that contain semimetals like Si and Ge. As the periodic table consists mostly
of metals, there is great potential for the formation of numerous binary, ternary and
multinary intermetallic compounds. However, intermetallics should be distinguished from
conventional alloys. The latter are described as disordered solid solutions or mixtures of
more than one solid phases that contain metallic elements of similar sizes and
characteristics with no distinct chemical formula.

Most of metals and semimetals have high melting points and therefore the synthesis
of intermetallic compounds utilizes arc-melting, high frequency induction heating and flux
methods so that sufficient atom diffusion is achieved.' The prediction of the composition
and structure of the products is sometimes a rather difficult task. Because of the low
enthalpies of formation and the presence of diffuse metallic bonds in the solid, even
slight variations of the stoichiometry or the reaction conditions (temperature, pressure,
grain size of the starting materials) may alter significantly the reaction product.™
Nevertheless, the exploration in new fields of intermetallic chemistry is nowadays
facilitated by the rich experimental knowledge obtained from the phase diagrams.

Among the classes of chemical compounds, intermetallics remain the least
understood with respect to their bonding properties. This is mainly due to the fact that
some of the features that primarily determine the chemical bonding, such as the degree
of valence-electron transfer and localization, vary widely and almost continuously with
the composition and the nature of the elements involved. In other words, intermetallic
compounds usually do not adhere to the “normal” rules of valence and bonding. The
relationship between structure and electronic properties is therefore elucidated with
band-structure calculations.''®

Regarding now the practical interest,” intermetallic phases fall into the
interdisciplinary field of solid-state science (including also pure metals and alloys) with
numerous applications that have inextricably connected them to everyday life. Their
most useful properties are the following: a) electrical conductivity, ranging from
semiconductors to normal conductors and superconductors, b) mechanical strength and
chemical inertness for manufacturing most engine parts, tools, light alloys, coating
materials, nanocomposites etc., c¢) ferromagnetism of permanent magnets and

electromagnets as well as applications in magnetic-recording media and cooling devices
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based on the magnetocaloric effect,’® d) thermoelectricity, applied mostly on
thermocouples and e) optical properties of metal-metal or metal-metalloid

semiconductors used for photodetectors or photovoltaic cells.

1.3 Zintl-Klemm concept

Several useful concepts for classifying intermetallic systems have been developed
over the years that usually refer to the structure type and the bonding character of the
atoms involved."" Typical cases of p-d and d-d bonding are the Hume-Rothery phases,
e.g. CuZn, NiAl, CosZny1 and AgsAls with variable valence electron concentration (VEC).
Another large group of intermetallic compounds with s-d, d-d, s-p, d-d or d-f bonding are
the Laves phases, e.g. MgCus,, ZrZn,, CaAly, HfV2 and UMn,. Their composition is MM’
and they occur in hexagonal and cubic structures, forming Frank-Kasper polyhedra. In
the above cases, it is not possible to assess nominal oxidation states to the metal
atoms. However, some intermetallic systems composed of alkali- or alkaline earth-
metals and p-metals possess not only metallic and covalent bonding but also significant
ionic character due to electronegativity difference of the atoms. A large class of these
polar intermetallic compounds is described by the Zintl-Klemm concept.

The ‘classical’ Zintl phases contain clusters of post-transition elements and isolated
alkali- or alkaline earth-metals that occupy interstitials sites. The octet rule applies by
assuming full charge transfer from the cations to the polyanionic substructure. In this
case, the electrons are localized either in two-center-two-electron (2c-2e) bonds
between post-transition atoms or in the form of lone pairs on these atoms. Thus, the
Zintl-Klemm concept predicts the composition and structure of numerous polar
intermetallics that contain an electropositive element and a moderately electronegative
one. This class of compounds has been extensively studied for many decades by E.
Zintl, W. Klemm,'® H. Schéfer, B. Eisenmann,?® H.-G. von Schnering,?' J. D. Corbett,?
R. Nesper® and others.?*

Zintl phases are electronically positioned between intermetallic and insulating valence
compounds. Overall, the following features discriminate them from metals, salts and
molecular solids: a) covalent anionic substructure, whereas the cations simply provide
electrons, b) well defined relationship between their chemical and electronic structures,
c) very narrow homogeneity range, d) semiconducting properties with band gap, AE <

2.0 eV and e) mostly diamagnetic behavior but not Pauli paramagnetic. Two typical
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examples of Zintl phases are shown in Figure 1.3. NaTl exhibits covalent bonding
among the Tl atoms,?® whereas the Na atoms provide their valence electrons to TI
atoms, resulting in the formal charges (Na*)4(4b-TI")4 and VEC(Na) = VEC(TI) = 8. The
anionic substructure resembles that of diamond. In the case of CssSn,, the three-bonded
Sn atoms form regular tetrahedra and the isolated Cs cations counterbalance the charge
according to the formal electron-counting (Cs*)4(3b-Sn")4.2® The (Sn4)*" species are

electronically isovalent and isostructural to the allotrope of white P.

®Cs
eSn

Figure 1.3 Crystal structures of NaTl and Cs,Sn,.

Apart from binary intermetallic phases like the ones mentioned above, many new
classes of ternary and quaternary compounds that may also contain semimetals are
regarded as Zintl phases. These include heteroatomic Zintl anions or phases with
polycationic substructure and isolated anions that counterbalance the charge.?? Some
cases of double salts that contain Zintl ions have also been reported, e.g. [Sis]* in
Cs10[Si][Si30q].?” Most Zintl phases are strong reducing agents and their synthesis
requires inert conditions either in solid state or in solution of liquid NHjz or
dimethylformamide. The main criticism on the concept regards the assumption of full
charge transfer like in normal salts and the discrepancy that is sometimes observed
between the anticipated semiconducting behavior and the measured metallic behavior,

for example in NaTl.?®
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1.4 Structure of clathrate compounds

Clathrates (from Latin clatratus = encaged) are defined as inclusion compounds with a
three-dimensional framework of host species (E) that encapsulate irreversibly in their
cavities guest atoms or molecules (G).? The first report on clathrate compounds dates
back to 1811, when H. Davy passed chlorine gas through water cooled to 275 - 276 K.*
The exact composition and crystal structure of this chlorine hydrate was determined in
1950’s as (Cla)s.34(H20)46.2"*? Each water molecule is connected to four others via H-
bridges and the eight polyhedral cavities per unit cell are partially occupied by Cl,
molecules. Despite the only weak interaction between H,O and Cl, species, the
framework structure may only exist in the presence of the guests. The same behavior
has meanwhile been observed for many other hydrate clathrates with G = noble gases,
Br,, CO2, CHs, H.S etc., as well as for the organic clathrates.®® The latter consist of
organic molecules such as urea, phenol and 1,4-hydroquinone that encapsulate other
atoms or small molecules.* From the environmental aspect, the gas hydrates have
attracted considerable attention. There are giant natural deposits of methane hydrate
(CH4)s(H20)46 (Figure 1.4) on the deep ocean floor and in permafrost regions.**>® Gas
hydrates may also be used as a cheaper alternative of gas storage and transport as
compared to liquefied gas,37 whereas the idea of CO, captivation from the atmosphere

seems very intriguing for the removal of greenhouse gases.*®

b ted P
CoA | e \, K Uy
Aty
A Y] Fed Ty
Food T el

AT

{ \\\\Q‘g’,i" gﬁ{\\?@/ ____y‘f \\‘Q‘gcgl 3\_?\7%./5 }
\‘ {“\ K ,I ot \\\ {"‘\\ - / e} H
N _“:\,\_.: > /___.:é_ } H\O::h’_ ~ f ™Yo
Pl 3= N =7 -« |oc

Figure 1.4 Structure of the methane hydrate (CH,)s(H.O)s based on crystallographic and
spectroscopic data.*® The dashed lines denote H-bridges.

In 1965, NagSiss and NaSiizs (x < 11) were synthesized and structurally
characterized.®® Their structure resembles that of the hydrates (Cly)s(H20)s and
(Cl2)x(H20)136 by replacing H,O molecules with Si atoms and the Cl, units with Na

atoms. This breakthrough prompted the research in a new class of compounds named
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“semiconducting” or “intermetallic” clathrates (although none of these terms is strictly
correct), with the term “semiconducting” being today widely used in the literature.
Despite the structural similarity, the semiconducting clathrates differ significantly from
their hydrate and organic analogues: a) their framework atoms form covalent bonds
instead of weak H-bridges, b) the interaction among framework and encaged atoms is
primarily ionic, c) they possess much higher thermal stability, d) they behave as
semiconductors or poor metallic conductors and e) they do not occur naturally.

To date, over 150 semiconducting clathrates are known including about 1/3 of the
chemical elements (Figure 1.5). As expected, the elements Si, Ge and Sn due to their
tetravalency and moderate electronegativity constitute the building blocks of the
framework. C atoms do not show the same tendency but rather form fullerenes with
strong double bonding and trigonal coordination,*® whereas Pb atoms with pronounced
metallic character and very weak Pb-Pb bonds cannot adopt any big-size cage-like
structure.*’ However, many late transition metals, group-13, group-15 elements and Te
or | can partially substitute the tetrel atoms towards a variety of new clathrate
compounds. The polyhedral cavities are usually occupied by alkali metals, heavier
alkaline-earth metals as well as Ce and Eu atoms. Owing to the electronegativity
difference between E and G, the framework is negatively charged and therefore these
compounds are often called polyanionic clathrates. On the other hand, clathrates that
encage electronegative atoms such as Cl, Br and | have also been studied extensively

and they are known as polycationic clathrates.***4*

H |:| Main framework atom |:| Anionic guest He

Li | Be |:| Secondary framework . Framewqu atom first BIcINIOI|F INe
atom reported in this study

[ ] Cationic guest

Na | Mg Al Si [P | S [ClI|Ar

K|Ca|Sc|Ti|V |Cr|{MnfFe|Co|Ni|[Cu|Zn|Ga | Ge|As | Se|Br| Kr

Rb|{Sr| Y [Zr|Nb[Mo|Tc|Ru|Rh|[Pd[Ag|(Cd|In |Sn Sb|Te| | |Xe
| {Pb | Bi|Po| At |Rn

Cs|Ba|La|Hf|Ta|W |[Re|Os| Ir [ Pt Au.T

Fr |Ra|Ac | Rf |Db|Sg|Bh|Hs| Mt

Ce| Pr|Nd|Pm|{Sm|Eu|Gd|Tb|Dy|Ho| Er |Tm|Yb | Lu

Th|{Pa| U |Np|Pu|Am|[Cm|Bk | Cf | Es |Fm|{Md|No | Lr

Figure 1.5 Elements found in semiconducting clathrates.
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The covalently-bonded framework atoms form polyhedra with regular or distorted
pentagonal and hexagonal faces. The following types of polyhedra are found in clathrate
compounds (Figure 1.6): a) pentagonal dodecahedron (pdod, [5'%]) with 20 vertices, b)
tetrakaidecahedron (tkad, [5'%6%]) with 24 vertices, c) pentakaidecahedron (pkad, [5'%67))
with 26 vertices and d) hexakaidecahedron (pdod, [5'%6*]) with 28 vertices. The symbols
in brackets denote the number of pentagons and hexagons of the polyhedron. For

instance, [5'%6°] refers to a polyhedron with 12 pentagonal and three hexagonal faces.

a) b) c) d)

Figure 1.6 Polyhedra in clathrates: a) pentagonal dodecahedron, b) tetrakaidecahedron, c)
pentakaidecahedron and d) hexakaidecahedron.

Depending now on the types of polyhedra and their crystal packing, clathrates are
classified in nine structure types denoted with Latin numbers I, 1I,..., IX. Only five types
have been reported up to date for the semiconducting clathrates and they are described
below. The type-I| clathrates with the ideal composition GgE4s consist of pdod and tkad
(Figure 1.7). It is the most usual structure type and it crystallizes almost without
exception with cubic symmetry. Due to the similar size of framework cavities, this
structure is thermodynamically favored over other clathrates for single-type guests, like

in NagSiss*> and [GessPs]Cls* (atoms in square brackets compose the host structure).

Figure 1.7 The clathrate-I structure (2 x 2 x 2 cell). Strands of tkad (light blue) run orthogonally
to one another and the resulting voids are filled with pdod (yellow).
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The type-Il clathrates with the ideal composition G24E 136 contain two polyhedra types
of very different size, namely pdod and hkad (Figure 1.8). They always crystallize in the
cubic, centrosymmetric space group Fd3 m. No single-size cation can fit efficiently
enough in both cavities.*” For this reason and despite the similar composition with the
clathrate-I, type-Il clathrates may only occur in the presence of two guest-atom types of
very different size, i.e. Na;sCssGeqss* or when one type of framework cavities remains

free of guest atoms, i.e. Ba1s[ds[Gas2Sn104]*° (I denotes a vacant position).

b.’\o ’o‘s ‘_o

Figure 1.8 a) The clathrate-Il structure (2 x 2 x 2 cell). Layers A (orange), B (gray) and C (green)
of pdod are stacked along a body diagonal and are interconnected by additional pdod (yellow)
and hkad (purple). b) Kagome nets of pdod (layers A and B of (a) from a different view point)
interconnected by pdod (yellow). The hkad form a diamond-like network.

The type-lll clathrates have the ideal composition GsoEq72 with three kinds of
polyhedra, namely pdod, tkad and pkad in the ratio 10 : 16 : 4 (Figure 1.9). Similar to
type-ll clathrates, the presence of polyhedra with very different size favors the
simultaneous encapsulation of more than one atom types. Only three examples have
been reported so far and they all crystallize in the tetragonal space group P4,/mnm.**
In the most recent example, namely [Sit30P42]Te21.22)s s, the rather large Te atoms are
encaged in the Si/P polyhedra.®' The pdod are free of guest atoms whereas the tkad are

partially occupied and the pkad are fully occupied.
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Figure 1.9 The clathrate-lll structure (2 x 2 x 2 cell). Strands of tkad (light blue) form a rod
packing of distorted squares and rhombi. The distorted square channels are filled with face-
sharing tetrahedra of tkad (dark blue). The rhombic channels are filled with a linear chain of
alternating groups of five pdod (yellow) and two pkad (purple).

The type-VIIl clathrates have the same composition as the type-l, namely GgEss.
However, as shown in Figure 1.10, they contain only one type of filled cavities. These
cavities can be described as distorted pentagonal dodecahedra or Ey:3 polyhedra.
Since it is impossible to fill the complete space with this type of polyhedra, the structure
also contains smaller 8-vertex cavities, which remain free of guests. The only two
examples, Bag[GaisSna]”>*® and Eug[GaisGesg],>*>° crystallize in the cubic non-
centrosymmetric space group /43m. Both compounds can transform to a high-

temperature B-modification with the type-I clathrate structure.

Figure 1.10 The clathrate-VIII structure (2 x 1 x 1 cell). The framework cavities are described
either as distorted pdod (yellow) or as (20+3)hedra (semitransparent red).

The type-IX clathrates or “chiral” clathrates crystallize with cubic symmetry having the

nominal composition GgEs. About 15 compounds of this type are currently known,?**°
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for example NasRbsSnys®” and Ks[,Sn,s.%% The pdod share faces to form a helix about
each 44 axis, which accounts for the name “chiral” clathrate (Figure 1.11). The helical
chains interpenetrate each other and form a three-dimensional network that fills partially
the space. Two additional guest atom types occupy the channels between these chains.
The type-IX clathrate structure differs essentially from all other clathrates in two ways: a)
only 17 out of 25 framework atoms are four-coordinated, whereas the remaining eight
atoms are three-coordinated and b) only one out of three -crystallographically

independent guest sites is encaged by framework atoms.*

Figure 1.11 The clathrate-IX structure. The pdod (yellow) compose a chiral chain and
encapsulate the guest atoms.

It is said that “nature abhors vacuum’.?® Likewise, open framework structures as the

semiconducting clathrates show a thermodynamic tendency towards dense states. In
other words, the guest atom or ion has to “fit” in the rather rigid covalent cage but on the
other hand should not be too small and “escape” from it. The only two cases of guest-
free clathrates, namely type-1l Na,Sitss (x = 0.058)°' and [0,4Geq36°® may only exist as
thermodynamically metastable phases. The latter compound accounts also for a new Ge
allotrope.®® However, one should point out that the encapsulation of the guest atoms is
an irreversible procedure and no change of composition may take place unless the
framework collapses. This distinguishes clathrates from many classes of intercalation

65,66

compounds such as metal-organic frameworks,®* zeolites and graphite intercalates.’
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1.5 Physical properties of clathrates compounds

Another crucial point regarding the thermodynamic stability of clathrate compounds is
the electronegativity difference and the charge transfer from G to E. In the simplified
example of a type-l clathrate with the composition AgTtss, the ns and np orbitals are
completely occupied with the electrons of the three-bonded framework atoms, whereas
the high-energy valence electrons of A atoms are partially or fully transferred to the
hosts and therefore are delocalised in the antibonding no* states.?* Thus, the
conduction band is occupied and the compound should exhibit metallic properties.

However, metallic character holds actually only for a few clathrates, e.g. BagSis®’ and
Na1sCssGer3s.*® The majority shows typical semiconducting properties with band gaps
of 0.5 - 2 eV. This is attributed to: a) the introduction of defects in guest or host sites
and/or b) the substitution of the framework with electron-poorer atoms. In the first case,
the removal of one Tt atom from AgTtss would reduce the valence band by four electrons
and the four remaining 3b-Tt atoms that surround the vacancy would attract electrons
from the A atoms, to fill their valence shell (formal charge —1). Now, upon removal of two
Tt atoms, eight electrons are missing and the polyanionic framework can fully
compensate the eight electrons of the A atoms. This leads to the electron-counting
(A")g[(4b-Tt)36(3b-Tt )g] and therefore complies with the Zintl-Klemm concept.

Theoretical investigations for the type-I KsSnus_>® (Figure 1.12) and CsgSnss_" have
shown that the presence of two defects in the Sn framework is energetically favored,
confirming the experimentally found composition and semimetallic behavior for AgSna4
(A =K, Rb, Cs)"° and KsGe4s'' clathrates. Generally, when the energy of the electrons in
the conduction band overcomes the energy cost of breaking E-E bonds, then the
vacancy formation is favored. Taking into account the decreasing bond strength of the
tetrel atoms,*’ it is reasonable that the Si clathrates are usually metallic with no defects
in their structure, whereas binary Ge and Sn clathrates often show framework defects
and semiconducting properties.?

The second and most common class of semiconducting clathrates is based on the
substitution of the framework with elements other than Si, Ge and Sn. The extra
electrons of the G atoms counterbalance the lack of valence electrons of the dopant
atoms. The choice of the dopant(s) and the extent of substitution have led to a variety of
ternary and quaternary compounds with tunable electronic structure. This has been in
the last two decades the main focus in the clathrate research along with their potential

use as thermoelectric materials.
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Figure 1.12 Band structures for KgSnss (a) and KgSns (b) taken from reference . The
horizontal lines indicate the Fermi level.

The thermoelectric efficiency of the clathrates has been proposed by G. Slack in
terms of the Phonon Glass - Electron Crystal concept (PGEC).! The basic hypothesis is
that a semiconducting host framework has high Seebeck coefficient and electrical
conductivity (like in crystals), while the extreme thermal motion - “rattling” of the loosely-
bound guest atoms scatters efficiently the heat-carrying phonons and reduces the
thermal conductivity (like in glasses).”*"® Some clathrate compounds, such as the type-|
SrgGasGeso, exhibit indeed considerable thermoelectric efficiency at room temperature
(ZT=0.3)."

1.6 Scope of this work

The present study deals with the synthesis, characterization and physical properties
of Sn and Ge clathrates. The main aim is to investigate the ordering of the Sn vacancies
in the defect type-l clathrates AgSna4. Primarily, this is achieved with the aid of the
modern X-ray diffraction techniques that render the crystal-structure determination a
rather fast and routine work. The thermodynamics of the system are studied by
differential thermal analysis and heat-capacity measurements whereas the chemical
environment of the Sn atoms is analysed with multi