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Foreword

Recently, thermoelectric materials have attracted a great deal of attention because of the
increasing demands for alternative energy resources and novel energy conversion
techniques. The performance of a thermoelectric material is determined by a set of inter-
related material properties and the core challenge for the present research in this field is to
optimize the conflicts between these properties. The efficiency of a thermoelectric device is
characterized by the thermoelectric figure of merit, ZT, which is a function of the electrical
and thermal conductivities and the Seebeck coefficient of the material. The ZT value of the
current state-of-the-art thermoelectric materials lies close to unity and the aim is to raise
this value above 2. In the past decade, considerable advances have been made by reducing
the lattice thermal conductivity with the help of structural complexity but in most materials,
the amorphous limit has been reached, i.e. the phonon mean free path can not become
shorter than the lattice parameter. Relatively less attention has been paid to the electronic
part of the figure of merit, more importantly the Seebeck coefficient. Theory has predicted
that there are possibilities of enhancing the Seebeck coefficient via a controlled distortion of
the electronic density of states. Recently, some successful attempts have been reported.

TAGS-85 has been one of the most widely used thermoelectric materials since the 1960’s.
Lanthanides have been reported to distort the electronic density of states of some novel
Kondo systems in a way desirable for thermoelectrics. The f-orbitals of these elements can
be a potential perturbation to the electronic structure of the host materials. In this thesis the
improvement of the thermoelectric response of the TAGS-85 system by doping with
different concentrations of Holmium and Terbium is reported. In the first chapter, some
basic concepts and an overview of the current state of the research has been presented. The
second chapter covers a literature review of the TAGS-85 material system. In the third
chapter, the synthesis and characterization techniques followed during this research have
been described. In the fourth and the fifth chapters the results of the characterization are
presented for TAGS-85 samples with different doping types. The sixth chapter contains the
concluding remarks and the prospects for future research.
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Chapter-1

Thermoelectricity

1.1 Introduction

Thermoelectricity is the phenomenon of heat conversion into electricity. When a
temperature gradient is applied across a thermoelectric material, the mobile charge carriers
diffuse from the hotter end to the colder end. This diffusion of charge carriers produces an
electrostatic potential which prevents further diffusion when the equilibrium with the
chemical potential is reached.

A schematic of the band diagram of an n-type semiconductor subjected to a temperature
gradient is shown in figure 1.1. The concentration of electrons in an n-type semiconductor,
n, is given as:

_ Er — Ec
n = N¢ Exp( KT ) (1.2)
and the concentration of holes in a p-type semiconductor, p, is:

_ Ey— Eg
p =Ny Exp ( kT ) (1.2)
This implies
EF—EC= kBTln (n/Nc) (13)
EV - EF = kBT In (p/Nv) (14)

where N¢ is the density of states in the conduction band and Ny is the density of states in the
valence band. As T increases, the doping becomes less important than the thermal

generation of carriers, the Fermi level, Ef, tends to the intrinsic Fermi level, Ej,, i.e. a Fermi

level gradient is induced due to the temperature gradient.



TH+AT

Fig. 1.1. Schematic band diagram of an n-type semiconductor with a temperature gradient. Adapted
from Ref. [1].

For n-type material, S > 0, the induced electric field and the temperature gradient are in the
same direction.

For p-type material, S < 0, the induced electric field and the temperature gradient are in
opposite direction.

This effect was first observed by Seebeck [2] in 1823 when he observed the deflection of the
compass placed in the vicinity of a closed loop made of two different conductors, when one
end of the loop was heated. Seebeck studied this effect for a large number of materials and
arranged his results in the order of the product So, where S is the Seebeck coefficient which
is usually expressed in the units of uV/K and o is the electrical conductivity. About 12 years
later, Peltier [3] observed a correlative effect where a temperature gradient was observed by
application of voltage difference. In 1905 [4] and 1911 [5] Altenkirch gave a satisfactory
theory of thermoelectric generation and refrigeration and concluded that the higher the
Seebeck coefficient, S, and the electrical conductivity, o, and the lower the thermal
conductivity, k, the better is the thermoelectric performance of the material. He defined a
parameter, called the figure of merit, Z, to quantify the thermoelectric performance of a
material, defined as:

Z = S%o/k (1.5)

A useful dimensionless figure of merit is ZT. Electrical part of the figure of merit is called the
power factor, defined as S%0. The efficiency of a thermoelectric device is defined as [6]:

n= Energy provided to the load _ AT V1+ZT-1
" Heat energy absorbed at the hot junction - Ty W/1+ZT+$—C
H

(1.6)

where Ty is the temperature at the hotter end and T¢ is the temperature at the colder end,
AT =Ty—Tc and ‘ZT is the dimensionless figure of merit [7]. The efficiency depends upon the
temperature difference, AT, the temperature of operation, T, and the figure of merit, ZT. It is



the figure of merit that gives both the temperature depression and maximum coefficient of
performance. Therefore, it is the large ZT value which is desirable for an efficient
thermoelectric device.

Although Seebeck did most of his studies on semiconducting minerals, yet most of the
research work till the early 1900’s remained focused on metals and metal alloys, for which
the ratio ‘o/k’ is almost constant. Seebeck coefficient for most metals [8] is less than 10 pV/K
with efficiency of the order of 1%. This created an impression that thermoelectricity was not
very economical source of power generation. In 1940’s, higher Seebeck coefficient values
¢100 pV/K) were observed for semiconductors. Telks in 1947 reported [9] to have
constructed a thermoelectric generator with an efficiency of 5%. Unluckily, semiconductors
have a poor o/k ratio because of poor electrical conductivity. In 1956, loffe et al. observed
[10] that the ratio could be improved if the thermoelectric material is alloyed with an iso-
morphous element or compound. Motivated by possible military applications, usefulness in
the space missions and the need to cope with the energy crisis in the 1970’s, the RCA
Laboratories in the US and other military research institutions across the world started to
work on this idea and discovered a few very useful semiconducting alloys with ZT
approaching 1.5.

In the last decade, great progress has been made towards the improvement of the
thermoelectric figure of merit, ZT. The core issue in this area of research is that the ZT
comprises of a set of conflicting properties, i.e. the Seebeck coefficient and the electrical and
thermal conductivities. Most of the mechanisms which improve one of them, recede the
others. We can write:

ZT = S%6T/k = (S°n)(w/k)qT (1.7)

where ‘q’ denotes the charge of the carriers. The mechanisms that increase y, the mobility
of charge carriers, usually increase the k as well, similarly, the higher the carrier
concentration, n, the lower the Seebeck coefficient, S.

However, a revival in the research came in 1990’s when it was predicted theoretically that
nanostructural engineering could enhance the thermoelectric efficiency [11]. The first
generation of bulk thermoelectric materials was produced till a half century ago with ZT of
0.8-1.0 with a device efficiency of 5-6 %. The second generation that came with the idea of
nano structuring, has ZT values about 1.3 to 1.7 with 11-15 % device efficiency. At present,
the goal is to take the ZT value above 2, thereby making devices with efficiency higher than
20%.



1.2 The Inter-related Parameters

The basic challenge faced by the researchers in enhancement of the thermoelectric
efficiency of a material is the need to optimize a series of conflicting material properties.
Here we discuss each of them briefly:-

1.2.1 Carrier Concentration

Ideally, a thermoelectric material should have only one type of charge carriers, either
electrons or holes. Mixed conduction would result in both electrons and holes diffusing from
the hotter end to the colder end and canceling out the induced Seebeck voltage. Low carrier
concentration, n, implies high Seebeck coefficient values, but it also results in low electrical
conductivity, o. The interdependence of the carrier concentration and the Seebeck
coefficient can be seen by looking at relatively simple models of carrier transport. For
metals, or degenerate semiconductors, the Seebeck coefficient is defined as:

" dT ~ 3eh?

AV sn?kd (n)2/3 (1.8)

3n

Here m” is the density-of-states effective mass. The electrical conductivity and the carrier
concentration are related as:

0 =neu (1.9)

Figure 1.2 shows the compromise between the carrier concentration, Seebeck coefficient,
electrical and thermal conductivities. The maximum figure of merit is observed at carrier
concentration ranging from 10" to 10*' carriers per cm®, which falls between common
metals and semiconductors, i.e. heavily doped semiconductors can be promising.

1

2T

0.5

0
108 101 1020 102
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Fig. 1.2. Maxima in the figure of merit, ZT, appears as a compromise between the electrical
conductivity (o: 0 to 5000 Q'cm™), Seebeck coefficient (S: 0 to 500 pV/K) and thermal conductivity (k:



0 to 10 Wm™K™). Good thermoelectrics are typically heavily doped semiconductors with a carrier
concentration between 10™ to 10?* carriers per cm?®. The trends shown were modeled from Bi,Tes,
based on empirical data in ref. [12] by G. J. Snyder and E. S. Toberer. Image adapted from Ref. [6].

1.2.2 Thermal Conductivity

For a good thermoelectric material, thermal conductivity, k, should be low so as to increase
the temperature difference between the hotter and the colder end. Thermal conductivity
has two contributions: (1) electronic thermal conductivity (k.) which comes from electrons
(or holes), (2) lattice thermal conductivity (k) coming from the lattice vibrations called
phonons.

k = ke +K| (1.10)

Wiedemann-Franz law relates the electronic contribution to the electrical conductivity and
the carrier concentration as:

ke = LoT = neplT (1.11)

Where ‘L’ is the Lorentz factor, usually constant for metals and highly doped
semiconductors, but reduces to as much as 20% when the carrier concentration is lowered.
ki can be calculated once the k., 0 and L are known. Since the improvement in ZT requires
high electrical conduction but lower thermal conduction, eq. 1.7 indicates one of the
inherent conflicts as k. and o are directly proportional to each other.

Now we come to the lattice contribution to the thermal conductivity. Glasses have very low
thermal conductivities, the heat transfer is conceived as a random walk of energy through
the lattice instead of rapid transport by lattice vibrations. But the problem with the glasses is
that they have very poor electrical conduction as well, because they lack the high mobility
and low carrier scattering of the crystalline band structure. So we need such a crystalline
semiconductor that can manage to sufficiently scatter phonons but provide high mobility to
the charge carriers, i.e. a ‘phonon-glass electron-crystal’.

The phonons transporting heat through a crystal span a wide spectrum of wavelengths, from
less than 1nm to greater than 10um. Many mechanisms have been suggested to introduce
scattering in different regions of phonon spectrum (figure 1.3).



1007 —— 300K

25. - - G600 K

= 804 "

X 4 / £

o 601 © o 2

S E L 2

- = 0 2

E 401 3 S i

8 k= a 3

< 20{ © 5 S
n = 2
z Z

0‘ T

1 10 100 1000
Phonon mean free path (nm)

Fig. 1.3. Contributions of phonons with varied mean free paths to the accumulated k value for PbTe
at different temperatures. Phonons with short, medium and long mean free paths can be effectively
scattered by atomic-scale point defects, nanoscale precipitates and mesoscale grain boundaries,
respectively. Image adapted from Ref. [13].

1.2.3 Effective Mass

From eq. 1.8, it is obvious that the larger the effective mass, the higher the Seebeck
coefficient. The effective mass given in eq. 1.8 is the density-of-states effective mass, which
increases with flat, narrow bands with high density of states at the Fermi surface. However,
since this effective mass is also related to the inertial one, the higher it is, the lower would
be the velocity, and hence the mobility, of the charge carriers. But, these effective masses
can be decoupled in anisotropic crystals [14].

The conflict between the high effective mass, required for high Seebeck coefficient values,
and high electrical conductivity has to be managed. High effective masses are usually found
in materials with narrow bands, such as ionic compounds. High carrier mobilities are typically
observed in the materials made from elements with small electronegativity differences.

1.3 Recent Developments

Recently dramatic achievements have been made by introducing different mechanisms to
scatter phonons at different length scales or by modifying the electronic band structure. In
modern thermoelectric materials, there are two main points of focus: introducing complexity
at multiple length scales to improve the scattering of the phonons while preserving the
carrier transport, or, using complex crystal structures such that the electron-crystal can be
separated from the phonon-glass. Since the thermoelectric technology can be expected to
contribute to solving the world energy problems only if it can convert considerable amount
of heat waste to electrical energy, therefore we focus on the developments in bulk systems.
To achieve these goals, following mechanisms have been adopted so far:-



1.3.1 Introducing Defects

Typical defects in crystalline bulk materials are: (i) point defects in the structure arising from
missing atoms (vacancies), atoms at the wrong sites or unintended impurities, etc. (ii) planar
dislocations caused by some stress (iii) nano-sized grains, twin Boundary defects or
disordered solids such as amorphous or polycrystalline materials.

At thermal equilibrium, a certain number of defects is always present in a crystal because
they increase the entropy and minimize the free energy, F = U - TS. The probability that a
particular lattice site is vacant is proportional to the Boltzmann factor for thermal

equilibrium: P = e(_EV/KBT), where ‘Ey’ is the energy required to create a vacancy by
moving an atom from the lattice site to the surface. The equilibrium concentration of the
vacancies increases as the temperature increases. The real concentration of the vacancies
can be higher than the ideal value if the crystal is grown at elevated temperatures and then
suddenly cooled down, freezing the vacancies of the high temperature equilibrium state
[15].

Point defects can be of three types: chemical impurities (i.e. substitutions), vacancies (i.e.
schottky defects) or extra atoms not in regular lattice positions (e.g. Frenkel defects or the
rattling atoms). In a Frenkel defect, an atom is transferred from a lattice site to an interstitial
site where there is no lattice point. Demands of charge neutrality may also result in
vacancies when an ion is replaced by the one of higher valence. Adding chemical impurities
in the semiconductors has been quite common. In doped semiconductors, most of the
electrical conduction is attributed to the impurities. Figure 1.4 illustrates some of the point
defects.
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Fig.1.4. Point defects. Image adapted from Ref. [16].

Now we come to the thermoelectric consequences of these defects. The vacancies,
interstitial substitutions or chemical impurities can act as scattering centers for short
wavelength phonons while preserving the electrical conductivity. Alloying the binary
tellurides has been an active area of research. Many of recent high ZT materials (e.g. TAGS
[17]) have been prepared by alloying to exploit these distortions of the lattice/unit cell.
Filling the vacant sites with rare-earth or other heavy atoms can also be a very efficient tool



to reduce the thermal conductivity. A clear correlation between the reduction of thermal
conductivity and the size and vibrational motion of the atoms filling the vacancies has been
found [18]. Replacing ions with the ones of different valance has also been a successful tool
to increase the number of scattering centers for the lattice vibrations.

1.3.2 Nanostructuring

As mentioned earlier, the research in thermoelectric materials has undergone a renaissance
after theoretical predictions of improvement in the thermoelectric performance because of
nanostructuring [11]. The decrease in thermal conductivity was observed in thin-film
superlattices in 1980’s [19]. Recently, it has been shown that the phonon scattering in thin-
films [20] and nanowires [21,22] can make the thermal conductivity approach the kpi, limit
(0.2-0.5 Wm™K™") [23]. The energy barriers associated with these nano structures can also
behave as a kind of energy filter which can scatter low energy charge carriers, hence
increasing the Seebeck coefficient. The Seebeck effect requires that the high energy carriers
diffuse from the hotter end to the colder end of the material and produce an electric field
which stops this diffusion. Low energy carriers diffuse from the colder end to the hotter end
and the Seebeck voltage depends on the difference between the chemical potentials of the
carriers at the two ends. It is favorable if the carriers with higher energies are scattered less
than the ones with lower energies, resulting in a smaller cancellation of the two competing
diffusions, thereby increasing the chemical potential gradient.

The three types of quantum confined structures are:

1) Quantum wells (2-D structure) made by techniques of advanced epitaxial crystal
growth.
2) Quantum wires (1-D structure) made by lithographic patterning of quantum wells or

by epitaxial growth on patterned substrates.

3) Quantum dots (0-D structure) made by lithographic patterning or by spontaneous
growth techniques.



crystal growth direction ——> 2 GaAs quantum wells
2 - @
ZE 2| 3 £
= 7]
S 2 Sl = <
W
C.B C.B.
Y.B V.B
(a) Single quantum well (b) MOQW or superlattice

Fig. 1.5. (a) Schematic diagram of a single GaAs/AlGaAs 2D quantum well. The quantum well is
formed in the thin GaAs layer sandwiched between AlGaAs layers which have a larger band gap. (b)
Schematic representation of a GaAs/AlGaAs multiple quantum well (if b is large so that the individual
guantum wells are isolated from each other) or superlattice structure (if b is small enough that
carriers can tunnel through, forming new extended states in the z-direction). Image adapted from
Ref. [24].

Reduction of dimensionality provides a highly structured density of states, as illustrated in
figure 1.6. This may lead to abrupt changes in the number of available states at the Fermi
energy. The Seebeck coefficient and the electrical conductivity are directly related to the
elaborate electronic structure near the Fermi level.
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Fig. 1.6. (a) Variation of the electron density of states with dimensionality. The dashed line is for a
bulk semiconductor with a band gap of ‘Eg’. The thin solid line is for a quantum well with infinite
barriers. The thick solid lines are for a cubic quantum dot with infinite barriers. (b) Variation of
electron density of states for a 1-D quantum wire. Image adapted from Ref. [24, 25].

The scattering of phonons by interfaces in a nanostructured system can reduce the lattice
contribution to the thermal conductivity substantially. In undoped Si, about 80% of heat is
transported by phonons whose mean free path is less than 10um and about 40% by the ones
with mean free path below 100nm [26]. Phonons will be scattered if spacing between the
interfaces is of the order of their mean free paths. In contrast to the case of point defects




which scatter the short wavelength phonons, nanostructured materials can scatter mid to
long wavelength phonons.

For large scale commercial applications, we need cost effective macroscopic devices.
Kanatzidis et al. discovered the formation of nanoscale precipitates (nano dots) in LAST-m
system (Pb,AgSbTe,.m) as an inherent property of this system [27]. For m < 8, phase
segregation occurs, while at higher lead contents, powder XRD data shows single rocksalt
phase. Figure 1.7 shows that quenching these samples from the melt results in single-phase
materials when studied by powder XRD, but when these are annealed at about 400 °C, phase
segregation occurs.

(b)

‘ quenched m=4

Intensity

e N AN

20 30_40 50 60

2 0 (deg)
AgPb_ SbTe
180001 + AgPi T
(C) 16000 4 AoFe, SoTe....
2.;!4:0:.
G vao0) \ |
.g %0000+ 3rd phase
L soood |1 \
8000 4— i . . - ™ m=8
4000 4 il ' A m=6
2000 +— |, — A e Y |, Ve . - ~ m=4
04 m=2
20 30 40 50 60 70 80 90 100
2 6 (deg)

Fig. 1.7. (a) Schematic of the rocksalt structure of the LAST-m system. (b) X-ray diffraction pattern of
a quenched LAST-m sample consistent with single phase. (c) X-ray diffraction pattern of a slow cooled
(or annealed) LAST-m sample showing microscopic phase segregation. The so-called «3rd phase”
indicated in (c) is a minor impurity phase. Image adapted from Ref. [27].

For 2 < m < 8, the sample definitely has a biphasic composition since the phase separation
gives clear peaks in the XRD pattern. These peaks indicate that the system has large
micrometer sized regions belonging to the phases other than the matrix itself. These regions
do not contribute to the reduction of the thermal conductivity as their size is many orders of
magnitude bigger than the typical wavelength of a phonon.

For m > 10, the powder XRD data indicates again a single phase material, however, a more
precise look using TEM reveals the formation of silver and antimony rich nano inclusions
within the PbTe matrix. Nano scale regions of chemical composition other than the matrix
are formed due to nucleation during cooling and they orient along the {001} planes with a
high lattice strain at the interface.



Fig. 1.8. (a) High resolution image of an inclusion in Agys3Pb,sSb,,Te,q along the [001] zone axis. (b)
TEM micrograph of nano scale inclusion in Agys3Pb.gSb, ,Te,o. Image adapted from Ref. [27].

Nano inclusions are also found in systems like LASTT (Pb,AgSbSn,Te€sim+n), SALT-m
(NaSbPb,,Tey+rm), PLAT-m (KPb,,SbTe,.m), PbTe-PbsS.

Liqguid encapsulation can be a very useful technique to produce bulk crystals with
nanostructures embedded in them. To achieve this, the minority phase should be chosen
such that it has very low or no solubility in majority phase in the solid state, but it is
completely soluble in the liquid state. Moreover, the majority phase should have an equal or
higher melting point than the minority phase (which is supposed to form nano precipitates)
so that the nucleation of the nano dots starts well before the solidification of the matrix.
Mass contrast between the majority phase and the nano inclusions is also important for
efficient scattering of the lattice vibrations.

Sootsman et al. reported [28] the intentional preparation of nanometer sized inclusions of
Sb, Bi, and InSb in bulk PbTe using liquid encapsulation technique. They observed that the
InSb-containing samples, which have the largest atomic mass difference with the PbTe
matrix, exhibit the lowest lattice thermal conductivity, 45% lower than pristine PbTe at
room temperature. The samples with Bi nano inclusions had a thermal conductivity very
close to that of PbTe. This is because the Bi nanophase and the PbTe matrix have very little
mass contrast since Bi and Pb have nearly the same mass number. The study of samples with
Sb nano inclusions showed that the ones with lowest concentration of nano inclusions, i.e.
2%, showed lowest thermal conductivity. This sample had the lowest average nano particle
size and no micro meter sized Sb grains. This study reveals that an optimum, not maximum,
concentration of the nano inclusions would cause the maximum effect. This can be
attributed to the overall high interface area between the Sb nano inclusions and the PbTe
host.

Besides liquid encapsulation, there are other approaches to achieve nanostructuring, namely
the formation of nano sized polycrystalline samples formed by hot pressing or spark plasma
sintering of fine powders. Ball-milled n-type silicon with crystallite sizes ranging from 5nm to




20nm was reported [29] to have dramatic decrease in thermal conductivity as compared
with the normal bulk material.

1.3.3 Complex Unit Cells

Using materials with complex crystal structure is another realm of advanced thermoelectric
material research. Complexity in the unit cell has been reported to be a source of reduction
of thermal conductivity and improvement of the Seebeck coefficient. Extremely low thermal
conductivities, comparable to most of the state-of-the art thermoelectric materials like PbTe,
TAGS, Bi;Tes, etc, have been observed in complex material systems like Yb14MnSbq4 [30],

CGFGgCOSblz [31], 88868166630 [32], AgngTes [33], etc.
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Fig. 1.9. (a) Thermal conductivities of complex structure systems compared with most state-of-the art
thermoelectric materials. (b) The thermal conductivity of doped CoSb; and CeFe;CoSb,, is quite less
than that of the pure CoSbs. (c) The skutterudite structure is composed of tilted octahedral of CoSb;
with large void space shown in blue. This large void can accommodate relatively large atoms. (d) The
room temperature structure of Zn,Sb; has a crystalline Sb sublattice (blue) and highly disordered Zn
sublattice containing a variety of interstitial sites (in polyhedral) along with the primary sites (purple).
(e) The complexity of the Yb;sMnSb;; unit cell is illustrated, with [Sbs]” tri-mers, [MnSb,]*
tetrahedral, and isolated Sb anions. The Zintl formalism describes these units as covalently bound
with electrons donated from the ionic Yb** sublattice (yellow). Image adapted from Ref. [6].

A good example is CsBisTeg, the complex variant of Bi,Tes which is reported to have lower
thermal conductivity [34]. It has a lamellar structure with slabs of (Bi4Te6)1' alternating with
layers of Cs'" ions. The layering in the structure makes the effective mass of the carriers
anisotropic hence improving the Seebeck coefficient. This material also has additional Bi-Bi
bonds which decrease the band gap to nearly half of Bi;Tes. Appropriately doped CsBisTeg

gives rise to a maximum in ZT of 0.8 at 225K, which is among the highest ever ZT values
reported below the room temperature. The maxima can be shifted to even lower



temperatures (=180K) with appropriate choice of dopants [35]. The achievement of ZT

maxima at low temperatures is attributed to the narrow band gap in the CsBisTeg.

Complex Zintl compounds have combinations of ionic and covalent bonds which lead to
complex unit cell structures. One example is Yby4MnSby; which contains [MnSb4]9'

tetrahedral, polyatomic [Sb3]7', isolated Sb>" anions along with Yb®" cations. In this material,
extremely low thermal conductivity has been observed [30].

1.3.4 Substructuring

The thermoelectric efficiency can be improved by making a material with different regions of
charge and heat transport, this way we can separate the electron-crystal from the phonon
glass, much like the charge reservoir region in high-T¢ superconductors. In the phonon-glass
region, we can introduce all the structural complexities to minimize the thermal conductivity
without affecting the charge transport in the electron-crystal zone. The electron-crystal
region would be thin, like quantum wells with nano meter thickness. Such thin regions of
charge transport may also enhance the Seebeck coefficient because of quantum
confinement and electron filtering effects.

A good example is the enhanced thermoelectric power in the Na,CoO, material [36]. The Co-
O layers form the metallic electron-crystal region. Oxides are usually a bad choice for
thermoelectric applications due to their low electrical conductivity and high thermal
conductivity, but the high thermopower of this material may well be because of
substructuring.

- W e L0 58 L8 g8 8 5

* s L s eQeReNeyeNe

Fig. 1.10. Ordered layers (polyhedral) separated by disordered cation monolayers in (a) Na,CoO, and
(b) CayYb4.,Zn,Sh,, separating phonon-glass from electron-crystal. Image adapted from Ref. [6].

This separation-of-regions effect can be clearly observed in Ca,Yb.Zn,Sb, which has sheets
of disordered cations between the layers of covalently bonded Zn-Sb [37]. Since Yb is slightly
less electropositive than Ca, the carrier concentration can be varied by slightly varying the
Yb:Ca ratio. The disorder in the cation layer lowers the thermal conductivity while the
electrical conductivity is not affected much since the ordered anion substructure preserves
the band gap. Combining this approach with nanostructuring can open new avenues of
research.



1.3.5 Distortion of the Electronic Density of States

Most of the research in the last decade has been focused on improving the (o/k) ratio but
there is a limit [38] to this route. Band structure engineering can help improve the Seebeck
coefficient of materials by distorting the density of states near the Fermi level, hence
increasing the ZT by improving the thermoelectric power factor P = s%. The product S’ is
purely electronic property. Such band structural engineering was reported [39] to increase
the ZT in p-type PbTe to above 1.5 at 773K.

The close relationship between the Seebeck coefficient and the distortions in the density of
states near the Fermi level is evident from the Mott relation:

s=n?2 ka kT {%‘E(E)NHEEF

_™ kg 1dn(E) | 1du(E)
"3 q kpT {n dE + u dE }|E=EF (1.12)

Here o(E) is the electrical conductivity, u(E) is the electrical mobility, q is the carrier charge,
n(E) = g(E)f(E) is the carrier density and S depends upon the energy derivatives of u(E) and
n(E) evaluated at the Fermi energy.

The density of states, g(E), is a measure of the number of available electronic energy states
in a unit volume within the interval E to E+dE, expressed in the units of number of states per
eV per cm>. Mahan and Sofo derived [40] the ideal mathematical function for the transport
distribution that would give the maximum figure of merit, ZT. They found that the conditions
for the largest figure of merit were:

1) the transport distribution function, which further depends on the density of states, is
a Dirac delta function,

2) the peak of the transport distribution function is within 2.4kgT above or below the

Fermi level.

An ideal delta function is not possible to realize in lab. However, the f-orbitals are tightly
bound in atoms and bind less to the extended energy levels in solids. The density of states
function corresponding to f-orbitals is a lorentzian with a very narrow width. Mahan and
Sofo made an estimate of maximum ZT achievable by introducing ideal dopant levels with
Dirac delta shaped density of states near the Fermi energy, and they found it to be 14, about
10 times higher than the ZT values of the best known thermoelectric materials to date.
Mahan and Sofo found that the presence of electronic density of states other than the Dirac
delta shaped function near the Fermi level, which they called the “background”, decreases
the figure of merit substantially. They concluded that a background of more than 1% of the
integrated contribution of the peak would not be desirable.



One of the ways to achieve this is to add resonant impurity levels to the electronic band
structure. Resonant levels involve a coupling between the charge carriers of a dilute impurity
and those in the conduction or the valence band of the host material. Resonant impurities
increase the effective mass of the carriers and hence increase both the Seebeck coefficient
and the electrical resistivity, but the enhancement of Seebeck coefficient dominates in the
power factor, Sz/p. People have successfully improved the thermopower of PbTe [39] by
introducing resonant levels in the valence band coming from Thalium doping and of Bi,Tes
[41] by adding tin.

The resonant levels are different from the states created by the donor or acceptor
impurities. A donor impurity would introduce an extra electron in a qusai-local bound state
with an energy Ep (a few meV) below the conduction band edge and in the band gap of the
semiconductor. This case can be considered as a hydrogen atom with Ep as an effective
Rydberg R'. In contrast, a resonant donor level would fall above the conduction band edge.
For a p-type material, a resonant accepter level would fall below the valance band edge.
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Fig. 1.11. Schematic diagram of the conduction band of an n-type semiconductor with a resonant
donor level and a trivial donor impurity state. The increase in density of states in the vicinity of the
resonant level is evident. Image adapted from Ref. [42].

The resonant impurity state resonates with the extended states of the host solid and
develops a certain width ‘I". The energy of this state with reference to the band edge, Ep,
and the width ‘T’" are important parameters in determining ZT.

The electronic band structure is the result of the periodic potential of the host lattice. The
resonant impurity atom can be thought of as a local perturbation to this lattice potential.
When the charge carriers enter a resonant level, they feel slightly bound there and stay
there for a while (At = h/Ep) before jumping back to the band with a different momentum. If
the broadening of the resonant level, T, is not too large, the carriers with energies close to
the level will be considerably scattered. Mahan and Sofo calculated [40] that the narrower
the I, the higher the ZT. Usually the conduction band edge has an s-character and the width,
I, is small when the angular momentum part of the impurity state has small overlap with
those of the extended states, i.e. when the resonant level has a d- or f- character. But for
some semiconductors, where the number of carriers up to the Fermi level is too small, of the



order of 102 to 10™ electrons per atom, the choice of d- or f-orbitals as resonant levels
would result in impractically narrow T-values, so one can think of having p-orbitals as
resonant levels in these materials, instead of the d- or f- orbitals.

L. A. Fal’kovskii [43] calculated that the narrow band gap semiconductors are more likely to
have resonant levels. This is because in the narrow band gap semiconductors or semi-metals,
the carriers usually have small effective masses, hence longer de-Broglie wavelengths which
make it more likely for their wave functions to overlap with the impurity states.

In 1982, V. I. Kaidanov, et al. reported [44] the existence of quasi-local resonant levels in TI-
doped PbTe. In 2008, J. P. Heremans et al. reported [39] a doubling of ZT in dilute alloys of p-
type PbTe with 2% Thallium (TI-PbTe). Optical measurements indicated that there were
several distinct levels associated with Thallium in PbTe, one of which was at =0.06eV below
the valence band edge. Measurements of electronic specific heat showed an increase in the
density of states in the valence band as a function of Tl concentration. The value of ZT was
1.5 at 773K which was double the maximum value for the best conventional PbTe alloy [45]

(ZTmax. = 0.71 for Nag g1PbggoTe). Note that the ZT value for the Tl doped sample has not
saturated at 773 K and is still increasing.
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Fig. 1.12. (a) Schematic representation of density of states of valence band of Tl-doped PbTe (solid
line) compared with that of pure PbTe (dashed line). (b) The ZT values for Tly ¢,Pbo osTe (black squares)
and Tlg01PbogsTe (blue circles) compared to that of a reference sample of Na-PbTe (purple diamonds).
Image adapted from Ref. [39].

In 2006, S. Ahmed et al. had reported ab initio calculations of the electronic structure of
defects in PbTe using density functional theory [46]. In PbTe, the 6s and 5s states are quite
deep and the valence and conduction bands are formed primarily out of 6p states of Pb and
5p states of Te. Tl is a trivalent impurity with valence configuration of 65’ 6p’ belonging to
group lll. It showed a strongly bound state below the bottom of the valence band (hyper-
deep state) and a state near the band gap region (deep defect state). The deep defect state
was seen to increase the density of states near the Fermi level. This meant that it is a



resonant level. This resonant state was created by a hybridization of the s-state of the Tl
atom with the p-state of Te atom.
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Fig. 1.13. Calculated density of states for PbTe with Tl impurity, assuming substitution of Tl atom on
Pb site with 0.1% concentration (a) and 2% (b). States located in lower energy range are not shown
(6s of Pb and 5s of Te).

(a) Black line is a total density of states per formula unit. Partial Tl densities of states (per Tl atom,
not multiplied by concentration) are plotted in red (s), blue (p) and green (d). The most striking
feature of the electronic structure is the presence of sharp, semi-core-like DOS peaks from 6s states
(the hyper deep and the deep defect states) of Tl in the valence band region. The Tl 6p states are fully
integrated into the valence band, crucial for bonding.

(b) For 2% TI concentration, Tl peak is broadened and hybridization with p orbitals of Te and Pb
occurs. This leads to the formation of a DOS ‘hump’. Most of the contribution to this hybridized s+p
band comes from Te(50%) and Pb (15%) atoms and Tl contributes only 12% to this hump at the Fermi
level. Image adapted from Ref. [42].

Another mechanism for meeting the conditions of Mahan and Sofo [40] is to induce the
Kondo Effect by adding dilute magnetic impurities. Here again the resonant levels are
involved but now with a magnetic moment. Consider a resonant level below the Fermi level,
with an energy E4, occupied with a spin-up electron. To put a spin-down electron at the same
level would cost Coulomb repulsion energy, U. One may say that the second electron will
occupy this level but with energy E4+U. For large enough U, this electron will have to lie
above the Fermi level. Consequently, for large U values, the state will not contain two
electrons and would have an unpaired electron.

In dilute alloys of magnetic ions in a non-magnetic host, we can ignore the RKKY interaction
between the magnetic impurities. At high temperatures, these magnetic moments would
behave as free, paramagnetic moments. This situation is theoretically described in the
Anderson model for magnetic impurities in metals. Kondo considered higher order terms in
the perturbation theory, especially the interaction of the spin at the resonant level and that
of the conduction electrons. Below a characteristic temperature, known as the Kondo

temperature, Ty, the spins of the conduction electrons in the vicinity of the magnetic
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impurities interact with the the spin in the resonant level in such a way that they shield its
magnetic moment and effectively make it non-magnetic.

To see how it works, let us consider a simple example of a quantum dot embedded in a
metal with odd number of electrons, as shown in figure 1.14. The highest state for the
electron is doubly degenerate, i.e. it can either have a spin up or down. The addition of a
second electron is allowed by the Pauli exclusion principle but is not energetically favorable
due to the coulomb repulsion between the carriers. Therefore, the dot has a magnetic
moment with § = %2 with double degeneracy. If we consider the coupling of this electron to
the ones in the conduction band of the host, the degeneracy would be removed at small
temperatures and the ground state would be a linear superposition of the two spin
configurations with transition between them possible by a virtual intermediate state
involving an exchange of electrons with the conduction band. The local moment now pairs

with the electrons in the conduction band of the host metal to create a spin singlet (s = 0).

-1 || M- |

‘ U U+e

SIENAY Tt

- AR -y

Initial stete Virtual stete Final stete

{a) (h} ]

Fig. 1.14. For an unpaired spin on the quantum dot, a virtual process (b) can occur to convert the spin
up (a) to spin down (c) transferring an electron from one side of the dot to the other. The ground
state of the system is a linear superposition of the initial (a) and final (c) states. This is called the

Kondo effect, producing a narrow peak of width kgTk in the density of states (d) at E; in addition to

the original broadened level. The broadening ‘[’ of the original state comes from the uncertainty
principle due to the finite life time of the state. Image adapted from Ref. [15].

Kondo showed that the scattering amplitude for a conduction electron being scattered from
a magnetic impurity through the coupling of impurity spin with the spin of conduction
electrons diverges logarithmically. He showed that for an antiferromagnetic exchange (J<0),
there is a contribution to the resistivity that increases logarithmically with decreasing
temperature, given as:

2kgT

Ap = cpy[1 +JN(0) ln( ) + -] (1.13)

Where ‘c’ is the impurity concentration, ‘p,,’ is the resistivity coming from the first order
scattering terms due to defects and impurities, ‘N(0)” is the density of states in a flat band of



N

width ‘D’ and ‘)’ is the antiferromagnetic exchange integral. Adding to this the phonon
contribution (= T°), one obtains a resistivity minimum as a function of temperature. The

onset of this effect occurs below the Kondo temperature, Tk, defined as:-

ksTk = D exp[-N/|J|N(0)] (1.14)
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Fig. 1.15. Electrical resistivities of two undoped TiO, thin films (pink) and two Co:TiO, thin films

(blue) grown under same deposition conditions. Kondo effect is evident below Tg = 120K. Image
adapted from Ref. [47].
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Fig. 1.16. Kondo temperatures for first-row transition elements in gold. Values are obtained from
data in sufficiently dilute alloys such that impurity-impurity interactions are not important, and
therefore are properties of the impurity-matrix interaction itself. Image adapted from Ref. [48].



Kondo effect has two major experimental consequences. First, the magnetization becomes
lower than its free-moment value and hence the susceptibility falls below the value given by
the Curie’s law. Second, the resistivity minimum, as shown in figure 1.15 for TiO, and Co:TiO,
thin films. The resistivity of metals decreases by decreasing the temperature, because the
number of phonons falls but the onset of the Kondo effect below Tx makes the resistivity
increase because now the scattering cross section of the moment is strongly enhanced. A

peak in the density of states of width kgTx occurs at the Fermi energy because of enhanced
scattering. The Kondo temperature can be as high as 1000K [48] (See figure 1.16) but the
effect of small and positive increase of the Seebeck coefficient of the host is unimportant
and has been ignored [49] (See figure 1.17).
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Fig. 1.17. Temperature dependence of the Seebeck coefficient of gold and copper containing
magnetic impurities from the first row of the d-block elements. The peak occurs near the Kondo
temperature. Image adapted from Ref. [49].



Chapter-2

TAGS-85: A Literature Review

Germanium Telluride (GeTe) based semiconducting alloys have been used for thermoelectric
applications since the 1960’s. (AgSbTe;):5(GeTe)ss or TAGS-85 is a p-type small band gap
semiconductor with ZT values of 1.4 to 1.7 at elevated temperatures. Skrabek et al. say [17]
that this material is normally synthesized by solid state reaction method by mixing the pure
powders of the constituents and heating up to 800°C for one hour, then slowly cooling down
to 525°C and annealing for 16 hours before quenching to the room temperature. Minor
phases consisting of silver and antimony tellurides and also of pure antimony and
germanium with varying content have been reported [50] some of which reduce size upon
annealing. It is also reported that, upon heating, sublimation (thermal etching) starts to
occur just above 516°C. Therefore, this material is best for applications below 510°C
temperature. Common materials used for making contacts, like Cu, Fe, Ni, etc., react with
TAGS around 500°C, therefore, for high temperature measurements, it is recommended that
a layer of some semiconducting material be inserted between the TAGS leg and the metallic
strap [17].

2.1 Microstructure study of TAGS-85

Snykers et al. [51] performed detailed microstructural studies on GeTe and concluded that
the material undergoes a transition from a rhombohedral to cubic structure when heated. At
high temperatures, Te atoms occupy the (0, 0, 0) positions while Ge atoms go to the (1/2,
1/2, 1/2) positions. In the TAGS composition, the Sb and Ag atoms go to the Ge sites. Upon
cooling through the transition temperature, the lattice deforms into a rhombohedral one
due to thermal strain in the cubic lattice which shifts the Te and Ge atoms a little bit within
the (220) planes. This deformation is manifested in an elongation along the [111] direction,
i.e. the body diagonal of the unit cell. Since there are four [111] directions, this transition
causes the twinning, an important phonon scattering mechanism. As a consequence of this
structural transformation from cubic to rhombohedral, the (220) Bragg peak splits into a
doublet. The transition temperature depends primarily on the ratio of GeTe to AgSbTe,.
Abrikosov et al. [52] did a detailed study of the TAGS-m systems and concluded that the
structural transition occurs in the temperature range of 177°C to 302°C (450 to 525K).

Cook et al. performed [53] transmission electron microscopy on TAGS-85 samples prepared
by heating the mixture of the constituent elements up to 825°C for one hour and then
annealing for 48 hours at 500°C. Figure 2.1 shows a TEM bright field micrograph of the as-



solidified microstructure of TAGS-85, which shows extensive twinning within the (220)
planes.

200 nm

(b)

Fig. 2.1. TEM bright field image of twinning in (a) as-solidified TAGS-85, (b) antiphase domains are
seen as continuous across twin boundaries by tilting the sample stage, which brings the twins out of
contrast. Image adapted from Ref. [53].

The twins were reported to have a characteristic spacing ranging from 450 to 500 nm and
spread throughout the material. These twin boundary defects can scatter mid-wavelength
phonons. Numerous antiphase domains were also observed throughout the material. These
antiphase domains were of 250 x 100 nm? dimensions with an average separation of = 1 pm.
The existence of these antiphase domains may also contribute to the low thermal
conductivitiy of TAGS-85.

Cook et al. also studied the ice-bath quenching of the samples heat treated at temperatures
ranging from 300°C to 600°C and the X-ray diffraction patterns they obtained for these
samples looked pretty much the same as for the samples cooled slowly to the room
temperature, i.e. they observed the (220) doublet corresponding to the room temperature
rhombohedral phase (figure 2.2). They concluded that there may not exist a thermodynamic
barrier to the rhombohedral to cubic transformation because of which the transformation is
non-quenchable. They concluded that it was a second order phase transition.
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Fig. 2.2. X-ray diffraction pattern of as-solidified TAGS-85 at 300K. Note the (220) doublet shown in
the inset at Q=29.5 nm™, characteristic of the R, structure. Image adapted from Ref. [53].

They also did high-temperature X-ray diffraction studies of the as-solidified TAGS-85 powder.
The result they obtained is shown in figure 2.3, whereby the (220) peak is studied over the
temperature range of 300K to 600K (27°C to 327°C). The phase transition seems to have

completed at 600K.
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Fig. 2.3. The rhombohedral to cubic structural transformation seems to occur over a wide range of
temperatures, starting from room temperature to about 510K. Image adapted from Ref. [53].

Yang, et al. performed [54] HRTEM and SAED on TAGS-80 and TAGS-90 materials. Their
results clearly display the formation of nano domains of about 10 nm size in TAGS-80 with
different atomic spacings and crystalline orientations. They report that such nano inclusions
were largely absent in TAGS-90 which they were not sure if it was because of the lower

lattice strain in this material?



2.2 Thermoelectric Properties of TAGS-85

Strabek et al. [17] studied TAGS-85 along with many other TAGS-m compositions. TAGS-85
was observed to have very low thermal conductivity, high power factor, as well as better
mechanical strength and stability. The basic thermoelectric properties of TAGS-85 as
reported by Skrabek et al. are given in figure 2.4.

Zhu, et al. recently reported [55] that the carrier mean free path of TAGS-85 materials is
comparable to the lattice parameters indicating that the electrical mobility of this material
system has almost reached the loffe-Regel limit for this material. This indicates that the grain
size reduction will not affect the power factor, while it can reduce the thermal conductivity
due to increased phonon scattering at grain boundaries. They prepared their samples by
solid state reaction at 1000°C and then air-cooled to room temperature. The samples were
then separated in two parts. One part was directly crushed to make fine powder and then
hot pressed in a graphite die at 500°C under 70 MPa pressure for 30 min in vacuum. The
other part was treated with melt-spinning followed by the same hot pressing process
adopted for the first part. They reported to have enhanced the figure of merit upto 1.6 as a
result of increased phonon scattering because of grain refinement. They also observed that
the electrical mobility and mean free path of fine grained samples produced by melt spinning
are comparable with those in coarse-grained samples prepared by slow cooling.
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Fig. 2.4. Thermal conductivity, electrical resistivity, Seebeck coefficient and dimensionless figure of
merit plotted against temperature for TAGS-85. Image adapted from Ref. [17].



2.3 Doping TAGS-85 with Rare Earths

2.3.1 Motivation

As discussed in the previous chapter, attempts are being made to improve the electronic
part of the figure of merit by distorting the density of states as suggested by Mahan and
Sofo’s model of the best thermoelectric [40]. Doping with rare earth elements can affect
transport properties of a thermoelectric material because of three mechanisms:-

1) by introducing Dirac delta function like sharp peak in the density of states near the
Fermi level, hence improving the Seebeck coefficient,

2) by causing substitutional defects and strains because of mass contrast, thereby
increasing the phonon scattering,

3) by increasing carrier scattering or inducing the Kondo effect due to localized
magnetic moments.

Bredl et al. studied [56] the low temperature specific heat as a function of magnetic field in
CeAl;, CeCu,Si, and some alloys with Ce as a major constituent. The specific heat was
observed to rise as we go below the Kondo temperature as for the case of dilute magnetic
impurities, but once below a characteristic temperature, it falls again. At this temperature a
transition from single ion Kondo regime to Kondo lattice regime occurs. This effect was
attributed to the coherent coupling of the Kondo resonances at the Ce sites. This coherence
leads to structure developing in the Kondo resonance density of states g(E) at the Fermi
energy (figure 2.5).
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Fig. 2.5. Schematic drawings of the resonance density of states near the Fermi energy for the spin-
1/2 Kondo problem with B = 0: (a) impurity case; (b) the form indicated by the experiment for the
present Kondo lattices. Image adapted from Ref. [56].

Streglich et al. studied [57] the low-temperature Seebeck coefficient of the CeAls,
CeCu,.,Si1.98 and CeqYo.1Cu,Si, with magnetic field B = 0 and B = 4T. A peak was observed
near the Kondo temperature as shown in figure 2.6. These results indicate that Ce can be a
potential dopant for structuring the electronic density of states near Fermi level.
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Fig. 2.6. Seebeck coefficient of (a) CeAl; and CeCu,,Si; 95 and (b) CepsYo1Cu,Si>. The dashed line in
(a) is extrapolation from data at elevated temperatures to T = OK. Image adapted from Ref. [57].

Levin et al. [58] studied the solid solutions based on EuM,Si, ternary compounds (M stands
for transition metals). They reported that the transition from Eu®* magnetic state to the

interconfiguration fluctuation state (Eu*™

) may be realized through the state of a
concentrated Kondo system when substituting Ge for Si. They said that this was due to the f-
level approaching the Fermi level, decreasing the gap between the f-states and the Fermi
level. They proposed that if this gap is small enough (few meV), resonant scattering

mechanisms can influence the electronic structure parameters considerably.

2.3.2 Progress

The observation of Kondo effect in Ce and Eu doped alloys inspired Levin and co-workers
[59] to investigate the possibility of creating resonant levels in TAGS-85 with the help of rare
earth dopants. The composition of the samples they studied was
Age.52Sbe 52Gesg gTesg00Ce1.00 and  Ages2SbssoGessorTessoYbioo. The X-ray diffraction
patterns they obtained showed the rhombohedral TAGS-85 structure with some small
impurity phase peaks which they attributed to the CeTe, CeTe, and YbTe precipitates.

Figure 2.7 shows the magnetic response of TAGS-85 + 1% Yb. The effective magnetic
moment per Yb atom was calculated to be 0.88s, less than the value of 4.50uz for Yb3*,
Figure 2.8 shows the magnetic properties of TAGS-85 + 1% Ce as reported by Levin et al. The
effective magnetic moment per Ce atom was calculated to be 1.213, less than the value of
2.54pg for Ce*.
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Fig. 2.7. (a) Magnetization, M.y, versus magnetic field measured at T = 1.8K and T = 300K. The inset
in (a) shows the calculated paramagnetic contribution, M,,.,, and diamagnetic contribution, My;,, at T
= 300K. (b) temperature dependence of (M/H)e, ratio and the paramagnetic and diamagnetic
contributions. The inset in (b) shows the calculated (H/M),,, ratio vs temperature. Image adapted
from Ref. [59].

0.30
TAGS-85+1%Ce 5F = 9
0.25 TAGS-85+1%Yb E Bl
S T
H =50 kOe L
S o020l T=18K = CRdl has ‘gg (HM),
go. - o .
g ‘g 0.004 g; % 4
o 3t 3r
e 015 L e E .
] o L o ¥ 0 1
% 0.10 z L T=300K :2 0 100 200 300 400
5 TS )y A 2 (MH) Tempereature (K)
£ 0.05 = 0 10 20 30 40 50 60 70 g-g
Msgrwic: heid (0e) = C, , =4.59x10° K emu/g Oe
18K '
0.00 e 4 ——— oo
T=300K T4 " S
0.05 . s . . . . . . i . i L L L
0 10 20 30 40 50 60 70 0 50 100 150 200 250 300 350

Magnetic field (kOe) Temperature (K)

Fig. 2.8. (a) Magnetization, M.y, versus magnetic field measured at T = 1.8K and T = 300K. The inset
in (a) shows the M,, measured at T = 300K. (b) temperature dependence of (M/H), ratio and the
paramagnetic and diamagnetic contributions. The inset in (b) shows the calculated (H/M),., ratio vs
temperature. Image adapted from Ref. [59].

The Seebeck coefficient, S, electrical conductivity, o, and the thermal conductivity, k, of pure
TAGS-85 along with the doped samples as reported by Levin et al. are shown in figure 2.9. It
was observed that the electrical conductivity remains essentially the same as that for the
pure TAGS-85 samples, but the Seebeck coefficients were improved by almost 13% at T =
300K and 16% at T = 700K.
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Fig. 2.9. Temperature dependencies of (a) electrical conductivity and Seebeck coefficient, (b) thermal
conductivity and thermoelectric power factor of TAGS-85, TAGS-85 + 1% Yb and TAGS-85 + 1% Ce.

Although the improvement in the figure of merit for the Yb and Ce doped TAGS-85 as
reported by Levin et al. is not as fascinating as in the case of Tl doped PbTe [39] reported by
Heremans et al. where it was almost 100% higher than the pure PbTe values, yet it is still
very encouraging. Levin et al. rule out the chance of improvement in Seebeck coefficient due
to a decrease in the carrier concentration, because they did not see much difference in
carrier concentrations of pure and doped samples after the Te NMR and Hall effect
measurements. They suggest that this increase could be because of resonant levels, electron
filtering due to lattice distortions or magnetic scattering. Since the electrical resistivity of
these samples did not increase, the idea of resonant level scattering does not seem to fit
here.

A year later [60], Levin et al. published the results of doping the TAGS-85 material with Dy,
another rare earth element from the Lanthanides. The X-ray diffraction results and magnetic
response of the material did not differ much from the Yb and Ce doped samples, but this
time they got a much higher values for the effective magnetic moment per dopant atom,
which were 10.7ug for Agss,SbgsrGesgosTesoDy: (TAGS-85 + 1% Dy for Te), 9.5uz for
Ags 5:Sbg s:Gess geTesoDy; (TAGS-85 + 1% Dy for Ge) and 10.1ug for Age.5:Sbe.s:Gess.96T€50DY1
(TAGS-85 + 2% Dy for Ge). These values were pretty close to the theoretical value (10.6413)
for the magnetic moment of Dy3+ ion.

Figure 2.10 shows the thermoelectric properties of Dy doped TAGS-85 as reported by Levin
et al. It was evident that the Seebeck coefficient of the samples where Dy replaced Ge was
larger than that for Dy replacing Te. The Seebeck coefficient for all the samples had a linear
increase with temperature but with two distinct regions of different slopes. Around T = 525K,
i.e. 302°C, the slope decreases substantially which can be attributed to the transition from
rhombohedral to cubic phase.
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Fig. 2.10. Temperature dependence of (a) Seebeck coefficient, S, (b) electrical resistivity, p, (c) power
factor, $%/p, (d) thermal conductivity, k, and (e) figure of merit, ZT = S*T/pk, of TAGS-85 #1, TAGS-85
#2, TAGS-85 + 1% Dy for Te, TAGS-85 + 1% Dy for Ge and TAGS-85 + 2% Dy for Ge. The results given
for TAGS-85 #1 are the ones reported in the paper on Yb and Ce doping [59]. TAGS-85 #2 samples
were prepared for this study. Image adapted from Ref. [60].



The temperature dependence of the electrical resistivity is typical of degenerate
semiconductors where the increase is mostly attributed to the electron(hole)-phonon
scattering. The power factor and the thermoelectric figure of merit (ZT) were also reported
to have improved by doping. Levin et al. say that for the Dy doped samples, the resonant
level peak in the density of states is not very probable since the 4f-electrons of the Dy atom
are located deeply in the valance band although a small increase in the density of states of
TAGS-85 can not be excluded. It is suggested that potential barriers can occur due to the
lattice mismatched atomic sizes and the large magnetic moment of the Dy ions present in
the lattice. These potential barriers can hinder the diffusion of low energy carriers from the
colder end to the hotter end, hence increasing the seebeck coefficient.

2.4 Electronic Structure Calculations

Ab initio calculations on TAGS-85 have not been reported so far, but it would be useful to
have a look at the DFT calculations on Ag and Sb doped GeTe [61] performed by Hoang, et al.
They assumed cubic structure for GeTe, the structure of the high temperature phase. They
concluded that the monovalent and trivalent impurities tend to come close to one another
and form impurity-rich clusters and the electronic structure of the host material is strongly
perturbed by these impurities. There were impurity-induced bands associated with the
trivalent impurities that split off from the conduction-band bottom with large shifts towards
the valence band top. Figure 2.11 shows the band structure of doped and undoped GeTe
along different high symmetry directions of the simple cubic Brillouin zone as reported by
Hoang, et al.

The calculated band gap (at the I point) is 0.243 eV (larger than the experimental value [62]
of = 0.20 eV). Ag substituting Ge in GeTe results in a p-type system with Fermi level below
the valance band maxima. Ag-induced band is the one that splits off from the valence band
top represented by the dash-dotted curve in figure 2.11(b). On the other hand, Sb
substitution of Ge results in an n-type system. Impurity-induced band associated with Sb
substitution is the one that splits off from the conduction band bottom reducing the band
gap as shown in figure 2.11(c). Simultaneous doping of Ag and Sb also help lift the impurity-
induced band associated with Sb up in energy and increase the gap as is evident from figure
2.11(e). The non-degenerate band (ignoring spin degeneracy) is now at a lower energy than
the nearly three-fold degenerate band. The splitting between the three-fold degenerate
conduction band minima and the impurity induced band is 82.8 meV and 143.8 meV at the
second (figure 2.11(d)) and fifth (figure 2.11(e)) nearest neighbor distances, respectively.
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Fig. 2.11. Band structure of undoped GeTe and (Ag, Sb) doped GeTe. The Fermi level (0 eV) is set to
the highest occupied states or in the band gap. Image adapted from Ref. [61].



Chapter-3

Synthesis and Characterization

3.1. Sample Preparation

The sample materials were prepared by solid state reaction method. About 99.99% pure
elemental ingredients were carefully weighed and mixed and then treated with heat in
evacuated, sealed glass ampules. At high enough temperature, the elements react
chemically to form the alloy.

The heat treatment plan is as follows:-
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Fig. 3.1. Heat treatment plan for material synthesis.

The mixtures were heated from room temperature to the reaction temperature in one hour
and kept at that temperature for another one hour while rotated so that the elements mix
and react. Then for the next four hours, they were made to cool down to the annealing
temperature. The samples were then annealed at that temperature for at least 3 hours
before they were quenched to the room temperature.

The reaction temperature for most of the samples was 850°C, but some samples were
prepared at higher temperatures to see if it was possible to make the constituent elements
mix and react better at those temperatures such that the impurity phases could be avoided.
The X-ray diffraction patterns obtained showed that raising the reaction temperature did not
help get rid of the impurity phases. No further measurements were done on those samples.



The annealing temperature for most of the samples was 600°C, but some samples were
annealed at lower temperatures as well and minor fluctuations from the behavior of samples
annealed at 600°C were observed. The annealing time was also altered for some samples to
improve the grain size and it had considerable consequences which shall be reported in the
results.

Sealed Ampule / _ \Fumace

Fig. 3.2. Schematic diagram of heat treatment. At 850°C, the quartz tube was rotated slowly to help
the elements mix and react chemically.

The prepared samples were then ground in an agate mortar and pestle to make fine powder
of them which was used for the X-ray powder diffraction and to make cold pressed pellets
for the Seebeck coefficient and electrical resistivity measurements.
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Fig. 3.3. Heat treatment plan for pellet sintering.

Pellets were made by application of 1 ton pressure and kept at 500°C for 12 hours in an
evacuated, sealed quartz tube. For some samples, the sintered pellets were also
characterized by X-ray diffraction to see if the small pressure and the heat treatment caused
any change of phase.

3.2. X-ray Powder Diffraction

X-ray powder diffraction was used for phase analysis and studying the crystallographic
properties of the samples. In our laboratory, the X-ray diffractometer (D8 Advance) has a
tungsten filament in its X-ray tube to produce high energy electrons and copper as target



metal. When these high energy electrons collide with the copper target, they produce X-rays
whose wavelength is a characteristic of the target metal, namely 1.5406A° for the Ky line of
copper. The samples were scanned over a range of 26 = 20° — 120°. The samples were
scanned for long time (14 hours) to have less background noise and to see if there was some
extra phase? The grains of TAGS-85 have [111] as preferred direction. The powdered
samples were rotated at a frequency of 30 cycles per minute to provide a better statistical
averaging of grain orientations and to avoid biased intensities due to the preferred

orientation.
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Fig. 3.4. D8 Advance X-ray diffractometer in Solid State Materials for Electronics group.

The data was refined by using the GSAS (General Structure Analysis System) software. ICSD
(inorganic crystal structure database) was used to compare the diffraction pattern of the
samples with the standard diffraction pattern of TAGS-85 material. Extra phase identification
was performed by looking at the Chemical Open Database (COD 2013) using the EVA

software.

The X-ray diffraction pattern of the sample holder showed peaks at 26 = 27.2°, 28.4° and
29.2°.

3.3. Seebeck Coefficient Measurement

The seebeck coefficient measurement was performed on bar-shaped cold pressed pellets
using the Quantum Design PPMS (Physical Properties Measurement System).
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Fig. 3.5. Bar-shaped cold pressed pellet mounted on the sample holder for Seebeck coefficient
measurement.

Seebeck coefficient values were measured over 50K to 300K temperature range with a step
of 25K without applying any magnetic field. The system is computer controlled by the
LabView software. Temperature difference of 1-2% was applied through the heater at the
sample holder. Constantan wire was used as a reference material whose seebeck is known.
Voltage build up across the samples was measured using the HEWLETT 3458A multimeter
while across the constantan wire the voltage was measured by using the Agilent 3458A
multimeter. Current to the heater was supplied by KEITHLEY 237 nanovoltmeter.

The voltages measured across the reference material and the sample were plotted against
time. The data was fitted using the Origin8 software. The seebeck coefficient is related to
voltage and temperature difference as:-

S = AV/AT (3.1)

From the known Seebeck coefficient of constantan wire, at every temperature step, AT was
calculated. Then by dividing the voltage difference built across the sample at that particular
temperature by the temperature difference, AT, the seebeck coefficient of the sample was
calculated. The ratio AT/T was kept within 0.01-0.02. AT can be controlled by the voltage
applied to the heater.
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Fig. 3.6. Quantum Design PPMS in Solid State Materials for Electronics group.

3.4. Electrical Resistivity Measurement

Electrical resistivity of the samples was also measured on the same pellets by using the
Quantum Design PPMS following the Kelvin method. Ohmic contacts were made with the
sample holder using platinum wires and silver paint. A homogeneous current was applied
across the length of the bar using the KEITHLEY 237 nanovoltmeter. The voltage between
two closely spaced thin lines drawn by silver paint in the middle of the top surface was
measured using the Agilent 3458A multimeter. At least 10 data points were obtained for
each temperature by changing the applied current in the linear regime of the IV curve. The
voltage measured at the surface was plotted against the current applied along the length of
the bar to obtain the resistance (i.e. the slope of the linear IV curve) between the two lines
at the top surface of the bar-shaped pellet.

(a) Agilent
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“width d
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Keithley

Fig. 3.7. (a) Schematic diagram of the bar-shaped pellet, (b) pellet on the sample holder.



The resistance values (R) measured at the temperatures ranging from 50K to 300K with a 5K
temperature step were multiplied by the area of the of the side faces and divided by the
distance between the lines to get the resistivity (o = RA/{).

3.5. Magnetic Susceptibility Measurement

Magnetic susceptibility was measured by using the Quantum Design MPMS-XL7 SQUID
magnetometer. The SQUID is highly sensitive in detecting magnetic signals. It can detect
magnetic moments down to 5 x 10%emu.

Fig. 3.8. Quantum Design MPMS-XL7 in Solid State Materials for Electronics (SSME) group.

The Reciprocating Sample Option (RSO) [63] was used for measuring the magnetic moment.
The RSO option is primarily used for samples with small magnetic moments. The
measurement is done by moving the sample rapidly and sinusoidally through the SQUID
pickup coils. The high quality servo motor and a digital signal processor (DSP) allow rapid
measurements. During an RSO measurement, a shaft encoder on the servo motor tracks the
position of the sample. While the sample moves through the coils, the MPMS MultiVu
measures the SQUID’s response to the magnetic moment of the sample.

The maximum standard size of the sample is 3mm in diameter x 3mm in height. Samples of
this size or smaller effectively imitate a point dipole to an accuracy of 0.1%. The RSO sample
rod assembly consists of one long, graphite sample rod; one short, graphite sample rod; and
two centering plugs. RSO sample rods are specially designed to insert a drinking straw, which
holds the sample, into the sample chamber. The centering plugs help keep a loose sample
inside the straw and protect the straw from rubbing against the inside wall of the sample
chamber. The RSO option includes a separate airlock because the RSO transport does not
include a built-in airlock. The RSO transport is the mounting base for the airlock. The RSO
airlock allows more rapid installation and removal of samples.



Fig. 3.9. Sample mounted inside a drinking straw attached to the centering plug, ready for MPMS

RSO measurement.

The accuracy of an RSO sample measurement is determined by how well the sample is
centered within the SQUID pickup coils. Before starting the measurement, it is advisable to
first center the sample. The RSO centering measurement is faster and has greater sensitivity.
If the sample is not centered well, the coils read only part of the magnetic moment of the
sample.

The samples were weighed before the measurements. A field of 1000 Oe (sometimes 5000
Oe) was applied and the samples were cooled down to 5K then scanned with a 5K step up to
300K. From the measured data, the values for the magnetic moment of the samples were
obtained. These values were divided by the number of moles calculated from the mass and
the chemical formula of the samples, to obtain the magnetization. The measured
susceptibility, x, was calculated by dividing this magnetization by the strength of the applied
magnetic field. The measured susceptibility has a diamagnetic contribution, Xgia, as well
which needs to be subtracted to get the paramagnetic susceptibility, Xpara.

Xpara = X — Xdia (32)

The diamagnetic susceptibility of the sample was calculated by following the approach of G.
A. Bain and J. F. Berry as described in ref. [64]. The reciprocal of the slope of the plot 1/xpara
vs T gives the Curie constant, C. The effective magnetic moment was determined by the
formula:-

Hefr. = VBC Mg (3.3)



Chapter-4

Results and Discussions - 1

4.1 Pure TAGS-85

Chemical formula: TesoAg5,52G835,925b5,52
Molecular weight: 242.92 amu

The details of the synthesis and characterization of the sample are the following:-

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 3 hours

ii) X-ray Powder Diffraction
The X-ray powder diffraction showed that the sample contains only one phase and has a
rhombohedral structure. The splitting of the (220) peak at 26 = 43° is evident.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The value at room temperature seems to be a bit
less than the literature value given in section-2.2 for the samples prepared with fast cooling
rates and higher density of defects. The focus of this project was on the electronic part of the
figure of merit, so the cooling rate was kept low.

iv) Electrical Resistivity

The electrical resistivity of the pure TAGS-85 was measured over 50K to 300K temperature
range with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear. The room temperature value of the resistivity seems to be
one order of magnitude higher than the expected value (as given in section-2.2). This can be
some kind of instrumental error which appeared in all the electrical resistivity
measurements. The resistivity shows a minimum around T = 240K.
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Fig. 4.1. Heat treatment plan for the pure TAGS-85 sample.
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Fig. 4.2. X-ray diffraction of pure TAGS-85. The gray dots correspond to the measured data points.
The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the rhombohedral angle.
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Fig. 4.4. Electrical resistivity of pure TAGS-85 plotted against temperature.



4.2 TAGS-85 + 19% Ho for Te

Chemical formula: TessAge6.5:Ge36.9,Sbg.50HO1
Molecular weight: 243.763 amu

The details of the synthesis and characterization of the samples are the following:-

4.2.1 Sample-1

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 3 hours

ii) X-ray Powder Diffraction
The X-ray powder diffraction showed that the sample contains only one phase and has a
rhombohedral structure. The splitting of the (220) peak at 26 = 43° is evident.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The values and behavior are pretty much similar to
that of the pure TAGS-85 (figure 4.3).

iv) Electrical Resistivity

The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear. The electrical resistivity of this sample is higher than that of
the pure TAGS-85 sample (figure 4.4). This could be because of scattering from magnetic
impurities. We also see a minimum in resistivity around T = 245K. A good fit of the resistivity
data below T = 250K to the equation 1.13 was obtained to be p =48 -1.4In (0.6 T).

v) Magnetic Response

Magnetic measurements were performed on small piece of the sample material weighing
82.8mg, over the temperature range of 5 to 300K. The magnetic susceptibility of the sample
did not show any diamagnetic contribution below 300K. This means that the effect of the
magnetic impurities dominates.



The effective magnetic moment of the sample was calculated to be 1.06ug. The atomic value
of the magnetic moment of Ho*" ion is 10.4ps.
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Fig. 4.5. Heat treatment plan for TAGS-85 + 1% Ho for Te, sample-1.
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Fig. 4.6. X-ray diffraction of pure TAGS-85 + 1% Ho for Te, sample-1. The gray dots correspond to the

measured data points. The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the
rhombohedral angle.
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Fig. 4.7. Seebeck coefficient plotted against temperature for TAGS-85 + 1% Ho for Te, sample-1.
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Fig. 4.9. Temperature dependence of the magnetic susceptibility of TAGS-85 + 1% Ho for Te, sample-
1.

4.2.2 Sample-2

i) Material Synthesis
Another sample of the same material but with a different heat treatment plan was prepared
to see if it was possible to quench the high temperature cubic phase?

Reaction temperature: 850°C

Annealing temperature: 500°C

Annealing time: 3 hours

The cooling time from the reaction temperature to the annealing temperature was 3 hours.

ii) X-ray Powder Diffraction

The X-ray powder diffraction showed that the sample contains two phases. It has a
rhombohedral structure as is evident from splitting of the (220) peak at 20 = 42.7°. If we
have a closer look, there is another single peak at 20 = 42.9° which indicates existence of a
cubic phase alongside the rhombohedral phase.
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Fig. 4.10. Heat treatment plan for TAGS-85 + 1% Ho for Te, sample-2.
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Fig. 4.11. X-ray diffraction of pure TAGS-85 + 1% Ho for Te, sample-2. The gray dots correspond to the
measured data points. The fitted curve is plotted in red. The inset shows the splitting of the peak at

20 = 42.7° and the extra single peak at 20 = 42.9°. “a” is the lattice parameter, “a” is the
rhombohedral angle.



4.3 TAGS-85 + 0.5% Ho for Te

Chemical formula: Tes.5A86.52G€36.925bg.50HO0 5
Molecular weight: 243.4954 amu

The details of the synthesis and characterization of the sample are the following:-

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 10 hours

ii) X-ray Powder Diffraction
The X-ray powder diffraction showed that the sample contains only one phase and has a
rhombohedral structure. The splitting of the (220) peak at 26 = 43° is evident.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The Seebeck coefficient at room temperature is
almost 55% higher than that of the pure TAGS-85 (figure 4.3).

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.

Unlike the case of the pure TAGS-85 or the 1% Ho for Te doped sample, the resistivity of this
sample has no minimum. It keeps on increasing slowly. If we combine this result with the
enhancement of the Seebeck coefficient and compare them with the behavior of Tl doped
PbTe discussed in section-1.3.5, we can say that there can be non-magnetic resonant levels
in this sample.

v) Magnetic Response

Magnetic measurements were performed on small piece of the sample material weighing
35.2mg, over the temperature range of 5 to 300K. The magnetic susceptibility of the sample
did not show any diamagnetic contribution below 300K. This means that the effect of the
magnetic impurities dominates.

The effective magnetic moment of the sample was calculated to be 0.68ug. The atomic value
of the magnetic moment of Ho*" is 10.4pp.
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Fig. 4.12. Heat treatment plan for TAGS-85 + 0.5% Ho for Te.
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Fig. 4.13. X-ray diffraction of pure TAGS-85 + 0.5% Ho for Te. The gray dots correspond to the
measured data points. The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the
rhombohedral angle.
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Fig. 4.14. Seebeck coefficient plotted against temperature for TAGS-85 + 0.5% Ho for Te.
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Fig. 4.15. Electrical resistivity of TAGS-85 + 0.5% Ho for Te plotted against temperature.
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Fig. 4.16. Temperature dependence of the magnetic susceptibility of TAGS-85 + 0.5% Ho for Te.




4.4 TAGS-85 + 1% Tb for Te

Chemical formula: TessAge.50Ge36.92Sb6.50Th1
Molecular weight: 243.6036 amu

The details of the synthesis and characterization of the samples are the following:-

4.4.1 Sample-1

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 12 hours

ii) X-ray Powder Diffraction
The X-ray powder diffraction showed that the sample contains only one phase and has a
rhombohedral structure. The splitting of the (220) peak at 26 = 43° is evident.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The Seebeck coefficient at room temperature is
33% higher than that of the pure TAGS-85 (figure 4.3).

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.

Unlike the case of the pure TAGS-85 or the 1% Ho doped sample, the resistivity of this
sample has no minimum. It keeps on increasing slowly. The electrical resistivity at room
temperature for this sample is double that of the pure TAGS-85 sample (figure 4.4), this,
along with the improvement in the Seebeck coefficient can be a signature of the existence of
non-magnetic resonant levels in the conduction band.

v) Magnetic Response

Magnetic measurements were performed on small piece of the sample material weighing
101.6mg, over the temperature range of 5 to 300K. The magnetic susceptibility of the



sample did not show any diamagnetic contribution below 300K. This means that the effect of
the magnetic impurities dominates.

The effective magnetic moment of this sample was calculated to be 3ug. The atomic value of
the magnetic moment of Tb*" ion is 9.77s.
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Fig. 4.17. Heat treatment plan for TAGS-85 + 1% Tb for Te, sample-1.
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Fig. 4.18. X-ray diffraction of pure TAGS-85 + 1% Tb for Te, sample-1. The gray dots correspond to the
measured data points. The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the
rhombohedral angle.
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4.4.2 Sample-2

i) Material Synthesis
The melting point of Ge is 938.25°C and that of Ag is 961.78°C. To see if raising the

temperature above these values makes any difference, the elemental mixture was heated up
to 970°C.

Reaction temperature: 970°C
Annealing temperature: 600°C
Annealing time: 3 hours

ii) X-ray Powder Diffraction
The X-ray powder diffraction showed that the sample contains only one phase and has a
rhombohedral structure. The splitting of the (220) peak at 26 = 43° is evident.
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Fig. 4.22. Heat treatment plan for TAGS-85 + 1% Tb for Te, sample-2.
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Fig. 4.23. X-ray diffraction of pure TAGS-85 + 1% Tb for Te, sample-2. The gray dots correspond to the
measured data points. The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the
rhombohedral angle.



4.4.3 Sample-3

i) Material Synthesis

Another sample of the same material but with a different heat treatment plan was prepared
to see if it was possible to quench the cubic phase?

Reaction temperature: 850°C
Annealing temperature: 500°C
Annealing time: 3 hours

The cooling time from reaction temperature to annealing temperature was 3 hours.

ii) X-ray Powder Diffraction
The X-ray powder diffraction showed that the sample only one phase. It has a rhombohedral

structure as evident from splitting of the (220) peak at 26 = 42.7°. No traces of cubic phase
were observed.
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Fig. 4.24. Heat treatment plan for TAGS-85 + 1% Tb for Te, sample-3.
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measured data points. The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the
rhombohedral angle.



4.5 TAGS-85 + 0.5% Tb for Te

Chemical formula: Tes 5A86.5:G€36.925b6.5:Tho 5
Molecular weight: 243.427 amu

The details of the synthesis and characterization of the sample are the following:-

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 3 hours

ii) X-ray Powder Diffraction

The X-ray powder diffraction showed that the sample contains has a rhombohedral structure
of TAGS-85 material but it also contains Ag,Te impurity phase. The splitting of the (220) peak
at 20 = 43° is evident. The high intensity Ag,Te peaks appear at 26 =~ 31.2°, 38.8°, 39.25° and
40.25°. The chances are high that the dopant atoms have gone to the Ag sites.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The Seebeck coefficient at room temperature is
almost 55% higher than that of the pure TAGS-85 (figure 4.3), like the case of TAGS-85 +
0.5% Ho for Te (figure 4.14).

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 12.5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.

Like the 0.5% Ho for Te doped sample, the resistivity of this sample has no minimum. It
keeps on increasing slowly. If we combine this result with the enhancement of the Seebeck
coefficient, we can say that there can be non-magnetic resonant levels in this sample.

iv) Magnetic Response

Magnetic measurements were performed on small piece of the sample material weighing
21.6mg, over the temperature range of 5 to 300K. The magnetic susceptibility of the sample
has diamagnetic behavior from 65K to 300K. This means that the diamagnetic contribution of
the TAGS-85 matrix dominates.




The effective magnetic moment of the sample was calculated to be 0.42ug. The atomic value
of the magnetic moment of Tb*" ion is 9.7 7.

850
L
4
-
© 600 |
a o
£ 5
. 7
= i
1]
(=
T 1 hr ¢ 1 hr ¢ 4 hrs ¢ 3hrs NN
Temperature

Time Intervals (hours)

Fig. 4.26. Heat treatment plan for TAGS-85 + 0.5% Tb for Te.

1 -'.: Ag;Te Impurity Phase
\\V‘
40+ . .
£ 40
3
Z f
§ 20-
| H
40 60 80 100

20 (%)
a=4.27389(6)A, a = 59.135(1)°

Fig. 4.27. X-ray diffraction of pure TAGS-85 + 0.5% Tb for Te. The gray dots correspond to the
measured data points. The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the
rhombohedral angle. In the inset are some small peaks corresponding to the Ag,Te impurity phase.
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Chapter-5

Results and Discussions - 11

Electrical properties of GeTe material emerge from a non-stoichiometric composition. It has
been observed [65] that perfect stoichiometry can not be reached in GeTe samples prepared
at high temperature and normal pressures. Damon, et al. reported [66] that each Ge vacancy
in germanium telluride acts as doubly charge acceptor, hence providing two holes. Based on
these reports, it was speculated that reducing the Ge content to add dopants in TAGS-85
could give rise to interesting consequences.

5.1 TAGS-85 + 1% Ho for Ge

Chemical formula: TespAge.50Ge35.9,Sbg 5oHO,
Molecular weight: 244.853 amu

The details of the synthesis and characterization of the samples are the following:-

5.1.1 Sample-1

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 14 hours

ii) X-ray Powder Diffraction

The X-ray powder diffraction showed that the sample has a rhombohedral structure but
contains few traces of Ag,Te and Ho,03 (space group la3). The splitting of the (220) peak at
20 = 43° is evident. The existence of silver telluride grains can be attributed to the deficiency
of Ge which could have increased the probability of Te atoms reacting with Ag atoms to form
telluride. The high intensity Ag,Te peaks appear at 26 =~ 31.2° 38.8°, 39.25° and 40.25°. The
chances are high that the dopant atoms have gone to the Ag sites.

The peaks at 26 =~ 29.3° 33.8° and 48.6° seem to correspond to Ho,03 impurity phase which
might have formed because of some oxygen left in the quartz ampule, but since no other
element seemed to have oxidized, therefore, this explanation is not very satisfactory. These
peaks were missing from other samples.



iii) Seebeck Coefficient
The Seebeck coefficient was measured over 50K to 300K temperature range with a step of

25K without applying any magnetic field. The values and behavior are pretty much similar to
that of the pure TAGS-85 (figure 4.3).

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range

with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.

The electrical resistivity of this sample is higher than that of the pure TAGS-85 sample (figure
4.4). This could be because of scattering from magnetic impurities. We also see a minimum
in resistivity around T = 215K.

v) Magnetic Response

Magnetic measurements were performed on small piece of the sample material weighing
10.5mg, over the temperature range of 5 to 300K. The magnetic susceptibility of the sample
did not show any diamagnetic contribution below 300K. This means that the effect of the
magnetic impurities dominates.

The effective magnetic moment of the sample was calculated to be 1.93ug. The atomic value
of the magnetic moment of Ho* ion is 10.4pp.
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Fig. 5.1. Heat treatment plan for TAGS-85 + 1% Ho for Ge, sample-1.
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Fig. 5.2. X-ray diffraction of pure TAGS-85 + 1% Ho for Ge, sample-1. The gray dots correspond to the
measured data points. “a” is the lattice parameter, “a” is the rhombohedral angle. The fitted curve is
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64
5.1.2 Sample-2

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 3 hours

ii) X-ray Powder Diffraction
The X-ray powder diffraction showed that the sample contains only one phase and has a
rhombohedral structure. The splitting of the (220) peak at 26 = 43° is evident.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The values and behavior are pretty much similar to
that of the pure TAGS-85 (figure 4.3).

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 12.5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.

The electrical resistivity of this sample is higher than that of the pure TAGS-85 sample (figure
4.4). This could be because of scattering from magnetic impurities. We do not see a
minimum in resistivity but there is a plateau of constant resistivity.
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measured data points. The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the
rhombohedral angle.
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5.2 TAGS-85 + 0.5% Ho for Ge

Chemical formula: TespAge.50Ge36.42Sbg.50HO0 5
Molecular weight: 243.9215 amu

The details of the synthesis and characterization of the sample are the following:-

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 3 hours

ii) X-ray Powder Diffraction
The X-ray powder diffraction showed that the sample contains only one phase and has a
rhombohedral structure. The splitting of the (220) peak at 26 = 43° is evident.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The values and behavior are pretty much similar to
that of the pure TAGS-85 (figure 4.3).

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.

The room temperature value of electrical resistivity of this sample is almost the same as that
of the pure TAGS-85 sample (figure 4.4). We also see a minimum in resistivity around T =
250K. A good fit of the resistivity data below T = 250K to the equation 1.13 was obtained to
bep=385-2.72In(0.2T).

v) Magnetic Response

Magnetic measurements were performed on small piece of the sample material weighing
28.5mg, over the temperature range of 5 to 300K. The magnetic susceptibility of the sample
did not show any diamagnetic contribution below 300K. This means that the effect of the
magnetic impurities dominates.

The effective magnetic moment of this sample was calculated to be 0.8us. The atomic value
of the magnetic moment of Ho* ion is 10.4pg.
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the measured data points. The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the
rhombohedral angle.
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5.3 TAGS-85 + 1% Tb for Ge

Chemical formula: TespAge.50Ge35.9,Sbg 50 Thy
Molecular weight: 244.7153 amu

The details of the synthesis and characterization of the samples are the following:-

5.3.1 Sample-1

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 14 hours

ii) X-ray Powder Diffraction

The X-ray powder diffraction showed that the sample has a rhombohedral structure but
contains few traces of Ag,Te. The splitting of the (220) peak at 26 = 43° is evident. The silver
telluride impurity phase can be attributed to the deficiency of Ge which could have increased
the probability of Te atoms reacting with Ag atoms to form telluride. The high intensity
Ag,Te peaks appear at 20 = 31.2°, 38.8°, 39.25° and 40.25°. The chances are high that the
dopant atoms have gone to the Ag sites.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The values of the Seebeck coefficient were almost
four times that of the pure TAGS-85 (figure 4.3). Since this was a big breakthrough, the
measurement was repeated after a couple of weeks and the Seebeck coefficient was
observed to be three times higher than that for the pure TAGS-85 (figure-4.3). These values
were not comparable with the first measurement. This observation raised questions about
the reproducibility of the results. The measurement was repeated again and this time it
reproduced the results of the second measurement. The measurement was performed on
another pellet of the same sample, and the results agreed with those of the second and the
third measurements.

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.



The resistivity of this sample has no minimum. It keeps on increasing almost linearly. It is
pretty higher than that of the pure TAGS-85 (figure 4.4). If we combine this result with the
tripling of the Seebeck coefficient and compare them with the behavior of Tl doped PbTe
discussed in section-1.3.5, we can say that there can be non-magnetic resonant levels in this
sample. Although both the resistivity and the Seebeck coefficient are almost three times
higher than the pure TAGS-85 values, the tripling of the Seebeck dominates since the
electronic part of the figure of merit, i.e. the power factor, S%/p, varies as the square of the
Seebeck coefficient.

v) Magnetic Response

Magnetic measurements were performed on small piece of the sample material weighing
31.5mg, over the temperature range of 5 to 300K. The magnetic susceptibility of the sample
did not show any diamagnetic contribution below 300K.

The effective magnetic moment of the sample was calculated to be 0.616uz. The atomic
value of the magnetic moment of Tb** ion is 9.77Us.
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Fig. 5.16. X-ray diffraction of pure TAGS-85 + 1% Tb for Ge, sample-1. The gray dots correspond to
the measured data points. “a” is the lattice parameter, “a” is the rhombohedral angle. The fitted
curve is plotted in red. In the inset are some small peaks corresponding to the Ag,Te impurity phase.
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5.3.2 Sample-2

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 3 hours

ii) X-ray Powder Diffraction

The X-ray powder diffraction showed that the sample has a rhombohedral structure but also
contains Ag,Te impurity phase. The peaks were quite broad, which means that the grain size
is very small. The grain size was estimated to be around 13.2nm using the Scherrer formula.
This can be an indication of absence of long range order in the lattice potential which can
have interesting consequences. The splitting of the (220) peak at 20 = 43° can be observed
by zooming the plot. The existence of silver telluride impurity phase can be attributed to the
deficiency of Ge which could have increased the probability of Te atoms reacting with Ag
atoms to form telluride. The high intensity Ag,Te peaks appear at 26 = 31.2°, 38.8° 39.25°
and 40.25° The chances are high that the dopant atoms have gone to the Ag sites.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The values of the Seebeck coefficient are one order
of magnitude lower than that of the first sample (figure 5.17).

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.

The resistivity values are also about one order of magnitude lower than those for the first
sample (figure 5.18). This drop can be attributed to the broadening of the X-ray diffraction
peaks, smaller grain size and increased number of vacancies and antiphase domains due to
the much shorter annealing time.



Temperature ()
3
(=]

o
[
1]
2
0
-
L1 0]
o
1 hr 1hr 4 hrs hrs
Room . . > 3 N HEN

Temperature
F Time Intervals (hours)

Fig. 5.20. Heat treatment plan for TAGS-85 + 1% Tb for Ge, sample-2.
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Fig. 5.21. X-ray diffraction of pure TAGS-85 + 1% Tb for Ge, sample-2. The gray dots correspond to
the measured data points. “a” is the lattice parameter, “a” is the rhombohedral angle. The fitted
curve is plotted in red. In the inset some small peaks corresponding to the Ag,Te impurity phase and
the splitting of the (220) peak is shown.
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Fig. 5.23. Electrical resistivity of TAGS-85 + 1% Tb for Ge, sample-2 plotted against temperature.



5.3.3 Sample-3

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 3 hours

ii) X-ray Powder Diffraction
The X-ray powder diffraction showed that the sample contains only one phase and has a
rhombohedral structure. The splitting of the (220) peak at 26 = 43° is evident.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The Seebeck coefficient is almost double that of the
pure TAGS-85 (figure 4.3).

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.

Like the Seebeck coefficient, the electrical resistivity of this sample is also double that of the
pure TAGS-85 sample (figure 4.4).

These results indicate that the 1% Tb substitution for Ge in TAGS-85 is the best candidate for
further investigations and applications. The chances of having a sharp peak in the density of
states near the Fermi level corresponding to the resonant states are high. The resonant
states may come from the f-orbitals of Tb, as discussed for the case of Ce and Eu based alloys
in section 2.3. The role played by the long annealing time is also crucial in the chemistry of
this material. The high thermoelectric response of the first and the third sample can be
attributed to the long annealing times. The third sample contained no impurity phases, but
the first sample had traces of silver telluride grains, which indicates that substituting Tb for
Ag may also result in improved thermoelectric efficiency.
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Fig. 5.24. Heat treatment plan for TAGS-85 + 1%Tb for Ge, sample-3.
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Fig. 5.25. X-ray diffraction of pure TAGS-85 + 1% Tb for Ge, sample-3. The gray dots correspond to
the measured data points. The fitted curve is plotted in red. “a” is the lattice parameter, “a” is the
rhombohedral angle.
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Fig. 5.27. Electrical resistivity of TAGS-85 + 1% Tb for Ge, sample-3 plotted against temperature.



5.4 TAGS-85 + 0.5% Tb for Ge

Chemical formula: TesoAgs.50Ge36.425b6.5.Tho s
Molecular weight: 243.8515amu

The details of the synthesis and characterization of the samples are the following:-

i) Material Synthesis
Reaction temperature: 850°C
Annealing temperature: 600°C
Annealing time: 3 hours

ii) X-ray Powder Diffraction

The X-ray powder diffraction showed that the sample has a rhombohedral structure but
contains few traces of Ag,Te. The splitting of the (220) peak at 28 = 43° is evident. The
existence of silver telluride impurity can be attributed to the deficiency of Ge which could
have increased the probability of Te atoms reacting with Ag atoms to form telluride. The high
intensity Ag,Te peaks appear at 20 = 31.2°, 38.8° 39.25° and 40.25°. The chances are high
that the dopant atoms have gone to the Ag sites.

iii) Seebeck Coefficient

The Seebeck coefficient was measured over 50K to 300K temperature range with a step of
25K without applying any magnetic field. The values of the Seebeck coefficient were about
45% higher than that of the pure TAGS-85 (figure 4.3). The chances of a small peak in the
density of states due to resonant levels can not be ruled out.

iv) Electrical Resistivity
The electrical resistivity of the sample was measured over 50K to 300K temperature range
with a step of 5K without applying any magnetic field. The IV-curves obtained for each
temperature point were linear.

The electrical resistivity of this sample is of the same order of magnitude as that of the pure
TAGS-85 sample (figure 4.4). There is no minimum in the resistivity and it increases with
temperature.
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Fig. 5.29. X-ray diffraction of pure TAGS-85 + 0.5% Tb for Ge. The gray dots correspond to the
measured data points. “a” is the lattice parameter, “a” is the rhombohedral angle. The fitted curve is
plotted in red. In the inset are some small peaks corresponding to the Ag,Te impurity phase.




70 -

&0 ]
./
50 ’/
r 4
— 40 .
s -~
’ = /./.
20 — L )
./
10 o/
T T T T T T T T T
50 100 150 200 250 200

T (K)
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Fig. 5.31. Electrical resistivity of TAGS-85 + 0.5% Tb for Ge plotted against temperature.



Chapter-6

Conclusions and Prospects

In this project the possibilities of improving the electrical part of the thermoelectric figure of
merit of TAGS-85 have been explored. The material was doped with different molar
concentrations of Holmium and Terbium. The dopants were substituted first for Terbium and
then for Germanium. The thermoelectric power factor, PF = S*/p, is a measure of the
electrical part of the figure of merit (equation 1.5). Figure 6.1 compares the power factors of
the pure TAGS-85 and the doped samples as measured in this project.
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—e— TAGS-85 + 1% Ho for Te
—A— TAGS-85 +0.5% Ho for Te
—v— TAGS-85 +1% Tbfor Te
—4— TAGS-85 +05% TbforTe
—p— TAGS-85 + 1% Ho for Ge
—4—TAGS-85 +0.5% Ho for Ge
—a— TAGS-85 + 1% Tb for Ge
—8— TAGS-85 + 0.5% Tb for Ge
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Fig. 6.1. Thermoelectric power factors, $°/p, of pure and doped TAGS-85 samples plotted against
temperature.

The power factor for the pure TAGS-85 sample is almost one order of magnitude less than
the literature values (figure 2.9). This is because of some instrumental error in measuring the
electrical resistivity, which appears in all of the measurements. The power factors of TAGS-
85 + 1% Tb for Ge, annealed at 600°C for 14 hours, seems to be almost three times higher
than that of the pure TAGS-85 sample. This observation indicates that doping TAGS-85 with
1% Tb for Ge causes the distortion of the electronic density of states of the material as
reported for the case of 2% Tl doped PbTe by Heremans et al. [39], a manifestation of Mahan
and Sofo’s model [40] of ideal thermoelectric materials described in section 1.3.5. There can
be resonant levels coming from the f-states of the rare earth dopants. Keeping in view the
differences in atomic masses of the dopants and the host, an improvement in the thermal
part of the material is also expected.




Other samples of interest are TAGS-85 + 0.5% Tb for Te, TAGS-85 + 0.5% Tb for Ge and TAGS-
85 + 0.5% Ho for Te for which almost a 100% increase of the power factor has been
observed. It is suggested that for these samples and the 1% Tb for Ge doped sample, high
temperature measurements be performed. Optical measurements for these samples can
also help in understanding the physical origin of this enhancement. The resonant levels are
supposed to give a sharp peak in the density of states, a few meV close to the Fermi energy.
Once the peak position is identified, further improvements can be made by changing the
doping concentration to shift the peak closer to the Fermi level.

Ab initio calculations have been very useful in predicting the Dirac delta function like peak of
Mahan and Sofo in Tl-doped PbTe. For further research on TAGS-85, it is strongly
recommended to do these calculations for the 1% Tb for Ge doped material. Knowing that
this material contains traces of the Ag,Te impurity phase, it is also suggested that these
calculations be performed for the 1% Tb for Ag doped TAGS-85. TAGS-85 + 0.5% Tb for Te,
0.5% Tb for Ge and 0.5% Ho for Te are also potential candidates for theoretical
investigations.

A minimum in resistivity is observed for the pure TAGS-85, and 1% Ho for Te and 0.5% Ho for
Ge doped TAGS-85. Below a certain temperature, the resistivity of these samples starts to
increase. In the literature on TAGS, no structural transition has been reported to occur at low
temperatures, so it doesn’t seem to be a Peierls-distortion-type widening of the band gap.
Also, the increment in the resistivity is very small, so one can not say that it is some kind of a
metal-insulator transition, although the charge correlation effects can not be ignored
completely. In the 0.5% Ho for Ge doped sample (section 5.2), a good fit of the resistivity
data below T = 250K to the equation 1.13 was obtained to be p = 38.5-2.72 In (0.2 T). In the
1% Ho for Te doped sample (section 4.2), a good fit of the resistivity data below T = 245K to
the equation 1.13 was obtained to be p = 48 — 1.4 In (0.6 T). This is a logarithmic increase
which can be attributed to the anti-ferromagnetic interaction between the spins on the
impurity sites and the ones in the conduction band, inducing the Kondo effect. For these
materials, a local maxima in the Seebeck coefficient at the point of resistivity minimum was
not observed, therefore it is hard to speak about the onset of Kondo effect at these
temperatures. One can say that, at low temperatures, the scattering of charge carriers from
the magnetic impurities increases. It is very unfortunate that the Hall effect measurements
could not be performed in this project due to the time constraints. Those measurements
could give further insights into the effects of doping the material with rare earths.

The chemistry of these materials seems to be very sensitive to the heat treatment. Although
the highest power factors were obtained for the 1% Tb for Ge doped material when it was
annealed for 14 hours, when another sample with the same stoichiometry was prepared
with an annealing time of 3 hours, the enhancement of the power factor vanished (section
5.3.2). The XRD pattern of the material had very broad peaks and the grain size was
estimated to be 13.2nm using the Scherrer formula. On the other hand, the XRD pattern of



the 1% Ho for Te sample annealed at 500°C with a faster cooling rate and 3 hours annealing

time showed signs of quenchability of the high temperature cubic phase which has never

been reported in the literature so far (section 4.2.2).

In table 6.1, a summary of the lattice parameters and the values of the physical properties

measured at room temperature is presented.

Material a(A) @ | Merr (us) | P (HOM) |S (MV/K)
Pure TAGS-85 4.27668(8) | 59.077(1)° - 28.806 | 40.17
TAGS-85 + 1% Ho for Te (Sample-1) | 4.2776(2) |58.904(3)°| 1.06 | 46.481 | 44.34
TAGS-85 + 1% Ho for Te (Sample-2) | 4.27655(2) | 58.979(0)° - } }
TAGS-85 + 0.5% Ho for Te 4.27314(9) |59.088(1)°| 0.680 | 47.250 | 68.96
TAGS-85 + 1% Tb for Te (Sample-1) | 4.2804(1) |58.930(2)°| 3.00 | 66.614 | 58.12
TAGS-85 + 1% Tb for Te (Sample-2) | 4.27569(23) | 59.093(3)°| - - -
TAGS-85 + 1% Tb for Te (Sample-3) | 4.2736(6) |59.125(7)°| - - -
TAGS-85 + 0.5% Tb for Te 4.27389(6) |59.135(1)°| 0.420 | 63612 | 67.55
TAGS-85 + 1% Ho for Ge (Sample-1) | 4.27218(15) | 59.190(1)°| 1.93 | 63.510 | 45.84
TAGS-85 + 1% Ho for Ge (Sample-2) | 4.26471(8) | 59.264(1)° - 52.714 | 38.76
TAGS-85 + 0.5% Ho for Ge 4.27313(6) |59.094(1)°| 0.800 | 28.786 | 46.32
TAGS-85 + 1% Tb for Ge (Sample-1) | 4.26918(7) |59.340(1)°| 0.616 | 104.03 | 120.04
TAGS-85 + 1% Tb for Ge (Sample-2) | 4.24413(65) | 59.453(7)° - 14.948 | 11.60
TAGS-85 + 1% Tb for Ge (Sample-3) | 4.27294(8) |59.232(1)° - 81.650 | 95.09
TAGS-85 + 0.5% Tb for Ge 4.27584(7) | 59.048(1)° - 35.114 | 61.70

Table 6.1. A summary of the lattice parameters and the room temperature physical properties as

measured in this project.
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