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Thesis Outline
This thesis deals with the development of thermoelectric materials which can directly convert heat into
electrical energy through the so called Seebeck effect. Thermoelectric materials are characterized by the figure
𝛼2

of merit 𝑍𝑇 = 𝜌.𝜅 𝑇 with α, ρ and κ being the Seebeck coefficient, the electrical resistivity and the thermal
conductivity respectively. To maximize the thermoelectric performance, the Seebeck coefficient should be high
while the electrical resistivity needs to be as low as possible. The interrelated nature of these properties makes the
development of efficient thermoelectric materials a challenging task. Different thermoelectric materials have
different temperatures at which their performance is maximized.[1,2] Depending on the intended application, the
appropriate material needs to be selected. So far thermoelectric generators for waste heat recovery, for example in
cars, has not been successfully commercialized due to insufficient efficiency and high material cost. [3] For this
purpose, we decided to investigate the so far less explored temperature ranges of thermoelectric research.
Higher borides possess properties (high Seebeck coefficient, low thermal conductivity, high thermal stability) [4,5]
that make them interesting materials for potential high temperature (T > 850 K) applications, for instance in thermal
power plants (T > 1500 K).[6] Recently relatively good thermoelectric properties were reported for SmB66 and YB48
which motivated us to look further into REB66 compounds.[7,8] Boron carbide, the highest performance higher
boride thermoelectric material was investigated in the course of this thesis.[9]

Full Heusler alloys are of interest as low temperature (T < 450 K) thermoelectric materials.[10] Possible
applications include powering IoT devices, e.g. sensing devices wirelessly connected to a network. [11]
Chapter 1 gives a short introduction to thermoelectricity and the challenges in the development of materials
for thermoelectric application. The physical properties central to thermoelectrics are being briefly discussed.
This chapter also contains an overview over the state of research on the investigated materials, i.e. higher
boride materials in general as well as REB66 and boron carbide in particular as well as Heulser alloys. An
overview of the most relevant experimental techniques for the synthesis and measurement of physical
properties utilized in the course of this work is given.
Chapter 2 contains the results of the study of YbB66 single crystals grown by the optical floating zone method.
Previous work on SmB66 suggested that mixed valence Sm(+2)/Sm(+3) might be responsible for the enhanced
thermoelectric properties compared to YB66. Mixed valence was reported for YbB12 [12] so YbB66 was chosen
for the investigation of this phenomenon. The results of the magnetic susceptibility and the effective magnetic
moment suggest a trivalent oxidation state for Yb in YbB66. However, the thermoelectric properties of YbB66
are quite similar to those of SmB66. A figure of merit ZT = 0.1 at 973 K was achieved for YbB66 which is very
close to those reported for SmB66 and YB48 (YB66 with a high Y content). The chemical analysis and the single
crystal structure refinement independently found a composition richer in Yb. The single crystal structure
refinement of YbB66 and SmB66 is also discussed in this chapter.
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Chapter 3 is dedicated to the work on polycrystalline REB66. The difficulties of the floating zone single crystals
growth required the exploration of alternative synthesis methods. It was possible to obtain REB66 with high
density (close to 100% of the theoretical density) and with little to no secondary phases. The process includes
the borothermal reduction of the reactants (amorphous boron and rare earth oxide powders) in an HF induction
furnace, arc melting to form the REB66 phase and densification of the hand milled powder by spark plasma
sintering. Surprisingly, the thermoelectric properties of the sintered polycrystalline samples were found to be
comparable to the single crystalline samples prepared by the optical floating zone. Typically, single crystalline
materials have lower electrical resistivity and higher thermal conductivity due to reduced scattering of charge
carriers and phonons compared to polycrystalline materials. This can most likely be attributed to the complex
crystal structure of REB66. The results suggest that mainly differences in composition lead to differences in the
thermoelectric properties instead of differences due to different rare earth elements.
Chapter 4 is about the investigation of phase pure boron carbide (B4.05C) which was synthesized by a solutionbased process. Typical boron carbide made by conventional methods (carbothermal reaction at high
temperatures) contains free carbon as an impurity phase and boron-richer boron carbide secondary phases.[13]
The sintering and the thermoelectric properties of this phase pure boron carbide and commercially available
powders are discussed in this chapter. So far there is no consensus on the mechanism of electrical conduction
in boron carbide.[14,15] Different models have been discussed based on the results of the temperature
dependences of the measured electrical resistivity and Seebeck coefficient.
Chapter 5 deals with the investigation of the spin fluctuation enhancement of the Seebeck coefficient in the
Full Heusler alloy Fe2VAl for low temperature applications. For this purpose, weakly ferromagnetic Fe2V1xMxAl

(M = Co, Mn; x = 0.1 - 0.3) samples were synthesized by arc melting and spark plasma sintering. The

transport properties were measured in the temperature range 10 – 373 K with and without an applied magnetic
field. Applying a magnetic field can suppress the spin fluctuation and its contribution to the Seebeck coefficient
can be estimated from the comparison with the measurement without magnetic field. The Seebeck
enhancement is largest around the Curie temperature. [16] Therefore, the first objective was to find a material
with a Curie temperature close to room temperature. An increase of the Curie temperature with increased Co
content was observed which was accompanied by a shift of the Seebeck enhancement maximum. However,
the thermoelectric performance was greatly reduced which will make further optimization necessary.
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Chapter 1: Introduction
1.1 Thermoelectricity
Thermoelectric materials are able to generate an electrical voltage from temperature gradients and can be used
to convert heat into electrical energy through the Seebeck effect, named after T.J. Seebeck [17] who first
observed this phenomenon in 1821. He found that the needle of a compass was deflected when one end of a
connected pair of different metals (e.g. copper, gold, platinum) was heated.[1] Thermoelectric modules
generally consist of pairs of p- and n-type materials. When heat is supplied to one end of this pair high
energy/entropy charge carriers (holes and electrons respectively) move from the hot side to the cold side of the
material. [18] This induces a voltage ΔV along the material according to
∆𝑉 = 𝛼 ∆𝑇

(1.1)

with α and T being the Seebeck coefficient and temperature respectively. Alternatively, heat can either be
absorbed or released at the junction of two different materials when a current is run through it, depending on
the direction of the current. [1] This is the so called Peltier effect given by
𝜋=

𝑄̇
𝐼

(1.2)

with π, 𝑄̇ and I being the Peltier coefficient, the absorbed or released heat per unit time and the electrical
current. The two effects were found to be related through [1]
𝜋= 𝛼𝑇

Figure 1.1 Thermoelectric generator (left) and Peltier element (right)

(1.3)
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Thermoelectric materials are generally evaluated using the dimensionless figure of merit
𝑍𝑇 =

𝛼2 𝑇
𝜌 (𝜅𝑙 + 𝜅𝑒 )

(1.4)

with α, ρ, κl and κe being the Seebeck coefficient, the electric resistivity and the lattice and electrical part of the
thermal conductivity. [19] It can be seen from the equation for the figure of merit that a good thermoelectric
material should possess a high Seebeck coefficient (> 100μV K -1), low electrical resistivity and low thermal
conductivity. Achieving such properties is the challenge of the development of thermoelectric materials. There
are many approaches that have been employed to enhance the thermoelectric properties of different materials.
[1,18,20–23]
All of the aforementioned physical properties depend very strongly on the charge carrier concentration of the
material.[22] The general trend for each property can be seen in Figure 1.2.

Figure 1.2 Carrier concentration dependence of the thermoelectric properties. Copyright Nature Publishing
Group[22]
The Figure of Merit ZT shows a maximum for materials with a carrier concentration that falls somewhere in
the range of 1019 – 1020 cm-3 which means that generally heavily doped semiconductors are the most promising
materials for high thermoelectric performance.[1]
The Seebeck coefficient for metals and degenerate semiconductors can be approximated by
𝛼=

8𝜋 2 𝑘𝐵2 ∗
𝜋 2
𝑚 𝑇 ( ) ⁄3
2
3𝑒ℎ
3𝑛

(1.5)

with m* and n being the effective mass of the charge carrier and the carrier concentration respectively. [22]
A low carrier concentration and high effective mass therefore are beneficial to achieve a high Seebeck
coefficient.
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On the other hand, the electrical conductivity σ is given by
𝜎=𝑛𝑒𝜇

(1.6)

with e and μ being the elemental charge and the charge carrier mobility respectively. [22] The electrical
conductivity increases with increasing charge carrier concentration and mobility.
The Figure of Merit ZT, more precisely the average ZT, is directly related to the thermal-electrical conversion
efficiency η. [19] The efficiency is defined as the fraction of heat that can be converted into work and can be
calculated from

𝜂=

𝑇ℎ − 𝑇𝑐 √1 + ̅̅̅̅
𝑍𝑇 − 1
𝑇ℎ
̅̅̅̅ + 𝑇𝑐
√1 + 𝑍𝑇
𝑇

(1.7)

ℎ

with Th and Tc being the temperature at the hot and cold end of the module respectively. [1] The theoretical
maximum efficiency of a thermoelectric generator is the Carnot-efficiency
𝜂𝐶𝑎𝑟𝑛𝑜𝑡 =

𝑇ℎ − 𝑇𝑐
𝑇ℎ

(1.8)

which depends solely on the temperature difference between the hot and cold reservoir. This theoretical
maximum efficiency can however not be realized in practice. Figure 1.3 shows the actual conversion
efficiencies of different kinds of heat engines.

Figure 1.3 Conversion efficiency for several types of heat engines with Tcold = 300 K.
Copyright by Annual Reviews [18]
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Both an increase in the Figure of Merit ZT and the temperature difference increase the thermal-electrical
conversion efficiency. Currently the highest performance thermoelectric materials reach a conversion
efficiency of roughly 10%.[24] Compared to established technology this value is still low. It is therefore
necessary to find areas for application in which the advantages of thermoelectric materials (high reliability for
long term operation without maintenance thanks to the lack of moving parts) can be leveraged.
An example of this are RTG (Radioisotope thermoelectric generators) which are used in space missions lasting
several decades. [25] These RTGs consist of a radioactive heat source, for example 238PuO2, and thermoelectric
modules which convert the heat into electric energy. In most cases PbTe and SiGe based materials were used
for the materials achieving conversion efficiencies close to 7%.

11

1.2 Thermoelectric Materials
1.2.1 Higher Borides
Several higher borides or icosahedral borides (i.e. compounds with B12 icosahedra as basic structural elements)
have been investigated in the past for the potential application as high-temperature thermoelectric materials.
[4,5] Higher borides are in general materials with several physical properties that are advantageous for this
purpose. Among these properties are high Seebeck coefficients, low density, high melting temperatures (easily
exceeding 2000 K), and high hardness. [26,27] However, there are also several drawbacks that have to be
overcome. Due to the electron deficient nature of the B12 icosahedra, which make up their basic framework,
higher boride materials are in general p-type semiconductors. Thermoelectric generators generally require both
p- and n-type legs for the highest efficiency. There have however been efforts to develop uni-leg thermoelectric
modules with geometries that work with a single leg type which could help to overcome this issue. [28]
Alternatively, icosahedral borides with n-type conduction have been found and investigated, namely RE-B-C(N) and YAlB14.[29,30] The ideal structure of α-rhombohedral boron is a semiconductor, all other compounds
built from B12 icosahedra are predicted to be metallic in character. However, high amounts of defects in the
structures (e.g. atomic site vacancies, Jahn-Teller distortion) result in semiconducting behavior. [15,31–33]
The bonding in B12 icosahedra can be described as each boron atom at the vertices of the B12 icosahedron
supplying one electron to external bonds, leaving a total of 24 electrons for internal bonds for 13 bonding
orbitals. This results in a deficiency of 2 electrons. [33–36]
The thermal properties of higher borides stand out for their unusual characteristics and have been studied
intensively in the past. [37–39] A study on crystals of β-rhombohedral boron, B12P2, B12As2 and YB66 showed
the general trend of increasing thermal conductivity with the increasing complexity of the crystal structures.
Between α-rhombohedral boron (here the structurally related compounds B12P2 and B12As2 have been
investigated due to experimental difficulties in the synthesis of α-rhombohedral boron crystals of suitable size
for the necessary measurements) over β-rhombohedral boron to YB66 the number of atoms in the primitive unit
cell increases from 12 to 402 atoms.[39] Due to the low charge carrier concentrations in these materials [37]
heat conduction can be described to almost exclusively occur by phonons. Experimentally thermal
conductivities at 300 K of 120 W m-1 K-1, 38 W m-1 K-1, 26 W m-1 K-1 and 2 W m-1 K-1 were observed for
B12As2, B12P2, β-rhombohedral boron (anisotropy in the thermal conductivity is low at 300 K with λ║/λ┴ ≈ 1.1)
and YB66 respectively, supporting the previous argument connecting complexity of the crystal structure and
thermal conductivity. Additionally, it is found that the fraction of phonon energies in the acoustic branch
which are responsible for heat conduction decreases from B12As2, B12P2 over β-rhombohedral boron to YB66.
[39]
Figure 1.4 shows an overview of the ZT values for different higher boride which have been investigated up to
this point. It can be seen that the majority of materials are p-type due to the electron deficient nature of B12icosahedra as mentioned previously.
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Figure 1.4 Literature ZT values for higher boride materials. References: [a] H.K. Kim et al. [40], [b] T. Akashi
et al. [41], [c] J.-L. Innocent et al. [42], M.A. Hossain et al. [43], [e] M.A. Hossain et al. [8], [f] A. Sussardi et
al. [7], [g] A. Prytuliak et al. [44], [h] S. Maruyama et al. [30].

1.2.1.2 REB66
The compound YB66 was originally discovered in 1960. [45] Its crystal structure was first solved by Richards
and Kaspar in 1969. [46] They described the structure to belong to the cubic crystal system with a large lattice
parameter a = 23.440 Å and the space group 𝐹𝑚3𝑐. In total there were 1584 boron atoms and 24 yttrium atoms
found in the unit cell consisting of an icosahedral framework with units of 12 B12 icosahedra connected to a
central icosahedron making up units of 156 atoms (B1 to B9). The unit cell contains 8 of these units leading to
a total of 1248 boron atoms. There are channels in the structure of this framework parallel to the fourfold axes
11

11

at 𝑥 4 4 with Y atoms in these channels in the 8a 0.05448 4 4 positions in pairs of two. However, due to the
short interatomic distance of 1.955 Å of the two Y atoms in these positions it is expected that only one position
is filled at a time, leading to an occupancy of 0.5. Within the same channels, above and below the Y positions,
there are cage-like arrangements formed (B10 to B13) which are also only partially occupied. The Y atoms are
coordinated by up to 12 boron atoms. The structure model was later modified by Slack et al. [47] due to
inconsistencies between the measured density of the investigated YB66 crystal and the theoretical density
calculated from the lattice parameter determined by X-ray diffraction. Slack et al. described the model with
1628±4 boron atoms per unit cell (in 8 units of (B12)13 units and 8 clusters of 48 boron atoms each) compared
to Richards and Kaspar’s [46]1584±48 boron atoms per unit cell. Additionally, the number of Y atoms was
adjusted to 26.4 atoms per unit cell (from 24 Y atoms proposed by Richards and Kaspar [46]) for a composition
of YB61.75 and an occupancy of 0.55 in the Y position. In this model the number of boron atoms is almost
constant for different compositions and only the Y occupancy changes. If the Y occupancy exceeds 0.5 both
positions of the Y-Y pairs need to be occupied in some cases which is expected to cause distortion or expansion
of the boron framework in the vicinity.
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Further work on the structure model of YB66 was done for crystals of more metal-rich compositions of YB62
and YB56 by Higashi and Kobayashi.[48] It was found that with the increase in Y content, the boron framework
changed little, but the occupancy in the Y position increased from 0.5 for YB66 [46] to 0.532(4) for YB62 and
0.575(5) for YB56. Y was assumed to exist as Y3+ ions for the structure refinement. With increasing Y
occupancy an increase in the anisotropy of the atomic displacement parameters and the interatomic distance
between the atoms of the Y-Y pair was observed. This is consistent with the expected repulsion of Y3+ pairs
when the site occupancy exceeds 50%. Tanaka et al. [49] introduced a split position for Y (Y1 in 0.0546(3)
1/4 1/4 with occ.=0.442 and Y2 in 0.0736(2) 1/4 1/4 with occ.=0.0638) to describe cases in which either one
or both positions of the Y-Y pair are occupied.
Schwetz et al. did a systematic study on the existence of compounds of the YB66 structure type of all lanthanides
and the actinides Th and Pu. [50] The REB66 (RE = rare earth) structure was found for all investigated elements
with the exception of La, Ce, Pr, Nd and Eu. The criterion for the existence of REB66 was described to be
related to the atomic radius of the elements. REB66 was found to exist for atomic radii 1.73 Å< r < 1.82 Å.
The earliest reports of the physical properties of REB66 were done in 1971 by Oliver and Brower on crystals
grown from a water-cooled metal crucible with RF heating. [51,52] The YB66 phase was described to melt
congruently at roughly 2373 K and to form eutectics with both YB12 as well as β-rhombohedral boron. The
congruent composition was estimated to be close to YB62 to YB64. They found the thermal conductivity to be
2 W m-1 K-1 at room temperature and described it to be similar to that of glasses. The Debye temperature
θ = 1300 K was calculated from the elastic constants.[51] Further studies were carried out in 1977 by Slack
et al. [47] on YB66 crystals grown by Oliver and Bower. [53] Measurements of the electrical resistivity of YB66
samples with compositions ranging from YB61 to YB66 showed little compositional dependence and resulted
in ρ = 3.6 Ω m at room temperature. They described the material as p-type in all cases with low mobility
hopping type conduction.
The first reports of the thermoelectric properties of REB66 compounds (RE=Y, Sm, Gd, Dy, Yb) showed overall
relatively low performance. [37,54] The temperature dependence of the electrical conductivity and Seebeck
coefficient were measured up to high temperatures for SmB66 (Seebeck coefficient α ≈ 60 μV K-1 and electrical
conductivity σ ≈ 180 Ω-1 cm-1 at 1110 K giving a power factor pf = α2 σ ≈ 0.06 mW m-1 K-2, values were
estimated from the graphs in [54]) and DyB66 (Seebeck coefficient α ≈ 200 μV K-1 and electrical conductivity
σ ≈ 22 Ω-1 cm-1 at 1060 K giving a power factor pf = α2 σ ≈ 0.09 mW m-1 K-2, values were estimated from the
graphs in [37]) Due to common dependencies of the Seebeck coefficient and electrical conductivity on the
charge carrier concentration determined from Hall measurements of it was determined that REB66 should be
analogous materials.
Later on, the influence of doping with Nb on the thermoelectric properties of YB66 single crystals grown by
the optical floating zone technique was investigated. [55] The Nb atoms substituted B-B dumbbells in the

111
444

position and occupancies up to 97% were achieved. The Nb doping lead to an overall decrease of the electrical
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resistivity and Seebeck coefficient compared to undoped YB66 at lower temperatures. Noteworthy is the very
high value of the Seebeck coefficient (α ≈ 750 μV K-1 of the undoped YB66 at 323 K) compared to previous
reports of REB66 compounds. [37,54] Overall the thermoelectric properties could not be improved by the
introduction of Nb. Conversely, the substitution of the B-B dumbbell in the

111
444

position, which is argued to

be a phonon scattering center partly responsible for the amorphous-like thermal conductivity in YB66, lead to
an increase in the thermal conductivity by a factor of 2 at room temperature. [49] The addition of carbon
(YB66C0.6) lowered the resistivity and Seebeck coefficient at lower temperatures similarly to the Nb doping.
The high temperature thermoelectric properties are almost identical to the undoped YB66. Due to a reduction
in the thermal conductivity the ZT was estimated to increase by a factor of 2 throughout the whole temperature
range. [56] SmB66 crystals grown by the optical floating zone technique [7] showed surprisingly good
thermoelectric properties compared to previously studied REB66 compounds reaching a power factor
pf = 0.3 mW m-1 K-2 and ZT = 0.13 at 1050 K. These values are significantly higher than the previous reports
of YB66 [56] grown by the same crystal growth technique as well as other REB66.[37,54] Compared to YB66,
SmB66 had a significantly reduced electrical resistivity throughout the whole temperature range by roughly 2
orders of magnitude with similar values in the Seebeck coefficient. The value of the effective magnetic moment
derived from the measurement of the temperature dependent magnetic susceptibility of SmB66 was interpreted
to be connected to (Sm(+2)/Sm(+3)) mixed valence. This was suspected to be responsible for the enhancement
in the thermoelectric properties. Around the same time a similar enhancement was achieved in YB 66 through
the realization of a very metal-rich composition YB48 [8] through optical floating zone single crystal growth.
Similar to SmB66 a ZT = 0.1 at 990 K could be realized. Unlike in the case of SmB66, the origin of the
enhancement appears to be related to the change towards a metal-rich composition. An additional Y site to the
previous reports of YB56 and YB62 was introduced for the single crystal XRD structure refinement. Similar to
the Nb doping mentioned before [56] the additional Y replaces the B-B dumbbell formed by the B13 atoms in
the

111
444

position. However, the occupancy of Y in this position is very low (0.15) and the thermal conductivity

did not increase significantly compared to YB66. Delocalization of the charge carriers from the determination
of the localization length ξ which increased from ξ = 0.56 Å for YB66 to ξ = 2.14 Å for YB48.

1.2.1.4 Boron carbide
Boron carbide has a rhombohedral crystal structure with two distinct structural units in the unit cell: B12
icosahedra connected by chains of three atoms. Originally C-C-C chains [57] were proposed but following
studies showed that C-B-C chains [58] are a better description. The boron carbide phase was found to exist
within a wide homogeneity range from roughly 8.6 – 18.8 at.% carbon. [59] The most carbon rich composition
has been reported to be B4.3C, not B4C. [59] Early phase diagram investigations suggested the existence of
separate boron- and carbon-rich boron carbide phases. The current consensus appears to be that there is only
one thermodynamically stable boron carbide phase which melts congruently at a composition of 13.3 – 18.5
at.% carbon. [60] Lattice parameter of the hexagonal unit cell vary depending on the composition,
a = 5.607 Å / c = 12.095 Å and a = 5.651 Å / c = 12.196 Å for the carbon-rich and boron-rich ends of the
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homogeneity region respectively. [61] The crystal structure of boron carbide is characterized by a high amount
of defects including B/C substitution in the icosahedra giving B12, B11C, B10C2 and chains with B/C substitution
(examples are –C-B-C-, -C-C-B- or -C-C-C-) or vacancies leading to boron carbides of different
compositions.[62] The positions of boron and carbon atoms are difficult to unambiguously identify due to the
very similar behavior of boron and carbon atoms in X-Ray and neutron diffraction.[62]
The thermoelectric properties of boron carbide vary very strongly with the composition of the phase. [9,63] A
maximum in the electrical conductivity of boron carbide has been reported for compositions of 13.3 at.% [64]
and 13.5% [15]. Seebeck coefficents have been reported in a range of typically 150 – 300 μV K-1 with a
minimum close to the composition where the electrical conductivity is maximized. [9,63]
The thermal conductivity has a maximum at the highest carbon content (up to 30 W m-1 K-1 at 400 K for single
crystalline [63] and at 300 K for hot-pressed [9] carbon-rich boron carbide). Increasing the boron content
reduces the thermal conductivity of boron carbides dramatically to values below 10 W m-1 K-1. [9,63]

Figure 1.5 Hexagonal (blue) and rhombohedral (red) unit cell of boron carbide. Copyright by John Wiley
and Sons [62]
The origin of the compositional dependence of the electrical properties has been explained within the
framework of the different models used to describe the conduction mechanisms: (bi)polaron hopping between
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B11C icosahedra [14,64,65] and variable range hopping in combination with band conduction. [15] A more
detailed discussion can be found in Chapter 4.
The thermoelectric properties of boron carbide have been reported for materials prepared by several different
synthesis methods. This includes arc melting [66], hot-pressing and spark plasma sintering [9], thin film growth
[67] and single crystal growth [63]. There is little information available on the doping of boron carbide as
described by H. Werheit [15]. There are however several reports of compositing of boron carbide with
secondary phases with metallic character in an effort to improve the thermoelectric properties, e.g. TiB2 [68–
70], Si/SiBn (n = 4, 6, 14) [71,72], TiC [73], W2B5 [74], SiC [75] and HfB2 [42].
Good thermoelectric performance has been reported for B4C-TiB2 composites prepared by arc melting through
the simultaneous reduction in electrical resistivity and thermal conductivity while increasing the Seebeck
coefficient ZT = 0.55 at 1100 K reported for a sample with 6 at.% TiB2. [68] Similarly, a figure of merit ZT =
0.4 [71] and ZT = 0.29 [72] at 1100 K was reported for B4C-SiBn-Si (n= 4, 6 and 14) composite materials
prepared by arc melting through an increase of the Seebeck coefficient and a reduction in the thermal
conductivity and electrical resistivity. Boron carbide + HfB2 composites showed only small changes with the
addition of up to 20 wt.% HfB2. Small reductions in the electrical resistivity, Seebeck coefficient and thermal
conductivity with HfB2 addition were observed resulting in a ZT ≈ 0.2 at 1000 K for both composites and the
reference B13C2 samples.

1.2.2 Full Heusler Fe2VAl
Full Heusler alloys have been first described by Friedrich Heusler in 1903. [76] The compounds follow the
general formula X2YZ with X and Y being transition metals and Z being a III – V main group element. [77]

Figure 1.6 Elements forming X2YZ Heusler alloys
(Available under CC-BY-SA license: http://creativecommons.org/licenses/by-sa/3.0/deed.en)[77]
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The crystal structure of Heusler alloys was described for the first time for Cu2MnAl. [78] It is a fully ordered
variant of the W-type structure in which all constituent elements are randomly distributed over all
crystallographic sites. In the fully ordered Cu2MnAl-type structure there are 3 distinct crystallographic sites.
Table 1.1 Standardized crystallographic data for Cu2MnAl structure type. [77,78]
Atomic Site

Wyckoff symbol

x

y

z

Occupancy

Cu

8c

1/4

1/4

1/4

1

Al

4b

0

0

0

1

Mn

4a

1/2

1/2

1/2

1

Order-disorder transitions are an important feature in Heusler alloys. Reversible transitions between the fully
ordered Cu2MnAl-type (space group 225 Fm-3m, Strukturbericht notation L21) to the partially ordered CsCltype (space group 221 Pm-3m, Strukturbericht notation B2) and the disordered W-type (space group Im-3m,
Strukturbericht notation A2) occur at 1080°C and 1190°C respectively in the Heusler alloy Fe2VAl. [79] This
order-disorder transition affects the electronic structure of the compound. The fully ordered L21 Fe2VAl is a
semimetal while the A2 Fe2VAl is a metal. The B2 and L21 structures have similar electronic properties. [79]
The Heusler alloy Fe2VAl has been intensively studied for the development of low temperature thermoelectric
modules. Modules made of n-type Fe2VAl0.9Si0.1 and p-type Fe2V0.9Ti0.1Al have been manufactured.[80] 36
modules (18 pairs of p- and n-legs) attached to a motorcycle exhaust pipe had an estimated maximum power
output of 10 W for a temperature difference of 200 K. [80] Similarly, a module made from W-doped Fe2VAl
reached a power density of 0.7 W cm-2 (hot side: 673 K, cold side: 293 K). [10]
Stoichiometric Fe2VAl is a p-type semimetal with a moderate Seebeck coefficient of 20 – 30 μV K-1 at room
temperature.[81–83] It has an indirect band gap of roughly 0.2 eV. [84] The electronic band structure and DOS
can be seen in Figure 1.7.

Figure 1.7 Fe2VAl band structure near EF (left) and electronic density of states N(E) (right). Contributions from
Fe d (dotted) and V d (dashed) electronic states. Copyright by American Physical Society [85]
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The material is generally synthesized by arc-melting [82] or mechanical alloying [80].
High power factor pf = α2 ρ-1 have been reported close to 300 K for this material. Depending on the dopant,
Fe2VAl can be pushed in both p- and n-type direction thanks to steep features in the edges of its pseudo gap at
higher and lower energies of the Fermi level.[85] Substituting elements which introduce more electrons can
shift the Fermi level towards higher energies and cause n-type behavior in Fe2VAl. Notable examples with
high power factor are 5.4 mW m-1 K-2 for Fe2VAl0.9Si0.1[81], 4 mW m-1 K-2 for Fe2V0.9Mo0.1Al [86], 4 mW m-1
K-2 Fe2VAl0.9Sn0.1 [87] and 6.5 mW m-1 K-2 for Fe2VAl0.95Ta0.05[88]. Substituting elements with fewer electrons
shifts the Fermi level to lower energies resulting in p-type conduction, examples are Fe2V0.9Ti0.1Al [86] with
pf = 2.6 mW m-1 K-2 and Fe2V0.9Ti0.05Ta0.05Al [89] with pf = 3 mW m-1 K-2.
Off-stoichiometry is an important factor that has significant influence on the thermoelectric properties of
Fe2VAl due to the narrow band gap and low DOS at the Fermi level as shown in Figure 1.7. [85] Offstoichiometry in the Al-content leads to a shift of the Fermi energy to higher levels in case of Al-poor and
lower levels in the case of Al-rich compositions with the assumption of a rigid-band model in (Fe2/3V1/3)100yAly

(y=25.0 is stoichiometric Fe2VAl, y<25.0 is Al-poor, y>25.0 is Al-rich) [82] and F2V1-xAl1+x [90]. In the

latter case, substitution of V with Al or Al with V can be seen as hole or electron doping respectively. This
leads to a Seebeck coefficient ranging from 90 μV K-1 for Al-rich to -140 μV K-1 with only small changes in
the composition. Power factors of 2.8 mW m-1 K-2 for p-type Fe2V0.94Al1.06 and 5.0 mW m-1 K-2 for n-type
Fe2V1.06Al0.94 were reported. [90]
Despite the high power factors of Fe2VAl comparable to high-performance thermoelectric materials the figure
of merit at 300 K is limited to low values of roughly 0.1. [90] This is due to the high thermal conductivity of
Fe2VAl. The reported values vary depending on the stoichiometry and microstructure, examples are κ = 20 –
25 W m-1 K-1 [83] and κ = 28 W m-1 K-1 [91].
Efforts to reduce the lattice contribution to the thermal conductivity includes doping with heavy elements
which increases phonon scattering due to the mass difference to the lighter Fe, V and Al elements. Good results
have been achieved for example for Fe2VTa0.05Al0.95 which, in combination with high-pressure torsion (HPT)
nano-structuring and annealing, managed to reduce the thermal conductivity to 5 W m-1 K-1 at 300 K and reach
ZT = 0.3 at 500 K.[92] Similarly, the thermal conductivity of Fe2V0.9W0.1Al could be reduced to 5 W m-1 K-1
at 300 K and the ZT = 0.2 at 400 K was reported. The reduction was due to the substitution of V with heavier
and larger W atoms and the submicron grainsize due to the synthesis by mechanical alloying and densification
by pulse-current sintering. [93] The stoichiometric Fe2VAl sample in this sample had a thermal conductivity
κ = 16 W m-1 K-1 showing the influence of the sample preparation method.
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1.3 Experimental Techniques
In this section the main experimental techniques for the preparation of the materials as well as the measurement
of their physical properties which were used in the course of this thesis will be described. Additional details
regarding the experimental procedures are provided in the respective chapters.

1.3.1 Sample Preparation
1.3.1.1 Optical Floating Zone
Floating zone crystal growth is a well-established technique for the preparation of single crystals of varying
materials with diameters of > 1 cm and lengths of several cm. The method’s experimental setup is shown
schematically in Figure 1.8.

Figure 1.8 Optical floating zone single crystal growth experimental setup.
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The floating zone single crystal growth involves many parameters which have to be adjusted. The most
important among these are [94]


feed rod characteristics (shape, dimensions, composition, density, homogeneity)



crystallization rate



growth atmosphere and gas pressure



temperature gradient and molten zone temperature



rotation rate

The technique requires 2 rods which typically consist of the material of the crystal being grown. The feed rod
is suspended from the top while the seed rod is positioned at the bottom fixed to a (alumina) sample holder.
The preparation of a feed rod of high quality is one of the most crucial steps for the success of the crystal
growth process. The feed rod needs to be dense (relative density ≥ 60%), straight and of homogeneous diameter,
density and composition. [94] Experimental preparation of such feed rods can be carried out by inserting the
powder mixture into a rubber tube sealed on one end. The powder is packed densely and residual air is removed
with a vacuum pump. The evacuated tube is then sealed on the other end and the powder is densified in a CIP
at pressures of several hundred MPa. The compacted rod is then sintered in a furnace. Multiple sintering steps
can be employed for higher density of the feed rod.[95,96] There exist advanced procedures which have been
employed for example for the growth of monochromator-grade crystals of YB66 by Tanaka et al., namely the
“zone pass technique” and the “multi-zone pass technique”.[97,98] For the “zone pass technique” the sintered
feed rod is passed at a high rate [ up to 400-500 mm hr-1] through the hot zone which causes partial melting
and increased densification. Similarly, the “multi-zone pass technique” uses the crystal grown in the first
optical floating zone crystal growth procedure as a highly dense and homogeneous feed rod for a subsequent
growth step.
Both feed and seed rod are being held in place by wires of metals made from high melting metals, e.g. tungsten.
Both rods are brought into close proximity and rotated around a central axis in opposing directions. The area
in between the ends of both rods is then heated, the heat source depends on the material of the crystal being
grown. For the growth of crystals of electrically conductive materials, HF induction heating coils can be used.
For the growth of crystals of materials with low electrical conductivity, the optical floating zone technique has
been developed. The optical floating zone single crystal growth uses e.g. Xe lamps whose light is focused by
large ellipsoidal mirrors reaching temperatures exceeding 2000ºC.[99] The melted zone between feed and seed
rod is stabilized by the surface tension of the liquid. The feed and seed rods are being lowered slowly through
the heated area. In this process, the feed rod is consumed and the crystal grows on top of the seed rod. Both
polycrystalline and single crystalline seed rods may be used. Using a polycrystalline seed rod requires the
growth of a crystal of several centimeters. In the growth process using a polycrystalline seed rod, many smaller
grains crystallize simultaneously.[99] With the ongoing crystal growth, fewer and fewer grains remain until
ultimately only a single crystal remains. This is shown schematically in Figure 1.9. The atmosphere depends
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on the material. Generally crystal growth can be carried out under Ar flow. Materials with high vapor pressure
may also require growth under overpressure.

Figure 1.9 Floating zone single crystal growth from polycrystalline seed rod (schematic).
(After [99] and [100])

1.3.1.2 Spark Plasma Sintering
Spark plasma sintering is a technology which allows the consolidation of powders into dense pellets through
the application of pressure and heating within a short time. It is therefore commonly used in thermoelectric
research for the preparation of samples as the fast sintering can help retaining nanostructuring and metastable
modifications of the materials being processed. The experimental setup is shown schematically in Figure 1.10.
The setup consists of two electrodes at the top and bottom through which uniaxial hydraulic pressure is applied.
A series of graphite spacers with decreasing diameter is placed above and below the die for more even
distribution of the applied pressure. Two punches are inserted into the die from top and bottom, the sample
powder is located between the punches. The heating is facilitated through the application of a pulsed DC
current. The pathway of the electrical current depends strongly on the electrical resistivity of the sample
powder. In thermoelectric materials, which are usually semiconductors, the current passes mainly through the
graphite die which then heats the sample powder externally through resistive Joule heating. Additionally, the
current may pass through the sample powder leading to localized heating between the powder particles through
electric discharge.[101] Spark plasma sintering provides high heating rates (>100°C min-1) and temperatures
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(>2000°C) making it possible to reach full densification with holding times of 5 – 30 min. The shorter sintering
times limit grain growth during the sintering process. [101]

Figure 1.10 Spark plasma sintering system (schematic).
The main adjustable parameters for the optimization of the sintering process include the sintering temperature,
applied pressure and particle size. [102] An increase in applied pressure and reduction in particle size both
lead to a significant reduction in the required sintering temperature, the temperature difference being in the
range of several hundred °C. [102] The heating rate on the other hand appears to have little influence the final
sample density. [102] The sintering can be carried out in different atmospheric conditions, including inert gas
atmosphere (e.g. Ar, N2) or (dynamic) vacuum which can influence the sintering behavior and need to be
selected depending on the sample material.
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In this work, one-step sintering schedules were used, details can be found in the experimental sections of the
respective chapters.

1.3.2 Physical Properties Measurements
This section contains descriptions of the measurement principles and setups of the main methods for the
determination of the physical properties used in this work. Comparing measurement results requires the
knowledge of the measurement uncertainties for accurate interpretation. A round-robin study involving several
laboratories performing measurements of the thermoelectric properties on standard samples found that the
standard uncertainties of the determination of the thermoelectric properties (68% confidence level) is estimated
to be in the order of 6%, 8%, 11% and 19% for the Seebeck coefficient, electrical resistivity, thermal
conductivity and figure of merit respectively.[103]

1.3.2.1 Seebeck Coefficient and Electrical Resistivity Measurement
The measurement of the electrical properties (electrical resistivity and Seebeck coefficient) of thermoelectric
materials at temperatures exceeding 300 K is frequently carried out with instruments such as the ULVAC-Riko
ZEM-2. The measurement setup is shown schematically in Figure 1.11.

Figure 1.11 Seebeck coefficient and electrical resistivity (a) measurement setup (schematic) (b) sample
shape and dimensions.
The measurement of Seebeck coefficient and electrical resistivity is carried out in the 4-probe/4-point geometry
as shown in Figure 1.11. Alternatively, 2-point and uniaxial 4-point geometries can be used, each with
advantages and disadvantages. [104]
In the 4-point geometry a bar shaped sample of generally 8-10 x 2-3 x 2-3 mm3 (Figure 1.11 (b)) is placed in
between 2 electrodes. Small sheets of graphite paper are placed in between the top and bottom ends of the
sample bar and the electrodes for better electrical and thermal contacts as well as to prevent interaction between
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sample and electrodes at elevated temperatures. Two thermocouples (K-type thermocouples in case of the
ZEM-2 instrument) are brought into contact with the sample bar. To ensure good electrical contact between
the sample and the thermocouples, I-V (current-voltage) curves are measured by varying the applied electrical
current I and measuring the voltage ΔV between the thermocouples. For low contact resistance the slope of the
I-V curve, i.e. the resistance, should be independent of the applied current in the measurement range.
The temperature is controlled by several thermocouples in the instrument. The system’s temperature is changed
through resistive heaters surrounding the whole setup shown in Figure 1.11. The thermocouple measuring the
system temperature is placed on the outside of the metal heat shield in between the heating coils and the sample
setup. Two thermocouples (top and bottom electrode thermocouples) measure the temperature difference
which is set by the user. The actual temperature difference between upper and lower thermocouple depends
strongly on the sample properties. This temperature difference between top and bottom electrodes is created
by a heater situated below the bottom electrode.
The measurements are typically performed in inert gas (e.g. He) atmosphere.
The Seebeck coefficient α, which is given by
𝛼=

∆𝑉
∆𝑇

(1.9)

is measured by the so-called slope method. [104] Several different values for the temperature difference ΔT
between top and bottom thermocouple in the range of 1 – 10 K are being applied at a constant overall
temperature T and the voltage ΔV is measured. The Seebeck coefficient α can then be determined from the
slope of the ΔV-ΔT plot. [104] Measurements of ΔV for 3-5 different ΔT values are required for reliable results.
The electrical resistivity ρ is determined in the same measurement setup (Figure 1.11) from
𝜌=𝑅

𝐴
∆𝑉 𝐴
=
𝑙
𝐼 𝑙

(1.10)

with R, ΔV, I, A and l being the electrical resistance, the measured voltage, the applied electrical current, the
sample cross-sectional area and the distance between the electrical contacts. The relatively larger error in the
measurement of the electrical resistivity compared to the Seebeck coefficient as mentioned in Section 1.3.3 is
largely due to errors in the determination of the geometrical factor A/l. [104] The distance between the electrical
contacts is in the range of 3 – 5.6 mm.
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1.3.2.2 Thermal Conductivity Measurement
The thermal conductivity κ is given by
𝜅 = 𝐷𝑡 𝐶𝑝 𝜌𝑚

(1.11)

with Dt, Cp and ρm being the thermal diffusivity, specific heat and sample density respectively.
The thermal diffusivity Dt can be determined by the laser flash method. The experimental setup is shown
schematically in Figure 1.12.

Figure 1.12 Laser flash analysis (a) measurement setup (schematic) (b) sample shape and dimensions.
The laser flash analysis measurement involves a short laser pulse, which hits the front surface of the sample.
The temperature change on the back side of the sample induced by the heat energy transferred from the laser
pulse is measured through the emitted radiation which is detected by an IR detector cooled by liquid nitrogen.
The temperature eventually reaches a maximum value. The thermal diffusivity can be evaluated from the time
between the laser pulse and the time T1/2 to reach 1/2 of the maximum temperature according to
𝐷𝑡 = 1.38

𝑑2
𝜋 𝑇1⁄

(1.12)

2

with d being the sample thickness. [105] Corrections for heat loss are employed in modern LFA instruments
to achieve more accurate results. [104] Cylindrical samples with a diameter ϕ = 10 mm and a thickness of
approximately d = 2 mm were used for LFA measurements in this work.
The specific heat of a material can be determined by LFA using a comparative measurement of the sample and
a reference material whose specific heat is known. The temperature change ΔT induced by the laser pulse is
measured for both the sample and the reference material and the sample’s specific heat can be calculated from
𝑠𝑎𝑚𝑝𝑙𝑒
𝐶𝑝

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

∆𝑇 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝜌𝑚
𝑑 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
=
𝐶
𝑠𝑎𝑚𝑝𝑙𝑒
∆𝑇 𝑠𝑎𝑚𝑝𝑙𝑒 𝜌𝑚
𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑝

(1.13)
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with Cp, ΔT, ρm and d being the specific heat, temperature change, density and thickness of sample and
reference material respectively.[106]
Alternatively, relative specific heat values can be determined by LFA according to
𝑇

𝐶𝑝,𝑇2 = 𝐶𝑝,𝑇1

𝜃𝑚2
𝑇

𝜃𝑚1

(1.14)

with θm derived from the intercept of the tangent of the temperature decrease plotted against the time following
the maximum in temperature after a laser pulse at the temperatures T 1 and T2 respectively. [107] The
temperature change is measured by attaching a thermocouple to the back of the sample as shown in Figure
1.12.[108] The absolute specific heat of the sample has to be known at least one temperature for the
extrapolation using this method.
DSC measurements are used to determine the specific heat values with higher accuracy. [104] The
measurement requires a setup with two identical crucibles, i.e. a sample and a reference (e.g. empty crucible).
The crucibles are subjected to a temperature program and the temperature difference between the crucibles is
compensated by supplying heat energy. Three measurements are required in total, (1) empty crucible (sample
position) against empty crucible (reference position) to determine the baseline, (2) standard material (sample
position) against empty crucible (reference position) and (3) sample (sample position) against empty crucible
(reference position). The specific heat of the standard material, e.g. sapphire, has to be known. The specific
heat of the sample can then be calculated from
𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝑝

= 𝐶𝑝𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑚 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑦 𝑠𝑎𝑚𝑝𝑙𝑒
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 𝑦 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

(1.15)

with Cp, m and y being the specific heat, the mass and the baseline deviaton of the sample and standard material
respectively. [109]
Finally, the density of samples without open porosity can be determined using the Archimedes method based
on buoyant force acting on a body submerged in a fluid. [110] After weighing the sample in air and submerged
in a fluid (e.g. distilled water), the density can be calculated from
𝑠𝑎𝑚𝑝𝑙𝑒

𝜌𝑚

=

𝑚𝑎𝑖𝑟
𝑓𝑙𝑢𝑖𝑑
𝜌
(𝑇)
𝑚𝑎𝑖𝑟 − 𝑚𝑓𝑙𝑢𝑖𝑑 𝑚

(1.16)

with ρmsample, mair, mfluid and ρmsample (T) being the sample density, measured sample mass in air, measured sample
mass submerged in fluid and the fluid density at the measured temperature T. Samples with open pores require
alternative methods to determine the density (e.g. calculation from sample mass and dimensions) because fluid
entering the pores leads to an underestimation of the sample’s porosity and overestimation of the density.
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1.3.2.3 Magnetic Properties Measurement
The measurement of the magnetization M / magnetic moment μ of a sample can be performed using an MPMS
instrument consisting of a superconducting magnet (able to produce magnetic fields of several Tesla), a
superconducting detection coil and a SQUID (Superconducting Quantum Inference Device) magnetometer
surrounded by superconducting magnetic shielding.[111] When the sample is moved through superconducting
detection coils it induces an electrical current in them. [111] The detection coils are connected to the SQUID
magnetometer, which incorporates so called Josephson junctions [112] which act as a current-to-voltage
convertor. This voltage is scanned as a function of the sample position and the signal is fitted to determine the
magnetic moment of the sample.
The MPMS instrument includes superconducting components and therefore cooling with liquid He is required
allowing measurements in the range of 2 – 400 K. Samples (pieces of regular shape or powders with masses
in the range typically 10-50 mg) are mounted in gelatin capsules placed inside of plastic straws which have
relatively low diamagnetic susceptibility and therefore a low background signal.
The sequence for the measurement of the temperature dependence of the magnetization M(T) consists of a
zero-field cooled step (ZFC) in which the sample is cooled down to the lowest measurement temperature
without any applied magnetic field. A constant magnetic field is applied and the magnetization is measured
while heating. This is followed by a field-cooling step (FC). The magnetization is measured while cooling with
an applied magnetic field. The magnetic-field dependence of the magnetization M(H) is measured at constant
temperature while varying the applied magnetic field.
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Chapter 2: Physical Properties (RE = Yb) and Crystal Structure (RE = Sm, Yb)
of Higher Boride REB66 Single Crystals

2.1 Introduction
This chapter deals with the investigation of single crystals of the higher boride REB66 compound grown by the
optical floating zone method. More specifically, it deals with the physical properties (thermoelectric, magnetic
and mechanical) of YbB66 and also with the refinement of the crystal structure of YbB66 and SmB66.
Throughout the years several higher boride materials have been investigated for the purpose as high
temperature thermoelectric materials. [4,5] Among these materials β-boron [113–115], REB22C2N [116–118],
REB44Si2 [43,119], YAlB14 [30,120], B6O [41,121],MB6 [122,123], REB66 [7,8,37,54,56] and especially boron
carbide [9,15,62,64] have been investigated in detail.
Recently, good thermoelectric properties have been reported for REB66 materials, more specifically SmB66 [7]
and YB48 [8], with ZT values around 0.1 close to 1000 K. It was suggested that both the nature of the rare earth
element as well as the composition could be the origin of the improved performance compared to previous
reports of REB66.[37,54,56] In the case of SmB66 the effective magnetic moment derived from the measurement
of the temperature dependent magnetic susceptibility suggested a mixed valence state of Sm as Sm(+2)/Sm(+3).
On the other hand, the higher metal content of YB48 seemed to positively affect the electrical properties of the
material.
YbB66 was chosen as the compound to investigate the possible influence of mixed valence on the
thermoelectric performance of REB66 since mixed valence had been reported for YbB12 before. [12,124]
For this purpose, a high quality single crystal of YbB66 synthesized using the optical floating zone single crystal
growth was investigated. The magnetic susceptibility was measured to determine the valence state of Yb in
YbB66. The material was also characterized in terms of its composition (ICP-AES), mechanical properties
(hardness) and crystal structure (single crystal XRD structure refinement). Finally, the thermoelectric
properties of YbB66 were measured in the temperature range of 373 – 973 K. Additionally the crystal structure
of SmB66 was investigated through single crystal structure refinement to determine possible differences
between REB66 crystals with different rare earth elements.
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2.2 Experimental
For the preparation of the SmB66 single crystals by optical floating zone single crystal growth stoichiometric
amounts of amorphous boron powder (New Metals and Chemicals Corporation, Ltd.; 99%) and the Sm2O3
(Wako Chem.; 99.9%), are mixed in an agate mortar under ethanol for at least 30 minutes. To remove the
ethanol, the mixtures are placed under a halogen lamp overnight. The dried powder mixtures are filled into a
rubber tube (diameter ϕ ~ 10 mm) and compacted into rods in a CIP at a pressure approximately 250 MPa.
The rods are placed in a BN crucible surrounded by a graphite susceptor and heated in a high-frequency
induction furnace for the borothermal reduction to form REB66. The general reaction is
RE2O3 + 135 B → 2 REB66 + 3 BO ↑
The sintering of the feed and seed rods is performed in two steps to achieve higher density of the rods. In the
first step the rod is sintered for 10 h at 1600°C to avoid the formation of large grains at higher temperatures.
The rod is then crushed in an agate mortar and compacted into a rod again as mentioned before. The second
sintering step is carried out at higher temperatures of 1700°C. The single crystal growth is then performed with
feed and seed rods in an optical floating zone furnace as seen in Fig. 2.1. The feed and seed rod are rotated in
opposing directions (feed rod: 15 rpm, seed rod: 10 rpm) while the seed rod is lowered at 8 mm hr-1. The
lowering speed of the feed rod is adjusted during the growth to keep a stable molten zone.
The high quality YbB66 single crystal used in this study was provided by Prof. Takao Mori and prepared as
reported previously. [97]
Single crystals XRD measurements were performed on single crystals of YbB66 and SmB66. Diffractometers
(Bruker APEX2 CCD and Rigaku AFC11 Saturn 724+ for YbB66 and SmB66 respectively) were used for the
measurements of the X-ray diffraction intensities. The structure refinements were performed using the
JANA2006 software package.[125] XRD measurements were also performed on the surface of the YbB66
crystal cleaved along its growth axis.
The density of the samples was measured using Archimedes’ method. The chemical composition of YbB66
was measured using ICP-AES. For this purpose, the material was dissolved in a mixture of HCl and HNO3
under heating.
The electrical properties (Seebeck coefficient, electrical resistivity) of YbB66 were measured using an ULVACRiko ZEM-2 instrument. The measurements were performed in a 4-probe measurement setup under He
atmosphere in a temperature range of 373 – 973 K. The thermal properties (thermal diffusivity, relative specific
heat) of YbB66 were determined by the laser flash method utilizing the ULVAC-Riko TC-7000 apparatus from
RT – 973 K. The specific heat of YbB66 was measured using a PPMS instrument by Quantum Design in the
temperature range of 2 – 300 K under high vacuum. The specific heat determined by DSC was extrapolated to
973 K using the relative specific heat measured by LFA.
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Magnetic susceptibility measurements of YbB66 were performed using a MPMS instrument by Quantum
Design in the temperature range of 2 – 300 K with an applied magnetic field of 1000 Oe.
Vickers hardness tests of YbB66 were performed using a Mitutoyo Hardness Testing Machine HM-200.

Figure 2.1 Optical floating zone single crystal growth setup (here SmB66). The seed rod is placed at the
bottom in an alumina sample holder. The feed rod is suspended from the top by tungsten wires. The light of
four xenon lamps is focused in the center by mirrors.

2.3 Results and Discussion
2.3.1 Density, Chemical Composition and Surface XRD
The chemical analysis by ICP-AES of YbB66 crystal resulted in a Yb to B ratio of 1:58.7. This is a higher metal
content than the nominal composition of YB62 which was used for the preparation of the feed rod for the single
crystal growth. It has been reported before that REB66 can exist in a fairly wide range of compositions, most
prominently in the case of YB66 which was reported to exist from roughly YB66 to YB48.[8,47,48,56] As will
be discussed later, the single crystal structure refinement of YbB66 gave a Yb to B ratio of 1:58.4, which is
very close to the value determined by the ICP-AES chemical analysis. A previous publication on the boronrich phases [126] found a Yb to B ratio of 1:56.7 for YbB66 . In this work this composition was determined by
single crystal structure refinement on a crystal isolated from a sample of the initial composition YbB70 which
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was annealed at 1825°C. It appears that YbB66 generally exists at Yb-richer compositions than the nominal
YbB66.
The theoretical density ρm,XRD of YbB66 was calculated from the chemical composition and the lattice parameter
determined from the single crystal XRD measurement. The formula for the calculation of the theoretical
density is
𝜌𝑚,𝑋𝑅𝐷 =

𝑚𝐵 𝑁𝐵 + 𝑚𝑅𝐸 𝑁𝑅𝐸
𝑎3 𝑁𝐴

(2.1)

which gives a value of ρm,XRD = 2.89 g cm-3 with NB = 1623.6 and NYb = 27.79. [47] The experimentally
determined density by the Archimedes’ method is ρm,exp = 2.91 g cm-3 and exceeds 100% rel. density slightly.
This can be attributed to the complexity of the crystal structure as well as experimental uncertainty for the
measurement.

Figure 2.2 The YbB66 crystal was cleaved along its growth direction. [127]
An XRD measurement was performed on the cleaved surface of the crystal along the growth direction. The
XRD pattern can be seen in Figure 2.3 and is compared to the simulated powder XRD pattern for this
compound. The measured pattern shows only a small fraction of the possible reflections which is indicative of
the orientation in a certain direction. Only reflections with Miller indices (h 0 0) show up in the measured
diffraction pattern, so the crystal should be orientated along this axis.
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Figure 2.3 YbB66 XRD patterns for the cleaved surface and the simulated powder pattern according to the
single crystal structural solution. Cu-Kα1,2 - radiation was used for the measurement of the cleaved surface.
The presence of exclusively (h 0 0) reflections suggest crystal growth orientation along the a-axis. [127]

Vickers hardness measurements were performed on the YbB66 crystal for further characterization of the
material. The results showed average values of 1099 ± 92 HV (10.8 ± 0.90 GPa) which is significantly lower
than previously reported values for this compound. Microhardness measurements of YbB66 reported by
Schwetz et al. [50] and Spear and Solovyev [128] gave hardness values of (2410 ± 50 kp mm-2 (23.6 GPa) and
3960 ± 200 kp mm-2 (38.8 GPa) respectively on samples prepared by arc melting. There are several factors
which can lead to this large difference, among which are grain size/grain boundary effects, influences from
secondary phases (β-rhombohedral boron and YbB12) and differences due to the crystallographic orientation
of the grains.

2.3.2 Single Crystal XRD
YbB66 and SmB66 belong to the YB66 structure-type, which was originally described by Richards and Kaspar
in 1969 [46] for the first time. In the original structure model there is a single atomic site 48f RE (x,1/4,1/4)
for the rare earth atom and a total of 13 boron positions, B1 – B13. The B12 icosahedra are built from the boron
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atoms in the positions B1-B9 which are fully occupied and form B12(B12)12 super-icosahedra. These supericosahedra make up the boron framework of the crystal structure. Additionally, there are so called B80 clusters
which are formed by the boron atoms in the partially occupied sites B10 – B13. This structure model was used
as a basis for the refinement of the crystal structure of YbB66 and the same model was then applied to SmB66.
Compared to Richards’ and Kaspar’s original model an additional site for the rare earth element RE2 was
introduced in the close proximity of the original site. In a previous crystal structure refinement on YB66 such a
split site was introduced by Tanaka et al. [49] with the same symmetry as the original position, i.e. Y1 in
(0.0546 1/4 1/4) and Y2 in (0.0736 1/4 1/4) and the same model was later used by Sologub et al. for the single
crystal structure refinement of the YbB66. [126] Using this model it was however found that the atomic
displacement parameters of Yb2 in the 48f position were very large compared to Yb1. Changing Yb2 to the
general 192j position improved both the atomic displacement parameters for Yb2 (U 22/U33 = 0.0868 for 48f
and U22 = 0.0081 / U33 = 0.019 for 192j respectively) as well as the overall reliability factors (R1obs=0.0742,
wR2all=0.2527 to R1obs=0.0493, wR2all=0.1834 respectively). The joint-probability density function can be
seen in Figure 2.4. Additional boron sites were introduced as indicated by the difference Fourier maps and
supported by MEM electron densities. The “B80 clusters” are formed by B10-B19 in the final model and B20B22 atoms were added in the vicinity of the B12(B12)12 super-icosahedra. The final reliability factors for YbB66
are R1obs=4.93 and wR2all=18.34 (%) and residual electron densities of 1.15, -2.39 e Å-1.
This structural model was then used for the structure refinement of the SmB66 single crystal XRD measurement.
In comparison to the previously described structure of YbB66, which was found to be more metal-rich, we see
that the occupancy in the 48f Sm1/Yb1 site (x,1/4,1/4) is almost identical between SmB66 and YbB66, while
the 192j Sm2 site’s (x,y,z) occupancy is significantly lower than the equivalent Yb2 site.
Overall the structure refinement resulted in good reliability factors for SmB66 of R1obs=3.51 and wR2all=8.65
(%) and relatively low residual electron densities 1.17 / -0.6 e Å-1.
The structural parameters for YbB66 and SmB66 are summarized in Table 2.1.

Figure 2.4 Isosurface plot of the probability densities of Yb1 and Yb2 atoms. Isosurface level is 1 (atom/Å3).
[127]
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Table 2.1 Crystal data and details for data collection and refinement. [127]
Crystal data
Chemical formula

Yb1.162B67.617

Sm1.029B68.232

Formula weight

932

892.3

F(000)

10066

9719

Crystal system

Cubic

Cubic

Space group

𝐹𝑚3̅𝑐

𝐹𝑚3̅𝑐

a (Å)

23.4142(6)

23.4773(4)

12836.2(6)

12940.3(4)

Z

24

24

Calculated density (g/cm3)

2.894

2.7481

 (mm-1)

5.10 (Mo K)

2.832 (Mo K)

Crystal size (mm)

0.1×0.08×0.023

0.188×0.126×0.023

No. of measured reflections

178926

84947

No. of independent reflections

2367

2516

Rint

0.027

0.040

max (°)

45.3

46.3

V

(Å3)

Data collection

Range of h

−46 → 46

−47 → 45

k

−46 → 46

−34 → 47

l

−46 → 46

−46 → 47

Absorption correction

Multi-scan

Multi-scan

Tmin, Tmax

0.608, 0.699

0.746, 0.848

No. of used reflections

2306

2516

No. of parameters

155

156

0.049

0.0351

wR(F2)

0.183

0.0865

S

4.88

2.67

Weighting scheme

1/(2(I)+0.0009I2)

1/(2(I)+0.0004I2)

max, min (e Å-3)

1.15, -2.39

1.17, -0.6

Refinement

R(F)

[F2>2(F2)]
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Figure 2.5 Partial view of the unit cell of YbB66 and SmB66. (0≤x≤0.5 and 0≤y≤0.5). B12(B12)12 supericosahedra are drawn in yellow with a brown central B12 icosahedron. “B80 clusters” are formed by red boron
atoms. RE-RE pairs are drawn in grey (partially occupied). The additionally introduced boron sites with low
occupancy and the 192j Yb2/Sm2 positions have been omitted in this figure for visual clarity. [127]
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Table 2.2 Atomic coordinates, atomic displacement parameters and occupancies of the refinement of the crystal
structure of a YbB66 single crystal. [127]

Atom

x

y

z

Uiso*/Ueq

Occupancy

Yb1

0.05418 (6)

0.25

0.25

0.01259 (13)

0.423 (5)

Yb2

0.0721 (2)

0.2436 (7)

0.2609 (6)

0.0164 (16)

0.0394 (11)

B1

0

0.03751 (9)

0.05950 (8)

0.0101 (4)

1

B2

0

0.07617 (8)

0.11703 (8)

0.0113 (4)

1

B3

0

0.03900 (8)

0.18103 (8)

0.0097 (4)

1

B4

0

0.14868 (8)

0.24192 (8)

0.0083 (3)

1

B5

0

0.18576 (8)

0.17182 (8)

0.0090 (4)

1

B6

0.03879 (7)

0.14001 (6)

0.12191 (6)

0.0119 (3)

1

B7

0.03954 (6)

0.08166 (6)

0.22921 (6)

0.0103 (3)

1

B8

0.06284 (6)

0.07740 (6)

0.15876 (7)

0.0113 (3)

1

B9

0.06350 (6)

0.14583 (6)

0.19493 (7)

0.0126 (3)

1

B10

0.1321 (3)

0.1671 (3)

0.2065 (4)

0.0126 (15)

0.29 (2)

B11

0.2303 (5)

0.1605 (4)

0.2986 (4)

0.0292 (19)

0.36 (3)

B12

0.1727 (2)

0.1267 (2)

0.2582 (3)

0.0107 (13)

0.258 (14)

B13

0.2303 (3)

0.2303 (3)

0.2303 (3)

0.023 (2)

0.25 (2)

B14

0.1493 (6)

0.2554 (7)

0.2301 (6)

0.015 (3)*

0.117 (11)

B15

0.1678 (9)

0.2396 (9)

0.1883 (14)

0.020 (5)*

0.14 (3)

B16

0.1606 (13)

0.3394 (13)

0.25

0.012 (10)*

0.055 (19)

B17

0.1361 (11)

0.1883 (12)

0.2598 (12)

0.016 (7)*

0.076 (16)

B18

0.1817 (5)

0.1269 (5)

0.3057 (4)

0.006 (2)*

0.21 (3)

B19

0.1415 (8)

0.1902 (7)

0.3246 (5)

0.014 (3)*

0.20 (3)

B20

0

0.0227 (13)

0.2539 (11)

0.013 (6)*

0.083 (19)

B21

0.0646 (8)

0.0646 (8)

0.0646 (8)

0.011 (8)*

0.09 (3)

B22

0.0210 (6)

0.0612 (6)

0.3030 (6)

0.015 (3)*

0.123 (11)
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Table 2.3 Atomic coordinates, atomic displacement parameters and occupancies of the refinement of the crystal
structure of a SmB66 single crystal.
Atom

x

y

z

Uiso*/Ueq

Occupancy

Sm1

0.05378(16)

0.25

0.25

0.0097(3)

0.414(19)

Sm2

0.0655(14)

0.2436(13)

0.2564(12)

0.012(2)

0.025(5)

B1

0

0.03722(4)

0.05913(4)

0.00787(19)

1

B2

0

0.07553(4)

0.11642(4)

0.00909(19)

1

B3

0

0.03892(4)

0.18038(4)

0.0097(2)

1

B4

0

0.14792(4)

0.24188(4)

0.0091(2)

1

B5

0

0.18525(4)

0.17093(4)

0.0092(2)

1

B6

0.03868(3)

0.13964(3)

0.12154(3)

0.01144(16)

1

B7

0.03929(3)

0.08141(3)

0.22891(3)

0.01038(15)

1

B8

0.06279(3)

0.07728(3)

0.15814(3)

0.01052(15)

1

B9

0.06323(3)

0.14524(3)

0.19438(3)

0.01269(16)

1

B10

0.1309(2)

0.1668(3)

0.2055(3)

0.0162(12)

0.287(14)

B11

0.2298(3)

0.1602(3)

0.2989(3)

0.0294(11)

0.365(18)

B12

0.17199(15)

0.12662(15)

0.25889(17)

0.0151(9)

0.258(7)

B13

0.22976(15)

0.22976(15)

0.22976(15)

0.0314(11)

0.286(9)

B14

0.1485(4)

0.2536(5)

0.2286(4)

0.018(2)*

0.095(5)

B15

0.1676(5)

0.2385(6)

0.1885(9)

0.015(3)*

0.118(18)

B16

0.1610(6)

0.3390(6)

0.25

0.026(5)*

0.099(12)

B17

0.1381(8)

0.1883(7)

0.2620(7)

0.030(4)*

0.105(10)

B18

0.1824(3)

0.1265(3)

0.3064(2)

0.0115(12)*

0.247(16)

B19

0.1415(5)

0.1896(3)

0.3260(3)

0.0182(15)*

0.229(16)

B20

0

0.0224(8)

0.2551(7)

0.012(4)*

0.064(8)

B21

0.0565(6)

0.0565(6)

0.0565(6)

0.018(5)*

0.084(14)

B22

0.0203(2)

0.0628(2)

0.3039(2)

0.0081(13)*

0.121(4)
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2.3.3 Magnetic Properties
As mentioned previously in the introduction of this chapter, one of the main points of interest of the
investigation of YbB66 is the determination of the possible influence of rare earth mixed valence on the
thermoelectric performance of REB66 materials. For this purpose, the temperature dependence of the magnetic
susceptibility χ was measured in the temperature range 2 – 300 K. The valence state of Yb could then be
determined from the effective magnetic moment obtained from the Curie-Weiss fitting of the high temperature
part of the inverse magnetic susceptibility (χm – χ0)-1.
The measured molar magnetic susceptibility and inverse molar magnetic susceptibility are plotted against the
temperature in Figure 2.6. The temperature-independent contribution χ0 was determined from the Curie-Weiss
fitting
𝜒 = 𝜒0 +

𝐶
𝑇−𝜃

(2.2)

The temperature-independent term has been described previously in the investigation of other REB 66
compounds [129], its origin has not been clarified yet though.

Figure 2.6 Molar magnetic susceptibility χm and inverse molar magnetic susceptibility (χm – χ0)-1 of YbB66
plotted against the temperature T with modified Curie-Weiss fitting. [127]
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Figure 2.6 shows that the magnetic susceptibility of YbB66 can be well described by the Curie-Weiss law in
the high temperature region at T > 100 K. The Curie-Weiss fitting in the high temperature region gives a CurieWeiss temperature θ = -26.6 K and an effective magnetic moment μeff = 4.43 μB calculated from the Curie
constant C according to [130]
3𝑘𝐵
𝜇𝑒𝑓𝑓 = √
𝐶
𝑁𝐴 𝜇𝐵2

(2.3)

with kB, NA and μB being the Boltzmann constant, Avogadro constant and Bohr magneton respectively.
The value obtained for the effective magnetic moment μeff = 4.43 μB is close to the literature values for free
Yb3+ ions, μeff (Yb3+) = 4.54 μB.[131] This result suggests that, unlike Sm in SmB66 [7] before, Yb in YbB66 is
present mainly or exclusively in a trivalent oxidation state.
The negative Curie-Weiss temperature θ = -26.6 K for YbB66 implies antiferromagnetic coupling of the
magnetic moments. Etourneau [132] reported in a review article on rare earth borides a Curie-Weiss
temperature θ = -30 K for YbB66 which is very close to the value found in our study. Negative Curie-Weiss
temperatures which have been previously found for other REB66 compounds have been attributed either to
antiferromagnetism or spin-glass behavior.[129,133] In these cases, maxima in the magnetic susceptibility
have been reported for temperature T < 1 K.
The absolute value of the Curie-Weiss temperature, which can be seen as a measure of the strength of the
exchange interactions [4], is unexpectedly high for YbB66. The magnetic properties of REB66 compounds will
be further discussed in Chapter 3.

2.3.4 Thermoelectric Properties
The results of the measurement of the thermoelectric properties will be discussed in this section. The literature
values of the previously reported measurements for the isostructural compounds YB66,[134] ErB66,[135] YB48
[8] and SmB66 [7] are being used as references.
The temperature dependence of the electrical resistivity of YbB66 can be seen in Figure 2.7. Surprisingly, the
measured values for YbB66 are close to those of SmB66 and changes by roughly 4 orders of magnitude between
373 and 973 K. At low temperatures the electrical resistivity of YB48 is significantly lower than both YbB66
and SmB66, but the difference becomes smaller with increasing temperature. At 973 K the resistivity of YbB66,
SmB66 and YB48 are very similar. Compared to YB66 and ErB66 the electrical resistivity of YbB66 is lower by
roughly 2 orders of magnitude, the difference changing little throughout the whole temperature range.
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Figure 2.7 Temperature dependence of the electrical resistivity ρ with SmB66 [7], YB66 [56], YB48 [8] and

ErB66 [119] as reference values. [127]
The electrical conduction in disordered systems can often be described by Mott’s variable range hopping
mechanism. [136] The electrical resistivity in such systems follows a temperature dependence which, for
hopping in 3 dimensions, follows
1⁄
4

𝑇0
𝜌 = 𝜌0 𝑒𝑥𝑝 ( )
𝑇

(2.4)

with ρ0 and T0 being the characteristic resistivity and temperature respectively. From the fitting of the electrical
resistivity in Fig. 2.8 the values ρ0 = 1.32x10-17 Ω m and T0 = 8.33x108 K were obtained for YbB66.
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Figure 2.8 Temperature dependence of YbB66 log ρ against T -0.25 according to Mott’s variable range
hopping mechanism with SmB66 [7], YB66 [56], YB48 [8] and ErB66 [119] as reference values. [127]
For disordered semiconductors the localization length ξ appears to be an important characterization parameter
[137,138]. The localization length at the Fermi level can be calculated from the relationship
𝑘𝐵 𝑇0 =

18.1
𝑁(𝐸𝐹 ). 𝜉 3

(2.5)

with kB and N(EF) being the Boltzmann constant and the density of states at the Fermi level respectively.
N(EF) can be derived from the low temperature measurement of the specific heat Cp, which can be described
by
𝐶𝑝 = 𝛾𝑇 + 𝐴𝑇 3

(2.6)

Using the Sommerfeld coefficient γ derived from fitting the specific heat Cp according to equation (2.6) it can
be used in
𝛾=

1 2 2
𝜋 𝑘𝐵 𝐷(𝐸𝐹 )
3

(2.7)
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together with equation (2.5) calculate the localization length ξ.
The determination of the Sommerfed coefficient γ from the low temperature measurement of the specific heat
was unfortunately not possible due to additional contributions which are most likely of magnetic origin. This
is also evidenced in the magnetic susceptibility in Fig. 2.6 which deviates from ideal Curie-Weiss behavior
towards lower temperatures.
The temperature dependence of the Seebeck coefficient α of YbB66 is shown in Figure 2.9. It takes very high,
positive values throughout the whole temperature range and drops from almost 600 μV K-1 at 373 K to roughly
240 μV K-1 at 973 K. The values for YbB66 are quite comparable to SmB66 [7] as well as ErB66 [135] and YB66
[134] despite the large differences in electrical resistivity.
The thermoelectric properties of YbB66 have been reported before by Golikova and Tadzhiev, however only
room temperature measurements were performed.[54] The reported values are Seebeck coefficient
α = 270 μV K-1 and electrical resistivity ρ = 1.7 Ω m at 300 K. These values are significantly lower than those
in this study (electrical resistivity ρ = 7.1 Ω m at 300K using the temperature dependence of Mott’s VRH)
indicates, as in the case of YB48 [8], a more metal-rich composition in the YbB66 sample of Golikova and
Tadzhiev than the given nominal composition. The sample was prepared by arc-melting, so a loss of boron in
the synthesis process is a likely explanation for this deviation.
The temperature dependence of the Seebeck coefficient in system following the VRH mechanism has been
theoretically investigated. [139,140] Parfenov and Shklyaruk [140] have derived the expression
𝑘 𝜋−2
2𝜋
𝑑𝑙𝑛𝑁(𝐸)
𝛼≈ − (
𝑘 √𝑇𝑇0 +
𝑘𝑇) (
)
𝑒
𝜋
3
𝑑𝐸
𝐸=𝐸𝐹

(2.8)

assuming a constant density of states at the Fermi Level. There are two contributions to the Seebeck coefficient.
For materials with T0 > 104 the first term α ∝ T1/2 is dominant, which can for example be observed in
REB44Si2.[141] In REB66 the temperature dependence of the Seebeck coefficient is however different and
decreases monotonically with increasing temperature. This could be caused by thermally activated charge
carriers and will be discussed more in Chapter 3.
The temperature dependence of the power factor pf = α2 ρ-1 is shown in Figure 2.10. It increases rapidly with
increasing temperature and reaches a value of 0.24 mW m-1 K-2 at 973 K, which is very close to the values of
YB48 and SmB66.
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Figure 2.9 Temperature dependence of the Seebeck coefficient of YbB66 with SmB66 [7], YB66 [56], YB48 [8]
and ErB66 [119] as reference values. [127]

Figure 2.10 Temperature dependence of the Power Factor of YbB66 with SmB66 [7], YB66 [56], YB48 [8] and
ErB66 [119] as reference values. [127]
The temperature dependencies of the thermal properties of YbB66 are shown in the Figures 2.11 – 2.13. The
thermal conductivity κ was calculated from κ = Dt ρm Cp with Dt, ρm and Cp being the thermal diffusivity,
density and specific heat respectively.
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Figure 2.11 Temperature dependence of the thermal diffusivity Dt of YbB66 with SmB66 [7] as reference.
[127]

Figure 2.12 Temperature dependence of the specific heat Cp of YbB66 with SmB66 [7] as reference. [127]
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Figure 2.13 Temperature dependence of the thermal conductivity κ of YbB66 with SmB66 [7], YB66 [56] and
YB48 [8] as reference values. [127]

The thermal conductivity shown in Fig. 2.11 is overall low, especially for a single crystal, and is indicative of
the high complexity of the crystal structure. The thermal conductivity shows a small positive temperature
dependence ranging from 1.7 to 2.6 W m-1 K-1. This behavior, i.e. increasing thermal conductivity with
temperature, is generally observed for materials with complex crystal structures.[37]
The Figure of Merit ZT is shown in Figure 2.14. YbB66 reaches ZT ≈ 0.1 at 973 K, similarly to SmB66 [7] and
YB48 [8]. However, unlike SmB66 before we did not observe mixed valence for Yb. Despite that, the
thermoelectric properties of YbB66 and SmB66 are very similar. It was shown before in YB48 that higher metalcontent can have a beneficial effect on the thermoelectric properties of REB66 compounds. This is indicated to
be the case for YbB66 whose composition determined from ICP-AES and from the single crystal structure
refinement is close to a Yb:B ration of 1:59.
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Figure 2.14 Temperature dependence of the dimensionless Figure of Merit ZT of YbB66 with SmB66 [7],
YB66 [56] and YB48 [8] as reference values. [127]

2.4 Conclusion
In this chapter the results of the measurements of the thermoelectric and magnetic properties of the higher
boride compound YbB66 were discussed in detail. Additionally, the crystal structure of YbB66 and SmB66 was
refined from single crystal XRD measurements and an updated structural model was proposed.
The effective magnetic moment of YbB66 suggests that Yb is in a trivalent oxidation state in this compound.
Despite that, the thermoelectric properties of YbB66 and SmB66 are very similar. The Figure of Merit ZT
reached a value of close to 973 K while still sharply rising. It can be expected to be significantly higher at the
working temperatures of potential applications, for example thermal power plant topping cycles with 1500 K.
The composition appears to be an important factor for the thermoelectric performance of REB66 compounds.
The influence of composition and different rare earth elements on the physical properties of REB66 compounds
should be further investigated.
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Chapter 3: Thermoelectric and Magnetic Properties of Spark Plasma Sintered
REB66 (RE = Y, Sm, Ho, Tm, Yb)

3.1 Introduction
In the previous chapter the thermoelectric properties of single crystalline YbB66 were investigated in detail. It
is possible to obtain large high quality samples of REB66 from optical floating zone single crystal growth which
has been shown on YB66 in previous investigations. [97] This synthesis process is however technically very
challenging and material and time intensive. For the investigation of the thermoelectric properties of REB66 a
simpler and faster synthesis process was required to be able to test several approaches with different elements
and compositions.
Up to this point, REB66 had been synthesized from the melt directly either by arc melting, optical floating zone
crystal growth or zone melting. [7,8,37,54,129,133] In our study we found however that arc melted samples
contained cracks and pores from the cooling down of the melt. Additionally, REB66 compounds have been
reported to melt incongruently in some cases, for instance SmB66. [50,128,142] Due to these issues REB66
samples obtained are not well suited to be used directly for the measurement of the thermoelectric properties.
The new synthesis procedure involving borothermal reduction, arc melting and spark plasma sintering will be
discussed in this chapter. Spark plasma sintering is a widely used fabrication method for the densification of
powders. Densifying materials with high boron content can however be a very challenging. [40,41,143]
In this study, REB66 (RE = Y, Sm, Ho, Tm and Yb) were synthesized by the aforementioned new synthesis
procedure. Their thermoelectric and magnetic properties were measured and interpreted in referencing
previous reports of REB66 crystals obtained from the optical floating zone method. SmB66, TmB66 and YbB66
were chosen because Sm, Tm and Yb are elements which form the REB66 which can exist in a RE(+2)/RE(+3)
mixed valence state. YB66 and HoB66 were investigated as references of rare earth elements which should only
exhibit RE(+3) valence states.

3.2 Experimental
The initial step for the synthesis of REB66 is the borothermal reduction of rare earth oxide with amorphous
boron in the induction furnace according to the chemical equation
135 B + RE2O3 ↔ 2 REB66 + 3 BO ↑
RE2O3 powders (RE = Y, Sm, Ho, Tm and Yb, Wako Chem.; 99.9%) and amorphous boron powder (New
Metals and Chemicals Corporation, Ltd.; 99%) were mixed under ethanol in an agate mortar for 30 – 60 min
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and dried overnight under a halogen lamp. The powder mixtures were then transferred into rubber tubes and
compacted into rods of roughly 10 mm diameter using a COP with applied pressures of roughly 300 MPa. The
rods were then placed inside a h-BN crucible surrounded by a graphite susceptor. The crucible was then heated
in a HF induction furnace to 1600°C for 10 h to carry out the borothermal reduction under dynamic vacuum.
The formation of REB66 requires temperatures exceeding 1700°C which is close to the maximum temperature
of the induction furnace used. Considering additional temperature gradients within the crucible it was decided
to use arc melting to complete the reaction to REB66. While arc melting makes it more difficult to control the
final composition of the material, it allows the synthesis of higher quantities of the material which were
required for carrying out several sintering experiments to achieve good densification in the following SPS step.
Following the borothermal reduction in the induction furnace, the sintered rods were melted in an arc furnace
with a tungsten electrode on a water-cooled copper plate under Ar atmosphere. A Ti-getter was melted before
the melting of the sample to remove residual oxygen from the atmosphere. Each REB66 was melted completely
and flipped over to be completely re-melted at least 3 times for homogeneity.
The melted ingots were subsequently crushed into powder using a stainless steel mortar and sieved to a grain
size below 75 μm. The powder was washed in diluted hydrochloric acid (~1 mol l -1) overnight to remove the
contamination from the stainless steel mortar. The powder was then washed in water, ethanol and acetone in
sequence and dried at 100°C.
The REB66 powders were densified by SPS (Dr. Sinter SPS apparatus (FUJI ELECTRONIC INDUSTRIAL
CO., LTD.) in ϕ = 10 mm diameter graphite dies lined with h-BN coated graphite paper. The h-BN coated
graphite paper was used for easier removal of the sample from the die after sintering. The graphite die was
covered by graphite wool to reduce heat losses through radiation at elevated temperatures. The sintering was
carried out under dynamic vacuum (< 4 Pa) and applied uniaxial pressure of 50 MPa. The temperature was
controlled using an optical pyrometer. The sintering program is shown in Figure 3.1.

pressure release

Figure 3.1 Sintering schedule for REB66.
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The first step is heating to 600°C over 5 min followed by a heating step at 100°C min-1 to 1100°C. The heating
rate was then changed to 50°C min-1 up to the final sintering temperature of 1600 – 1800°C depending on the
sample. The samples were kept at this temperature for 5 – 10 min. The pressure was released towards the end
of the isothermal step to avoid fracturing of the sintered sample during the cooling process. The sintering
conditions were determined for each individual REB66 sample to ensure optimal densification and can be found
in Table 3.1.
The density of the samples was measured using Archimedes’ method. Powder XRD measurements were
performed using a Rigaku Smartlab 3 diffractometer with Cu-Kα radiation for phase identification. Lattice
parameters were determined from the X-Ray diffraction patterns using Rietveld refinement in the Fullprof
software. [144]
ICP-AES measurements were performed to determine the chemical composition and possible contamination
with C, Si and Fe. For this purpose, the material was dissolved in a mixture of HCl and HNO3 at elevated
temperature.
The thermal diffusivity was measured by LFA in a TC-7000 instrument by ULVAC-Riko in the range of room
temperature to 973 K. The specific heat was determined by DSC (NETZSCH STA 449 F3). A crystal of SmB66
was measured in alumina-lined platinum crucibles against a sapphire reference. (ISO E1269 - 11(2018)). These
values were then used to calculate the specific heat for all samples using the Dulong-Petit law and taking the
differences in molar weight into account.
The electrical properties (Seebeck coefficient, electrical resistivity) were measured using an ULVAC-Riko
ZEM-2 instrument. The measurements were performed in a 4-probe measurement setup under He atmosphere
in a temperature range of 373 – 973 K.
The magnetic susceptibility measurements (ZFC – FC) were performed in a MPMS instrument (Quantum
Design) which utilizes a SQUID magnetometer. The measurements were performed under an applied field of
1 kOe in a temperature range of 4 – 300 K.

3.3 Results and Discussion
3.3.1 Characterization REB66 Prepared by Spark Plasma Sintering
The early experiments to prepare polycrystalline REB66 samples were carried out on SmB66. Reactive SPS of
a mixture of amorphous boron and Sm2O3 powders were unsuccessful. Pre-reacting the powder for the
borothermal reduction at 1600°C for 10 h followed by SPS also did not result in high quantities of SmB 66. In
both cases the sintering temperatures were limited to roughly 1600°C. Above this temperature material was
squeezed from the graphite dies. XRD analysis of the sintered specimens showed mixtures of mainly SmB 6
and most likely β-rhombohedral boron. The temperature during SPS at the time was insufficient for the
formation of SmB66 by reactive SPS.
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Using the arc melting step as described in Section 3.2 helped in the preparation of the polycrystalline REB66
samples. The powder XRD patterns of the polycrystalline REB66 samples are shown in Figure 3.2.
Table 3.1 Summarized sintering parameters and characterization results of REB66
(RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma sintering.
YB66

SmB66

HoB66

TmB66

YbB66

SPS Temperature [°C ]

1600

1750

1650

1800

1750

Density ρm,XRD [g cm-3]

2.60

2.74

2.89

2.88

2.84

Density ρm,meas. [g cm-3]

2.52

2.75

2.84

2.88

2.84

Densityρm,rel. [g cm-3]

96.9

100.4

98.3

100.0

100

Lattice parameter a [Å]

23.443

23.483

23.420

23.399

23.395

Chemical Formula (ICP-AES)

Y1.18B66

Sm1.01B66

Ho1.16B66

Tm1.10B66

Yb1.00B66

C (ICP-AES) [wt.%]

0.52

0.26

0.69

0.66

1.11

Si (ICP-AES) [wt.%]

0.016

0.011

0.010

0.009

0.073

Fe (ICP-AES) [wt.%]

0.005

0.003

0.006

0.003

0.018

No impurity phases were detected in the powder XRD patterns.
The fracture surface SEM images are shown in Figure 3.3. The microstructures in the fracture surface images
make it unfortunately difficult to clearly identify individual grains. Since the initial particle size was (≤ 75
microns) quite large, it is surprising to see such good densification of the sintered samples. For instance, for
β-rhombohedral boron, which is structurally quite similar to REB66, hot-pressing resulted in relatively porous
microstructures. [40] The EDX elemental mapping of boron and the respective RE element for the sintered
samples showed homogeneous distribution of the elements in the samples. In the SmB 66 sample small amounts
of SmB6 are indicated from the elemental mapping and BSE/SE detector SEM images shown in Figure 3.3 and
Figure 3.4. Due to the initial crystallization of SmB6 indicated from the phase diagrams of the Sm-B binary
system and the very high stability of this phase it is likely very difficult to obtain purely single-phase SmB66
samples. [142,145]
Figure 3.4 also shows a layer of roughly 500 μm from the edge of the sample with high amounts of impurity
phases. This can be attributed to interaction with the graphite die and h-BN coated graphite paper due to the
high temperatures which are necessary for densification, 1750°C in the case of SmB 66. The SEM image of
SmB66 (Figure 3.4) also reveals only small amounts of impurity phases, SmB6 in this case, in the center of the
sample.
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Figure 3.2 XRD patterns of REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma sintering. Peaks of
Si3N4 (●) introduced from the mortar during pulverization for the powder XRD measurement. The Braggpositions at the bottom refer to the YB66 structure- type.[46]
The elemental mapping for Yb and B of the YbB66 sample in Figure 3.3 reveals the presence of a secondary
phase with higher B content and lower Yb content compared to the main YbB66 phase. It can be assumed from
taking the phase equilibria of the binary Yb-B system into consideration that this phase is β-rhombohedral
boron. [126,146] This phase could not be detected in the powder XRD patterns seen in Figure 3.2 because of
the low atomic number of boron.
The YB66 sample’s relative density was slightly lower than the other REB66 samples. The fracture surface
image in Figure 3.3 shows small pores due to the incomplete densification. The sintering temperature of YB66
was the lowest at 1600°C used in this series.
The results of the chemical analysis by ICP-AES are summarized in Table 3.1. The samples were checked for
their chemical composition as well as contamination with C, Fe and Si which could be present in the starting
materials or introduced during the sample preparation. The chemical analysis gives the overall composition of
the sample. Since the samples are close to single phase, with the exception of YbB66, it can be assumed that
the overall composition is representative of the phase composition. A small deviation in the composition was
observed for the samples YB66, HoB66 and TmB66. In the case of YB66 the nominal composition was YB62,
which had previously been determined as the composition of congruent melting for this phase. [134] In these
cases, the measured composition was found to be more metal-rich than the nominal composition. This can
most likely be explained by B losses in the synthesis process. Only small amounts of Fe (<0.02 wt.%) and Si
(<0.1 wt%) were found. Carbon content ranged from 0.3 – 1.1 wt.% with YbB66 having the highest content.
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The YbB66 sample contained β-rhombohedral boron as shown in Figure 3.3 which has many interstitial sites
which can accommodate foreign atoms. [114,147]

Figure 3.3 SEM-EDX images of REB66 samples prepared by spark plasma sintering. The samples show
density close to 100% of the theoretical values with the exception of YB66. The elemental mapping of the
samples shows that the prepared samples are homogenous and single phase, with the exception of SmB66 and
YbB66. SmB66 has small quantities of SmB6 (bright). Yb-mapping shows a Yb-deficient secondary phase,
which is slightly B-richer, most likely β-rhombohedral boron (bright phase in B mapping, dark phase in Yb
mapping).

54

sample edge

~ 500 μm interaction layer

sample center

SmB66

SmB6

Figure 3.4 SEM images (mixed BSE+SE detector) of SmB66 sintered at 1750°C. The sample contains areas
with secondary phases, SmB6 (bright) and elemental boron (dark). Top: sample edge, Bottom: sample center.
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3.3.2 Magnetic Properties
As discussed before in Chapter 2, the magnetic susceptibility of REB66 was measured to determine the valence
state of the rare earth element in this compound. It has been suspected that the improved thermoelectric
properties of SmB66 [7] compared to YB66 [134] could be related to Sm(+2)/Sm(+3) mixed valence like it was
previously found in SmB6. [148,149] In Chapter 2 it was shown that Yb in YbB66 is trivalent. To confirm this
result and for further characterization the magnetic susceptibility measurements in the temperature range of 4
– 300 K were performed. It is however difficult to determine the oxidation state of Sm from its effective
magnetic moment because experimental values can deviate very strongly from the theoretical values of
μeff(calc.) = g[J(J+1)]1/2 with J being the total angular momentum quantum number of the magnetic ground
state.[131] In this case using alternative methods, for instance XPS, is preferable. Trivalent Y is diamagnetic.
Therefore, only the magnetic properties of HoB66, TmB66 and YbB66 will be discussed in this section.
The molar magnetic susceptibility χm for both ZFC and FC and inverse magnetic susceptibility (χ- χ0)-1 are
shown in Figure 3.5 and the relevant parameters are summarized in Table 3.2.

Table 3.2 Magnetic properties of REB66 (RE = Ho, Tm, Yb). Curie constant C, Curie-Weiss temperature θ
and effective magnetic moment μeff derived from fitting the inverse magnetic susceptibility χ-1.
The theoretical effective magnetic moment μeff (RE3+) = g[J(J+1)]1/2 + is taken from “Kittel – Introduction to
Solid State Physics” [131].
HoB66

TmB66

YbB66

14.00

7.34

2.59

-6.7

-11.4

-27.4

Effective Moment μeff [μB]

10.58

7.66

4.55

Effective Moment μeff (RE3+) [μB]

10.60

7.57

4.54

-0.0024

-0.0013

-0.00066

Curie Constant C [cm3 K mol-1 Oe-1]
Curie-Weiss Temperature θ [K]

T-indep. Suscebilibilty χ0 [cm3 mol-1 Oe-1]

All investigated REB66 samples have negative Curie-Weiss temperatures θ with increasing absolute values
from HoB66 (θ = -6.7 K) to TmB66 (θ = -11.4 K) to YbB66 (θ = -27.4 K). Our results agree well with previous
reports for HoB66 (θ = -6.34 K) and YbB66 (θ = -26.6 K and -30 K respectively). [127,132] Two reports on the
magnetic properties of REB66 (RE = Gd, Tb, Ho, Er and Lu) [133] and TbB66 [150], respectively, showed lower
Curie-Weiss temperatures, with θ being in the order of 1 K. Maxima in the temperature dependence of the
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magnetic susceptibility have been reported for GdB66, TbB66, HoB66 and ErB66 at temperatures T ≤ 1 K
[133,151] which have been interpreted as either antiferromagnetic or spin glass transitions.

Figure 3.5 Magnetic Susceptibility of REB66 (RE = Ho, Tm, Yb) prepared by spark plasma sintering
measured with an applied magnetic field of H = 1 kOe. Theoretical values for μeff (RE3+) = g[J(J+1)]1/2 taken
from “Kittel – Introduction to Solid State Physics”.[131] The curve fitting was performed for the temperature
region 100 – 300 K in which all samples follow ideal Curie-Weiss behavior. The dashed line shows the
continuation of the fitting curve up to the respective Curie-Weiss temperature.
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The Curie-Weiss temperatures for HoB66, TmB66 and YbB66 are plotted in Figure 3.6. The Curie-Weiss
temperature can be seen as a measure of the magnetic exchange interactions between the magnetic moments.
The trend which was observed in this study on REB66 is opposite to what would be expected for the RRKY
(coupling by conduction electrons) and dipole-dipole (direct coupling between magnetic moments) coupling
mechanisms. This has been discussed before for the higher boride compound REB44Si2 where deviations from
these aforementioned coupling mechanisms were found. It has been argued that in the case of REB66 the RKKY
and dipole-dipole exchange interactions are unlikely due to the lack of conduction electrons and relatively
large distances between the rare earth ions. [4,5,133] Coupling through B12 icosahedra was proposed as an
alternative coupling mechanism in these materials [4] which could explain the unusually large Curie-Weiss
temperatures, e.g. in the case of θ = -27.4 K for YbB66.

Figure 3.6 Plot of the Curie-Weiss temperatures of REB66 for the trivalent rare earth ions adapted from T.
Mori.[4] Value for YbB66 single crystal from P. Sauerschnig et al.[127]
The values for the effective magnetic moment correspond very well to the theoretical values of the free
trivalent rare earth ions [131] with 10.58 μB vs. 10.60 μB, 7.66 μB vs. 7.59 μB, and 4.55 μB vs. 4.54 μB for
HoB66, TmB66, and YbB66 respectively.
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3.3.3 Thermoelectric Properties
The electrical resistivity of the polycrystalline spark plasma sintered REB66 samples are shown in Figure 3.7.
The data for single crystals of SmB66 and YbB66 were plotted as reference values. [7,127]

Figure 3.7 Electrical resistivity ρ for REB66 (RE = Y, Sm, Ho, Tm, Yb) according to Mott’s variable range
hopping mechanism prepared by spark plasma sintering. Data for the single crystal of SmB66 and YbB66
plotted as a reference. [7,127]
It can be seen that the electrical resistivity of all investigated REB66 samples follows Mott’s variable range
hopping mechanism in 3 dimensions [54,137,152] given by
1⁄
4

𝑇0
𝜌 = 𝜌0 𝑒𝑥𝑝 ( )
𝑇

(3.1)

with ρ0 and T0 being the characteristic resistivity and characteristic temperature respectively and have been
summarized in Table 3.3. As discussed in Chapter 2, the electronic states of REB66 are highly localized. The
localization length ξ is a measure for the disorder in a system and inversely related to the characteristic
temperature T0 through
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3

𝜉= √

18.1
𝑁(𝐸𝐹 ) 𝑘𝐵 𝑇0

(3.2)

with N(EF) is the density of states at the Fermi level. [137] A high characteristic temperature T0 indicates higher
levels of disorder in the system. As an example YB66 (T0=7.2x108 K and ξ = 0.056 nm) [153] is more disordered
than YB44Si2 (T0=1.4x108 K and ξ = 0.27 nm) [154] which has also been indicated in the low temperature
measurements of the thermal conductivity of both compounds. [154] Compared to the amorphous-like thermal
conductivity of YB66 indicative of a disordered structure, the thermal conductivity of YB44Si2 is more similar
to crystalline solids.
Table 3.3 Characteristic temperatures and resistivity of REB66 (RE=Y, Sm, Ho, Tm, Yb) according to Mott’s
variable-range hopping (VRH) mechanism.
YB66

SmB66

HoB66

TmB66

YbB66

Characteristic resistivity ρ0 [Ω m]

1.3x10-15

3.9x10-17

9.9x10-16

8.1x10-16

9.6x10-17

Characteristic temperature T0 [K]

4.3x108

7.1x108

4.5x108

4.7x108

6.5x108

The measured Seebeck coefficients of the polycrystalline spark plasma sintered REB66 samples are shown in
Figure 3.8. The data for single crystals of SmB66 and YbB66 were plotted as reference values. Similar to the
single crystalline REB66 investigated earlier, the Seebeck coefficient shows very high values at 373 K of 400
to 600 μV K-1 which converge towards 250 μV K-1 at 973 K for all REB66 samples.
As mentioned in Chapter 2, materials following Mott’s variable range hopping conduction mechanism are
expected to display a α ∝ T1/2 [139,140] as for example it has been shown experimentally for REB44Si2. [119]
In the case of REB66 the Seebeck coefficient decreases monotonically with increasing temperature.
In disordered solids the Fermi level EF is expected to lie within the band tails where electronic states are
localized with low mobility due to the so-called mobility gap.[136] Electronic states in the center of the bands
on the other hand are non-localized with high mobility. A mixture of localized and non-localized states
(thermally excited) can be expected to contribute to both the electric resistivity and Seebeck coefficient and
depending on the temperature either contribution can be dominant. Golikova and Tadzhiev [54] found that the
temperature dependence of the electrical resistivity and Seebeck coefficient changed to that of non-localized
states above a certain transition temperature. This transition temperature can be different for the Seebeck
coefficient and the electrical resistivity due to different contributions from localized and non-localized
electronic states to both.
This could explain why a typical VRH temperature dependence of hopping between localized states was
observed for the electrical resistivity (Figure 3.7) while non-localized states might contribute more towards
the Seebeck coefficient (Figure 3.8).
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Figure 3.8 Seebeck coefficient α for REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma sintering.
Data for the single crystal of SmB66 and YbB66 plotted as a reference. [7,127]
Interestingly, there is little difference in the electrical properties between the polycrystalline spark plasma
sintered REB66 samples and their single crystalline counterparts as can be seen in Figures 3.7 and 3.8. Generally,
the electrical resistivity would be expected to be higher in polycrystalline materials due to scattering of charge
carriers on grain boundaries reducing their mobility. This effect is more pronounced in cases where the grain
size is similar to the mean free path of the charge carriers. These effects are most likely negligible in a highly
disordered material like REB66 in which electronic transport occurs through Mott’s VRH with high density
(~100% relative density) and large grain size (initial grain size ≤ 75 μm).
The electrical resistivity and Seebeck coefficient show a dependence on the chemical composition. Increasing
amounts of RE in the structure lead to a decrease in the Seebeck coefficient and electrical resistivity as can be
seen when comparing Table 3.1 and Figures 3.7 and 3.8. This compositional dependence has previously been
observed for YB48.[8] In our samples we did however not observe differences in thermoelectric performance
due to these changes in compositions. The differences are pronounced at lower temperatures. The electrical
resistivity and Seebeck coefficients of all REB66 samples at higher temperatures converge towards very similar
values.
The power factor pf = α2 ρ-1 of the polycrystalline spark plasma sintered REB66 samples are shown in Figure
3.9. The data for single crystals of SmB66 and YbB66 were plotted as reference values. [7,127] The power
factors of all investigated samples show very similar values between each other and also compared to the
values for the single crystals of SmB66 and YbB66. The power factor rises very sharply with increasing
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temperature due to the drastic decrease in electrical resistivity (Figure 3.7). Values of roughly
0.25 mW m-1 K-2 at 973 K where determined for the polycrystalline REB66 samples. The power factor of spark
plasma sintered YbB66 is slightly lower which can most likely be attributed to β-rhombohedral boron which is
present as a secondary phase.

Figure 3.9 Power Factor pf = α2/ρ for REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma sintering.
Data for the single crystal of SmB66 and YbB66 plotted as a reference. [7,127]
The thermal conductivity of the polycrystalline spark plasma sintered REB66 samples are shown in Figure 3.10.
The data for single crystals of SmB66 and YbB66 were plotted as reference values. It is calculated from
κ = Dt ρm Cp with κ, Dt, ρm, Cp being the thermal conductivity, thermal diffusivity, density and specific heat
capacity respectively.
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Figure 3.10 Thermal conductivity κ of REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma
sintering. Dt, Cp and ρm are the thermal diffusivity, specific heat and density respectively. Data for the single
crystal of SmB66 and YbB66 plotted as a reference. [7,127]
In all cases the thermal conductivity ranges from roughly 2 – 2.5 W m-1 K-1 with a small, positive temperature
dependence which can be observed in disordered materials. [37] The thermal conductivity can be assumed to
be almost exclusively due to the lattice contribution.
The thermal conductivity showed little difference between the different REB66 investigated and between
polycrystalline spark plasma sintered samples and single crystals of REB66 prepared by the optical floating
zone method. The influence of the scattering of phonons on grain boundaries in polycrystalline REB66 appears
to be small similar to the previous discussion of the electrical resistivity. The investigation of the low
temperature thermal properties of LuB66 [155] found that the disorder in the RE atomic sublattice and
anharmonic bonding to be the most likely cause of this glass-like thermal conductivity of REB66.
The figure of merit ZT of the polycrystalline spark plasma sintered REB66 samples is shown in Figure 3.11.
The data for single crystals of SmB66 and YbB66 were plotted as reference values. The maximum ZT found in
this study is ~0.1 at 973 K and similar for all REB66 samples. The figure or merit of the spark plasma sintered
polycrystalline YbB66 is slightly lower than the other REB66 which could be attributed to the presence of βrhombohedral boron as a secondary phase. The figure of merit has a strong positive temperature dependence
and can be expected to increase significantly with increasing temperature. The overall thermoelectric
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performance of the spark plasma sintered samples is equivalent to that of the single crystals of SmB 66 [7],
YbB66 [127] and YB48 [8] from previous reports.

Figure 3.11 Figure of merit ZT of REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma sintering. α, κ
and ρ are the Seebeck coefficient, thermal conductivity and electrical resistivity respectively. The data of
Seebeck coefficient and resistivity were interpolated to match the measurement temperature of the thermal
conductivity. Data for the single crystal of SmB66 and YbB66 plotted as a reference. [7,127]
The thermoelectric properties of REB66 appear to not depend on the different rare earth element. In all
investigated cases the rare earth element is found in its trivalent state in REB66, and no mixed valence was
indicated. The valence state of Sm in SmB66 should be determined again using an alternative method to the
magnetic susceptibility measurement, e.g. XPS. Our results support previous reports on the electrical
properties of REB66 (RE = Sm, Gd and Yb) compounds. [54] In that investigation it was found that the Seebeck
coefficients and electrical conductivities of all 3 investigated REB66 compounds could be plotted on common
curves against the charge carrier concentration. The main factor influencing the electrical properties of REB66
appears to be the composition and the presence of secondary phases.
So far it is not entirely understood what the origin of the significantly higher electrical resistivity of the
previously investigated YB66 [56] and ErB66 [119] single crystals is. The measurement of the Hall effect to gain
insight on the charge carrier concertation and mobility could help clarify the issue, even if the interpretation
of the Hall measurements can be difficult in the case of VRH conduction. Unfortunately, these measurements
have not yet been successful due to the very low charge carrier mobility of these materials.
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3.4 Conclusion
In this chapter an alternative synthesis method for the higher boride compound REB66 (RE = Y, Sm, Ho, Tm
and Yb) has been described in detail. The synthesis involves the borothermal reduction of amorphous boron
and rare earth oxide powders, arc melting and densification my spark plasma sintering. Utilizing this new
process, a series of REB66 samples were prepared with close to 100% relative density and little to no impurity
phases.
The measurement of the thermoelectric and magnetic properties of the sintered polycrystalline REB66 revealed
that the thermoelectric properties appear to be almost independent of the rare earth element. Mixed valence,
as previously described for SmB66, was not indicated in this study. Further studies on the compositional
dependence of the thermoelectric properties are necessary to show this conclusively. Additionally, it was
shown that there appears to be no difference in the thermoelectric performance between polycrystalline REB66
prepared by our synthesis process and single crystals of REB66 grown by the optical floating zone method.
[7,8,127] This is attributed to the complex crystal structure of REB66 and the electrical transport by Mott’s
VRH and amorphous-like thermal conductivity.
The independence of the thermoelectric properties on the microstructure could be beneficial for industrial
applications. The preparation of polycrystalline materials has additional advantages and allows for instance
the in-situ preparation of composites. [44,70]
The synthesis process can be further optimized by finding a way to better control the composition, for example
by direct synthesis of the REB66 phase in the induction furnace without the additional arc melting step and the
use of ball milling to reduce the particle size and thus the necessary sintering temperature. [102]
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Chapter 4: Thermoelectric Properties of Phase Pure Boron Carbide Prepared
by a Solution-Based Method

4.1 Introduction
In this chapter, the investigation of phase pure boron carbide with a composition of B4.05C and also
commercially available boron carbide powders will be described in detail. Boron carbide is conventionally
prepared by carbothermal reduction of boric acid or boron trioxide with carbon, magnesiothermic reduction of
boron trioxide or direct reaction of the elements.[156] Depending on the synthesis method, boron carbide
powders can contain up to 20 wt.% carbon.[157] Synthesis methods based on gels or solution-based methods
are being developed to synthesize boron carbide powders without carbon impurities. In these solution and gelbased synthesis processes organic precursors like mannitol, polymers or citric acid are used to form
homogeneous mixtures and the boron carbide is eventually formed after calcination at comparatively low
temperatures. [158–160] Using these synthesis methods it is also possible to control the size and shape of the
boron carbide particles by adjusting the synthesis conditions accordingly. [161]
Boron carbide has been studied extensively for the use as high temperature thermoelectric materials. Many
different synthesis methods have been used for the synthesis including arc melting, sintering, single crystal
growth and CVD for the preparation of thin films. [9,42,63,67,69,70,74,162,163] The thermoelectric properties
of boron carbide can vary depending on the synthesis technique and composition.[9,63] Therefore, the aim of
this study is the comparison of the thermoelectric properties of high purity boron carbide with low amounts of
residual carbon with commercially available boron carbide powders. The thermoelectric transport properties
of boron carbide are being discussed in detail in this chapter. The boron carbide powder prepared by the
solution-based method will be referred to as “High Purity boron carbide” in this chapter.

4.2 Experimental
4.2.1 Synthesis
The High Purity boron carbide powder was prepared by our collaborators from the Institute for Future
Environments (IFE) at the Queensland University of Technology (QUT) by a solution-based method. A short
summary of the synthesis process will be given here, the detailed description can be found in the publication
by Watts et al.[161]. Sucrose and H3BO3 were dissolved in deionized water and stirred at 80°C to form a
viscous gel. The gel is then heated under vacuum to remove the residual water. The powder was heated to
550°C as pre-treatment and finally calcined at 1400°C, both under Ar flow.
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The commercial boron carbide powders included in this study are Sigma (product number: 101637639),
American Elements (product number: BO-C-02M-P.40UM) and Goodfellow (product number: B506010) and
will be referred to as Boron Carbide 1, 2 and 3.

4.2.2 Characterization
The raw boron carbide powders were characterized using powder XRD using a diffractometer (PANalytical
X’Pert PRO, Bragg-Brentano geometry, Co Kα1 radiation). The phase quantification was performed using
FIPB (fixed incidence parallel beam) geometry. [13]
Powder XRD measurements after spark plasma sintering were performed using a diffractometer (Rigaku
Smartlab 3, Cu Kα radiation). The sintered samples were pulverized using a Si3N4 mortar.
SEM images of the raw powders were taken using a JEOL JSM-7001 FE-SEM. The fracture surface images
of the spark plasma sintered samples were taken using a Hitachi S-4800 FE-SEM.
The particle size of the raw boron carbide powders was determined by laser diffraction measurements using a
Malvern Masterizer 3000.

4.2.3 Sintering
The spark plasma sintering was performed using a Dr. Sinter SPS apparatus (FUJI ELECTRONIC
INDUSTRIAL CO., LTD.). The sintering was carried out using graphite dies (ϕ = 10 mm) lined with graphite
paper. The temperature during the sintering process was controlled using an optical pyrometer. The samples
were heated to 600°C over 5 min by slowly increasing the power output of the SPS instrument and then from
600°C to the final sintering temperature ranging from 1800 – 2000°C at a constant heating rate of
100°C min-1 under an applied uniaxial pressure of 50 MPa and dynamic vacuum conditions. The samples were
kept at the final sintering temperature for 5 – 10 min and then cooled down to room temperature. The pressure
was released towards the end of the isothermal step. The sintering conditions for the different samples are
listed in Table 4.1 and were determined for each individual boron carbide powder. The large differences in
particle size and phase composition caused relatively large differences in the temperatures which were required
for optimal densification.
Table 4.1 Sintering temperatures and holding times (at sintering temperature). [108]
Sample

sintering temperature [°C]

holding time [min]

High Purity

1900

10

Boron Carbide 1

1800

10

Boron Carbide 2

1950

10

Boron Carbide 3

2000

5
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The density of the sintered samples was determined by Archimedes’ method for samples with a relative
density >95% or from the measurement of the sample mass and dimension in the other cases.

Figure 4.1 Sintering schedule for boron carbide.

4.2.4 Physical Properties Measurements
The electrical properties of the sintered boron carbide samples were measured quasi-simultaneously using the
4-probe measurement setup of the ZEM-2 (ULVAC-Riko) apparatus. Bar shaped samples of roughly 2 mm x
2 mm x 8 mm were used for these measurements which was performed perpendicular to the pressure-axis of
the SPS process.
The specific heat up to 373 K was measured by DSC (Al crucibles on pieces of m ≈ 30 mg, Al2O3 as reference,
ISO E1269 - 11(2018)). The thermal diffusivity and relative specific heat were measured using the laser-flash
method on a TC-7000 apparatus (ULVAC-Riko) on disk shaped samples (ϕ ≈ 10 mm, h ≈ 2 mm). The specific
heat was extrapolated from 373 K to 973 K using the values determined by DSC for 373 K and the relative
specific heat measurements by LFA.
Low temperature measurements (10 – 373 K) of electrical resistivity, Seebeck coefficient and thermal
conductivity were performed in a PPMS by Quantum Design. Bar shaped samples of roughly 2 mm x 2 mm x
8 mm were contacted with two component silver epoxy in the standard 4-probe configuration for the TTO
(Thermal transport option) of the PPMS (Physical properties measurement system, Quantum Design)
instrument. Continuous measurements were performed with a heating rate of 0.35 – 0.4 K min-1.
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4.3 Results and Discussion
4.3.1 Powder Characterization
The powder XRD patterns for the raw boron carbide powders before SPS are shown in Figure 4.2. The
commercial samples show a peak which can be attributed to free carbon (graphite and amorphous carbon) of
varying intensity. This peak is absent in the High Purity sample indicating the absence of free carbon.
The relative phase content of the raw powders is summarized in Table 4.2. It was determined by Rietveld
refinement of the powder XRD patterns.[13] The primary and secondary phases referred to in Table 4.2
correspond to the averaged peak positions of the phases which were used in the refinement to describe the
diffraction pattern. The compositions of were then derived from the compositional dependence of the lattice
parameters.[164] Residual refers to non-diffracting material and impurities which corresponds to the “free”
carbon in the commercial samples. The relatively high residual value of the High Purity boron carbide has
been attributed to the structural model which leads to an overestimation of certain peaks and underestimation
of others.
The crystal structure of boron carbide has many defects which can influence its physical properties.
[31,32,62,165]
Within the scope of this study only the morphology and composition of the boron carbide phases were
considered.

Figure 4.2 Powder XRD patterns (Co Kα radiation) of boron carbide samples. Key reflections for
boron carbide are indexed; ◆ shows the position of free carbon. [108]
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Table 4.2 Phase weight content (wt.%) and corresponding carbon content (at.%) of phases and associated
Rwp value for boron carbide samples reproduced from the work of Watts et al.[13] [108]
Secondary
Primary Phase

Phase
Carbon

Sample

Residual

Rwp

Carbon

Content [wt%]

[at%]

Content [wt%]

High Purity

94.3

19.8 (B4.05C)

not present

Boron Carbide 1

77.7

19.0 (B4.26C)

Boron Carbide 2

70.1

Boron Carbide 3

78.1

[at%]

Phase [wt%]

not present

5.7

8.8

19.6

14.4 (B5.95C)

2.7

5.6

19.1 (B4.23C)

25.7

13.8 (B6.25C)

4.2

6.6

19.0 (B4.26C)

15.5

14.6 (B5.85C)

6.4

6.4

a

b

10 µm

10 µm

c

d

10 µm

1 µm

Figure 4.3 SEM images of boron carbide samples showing significant differences in particle size
and morphology. Samples are (a) Boron Carbide 3, (b) Boron Carbide 2, (c) Boron Carbide 1 and (d)
High Purity. [108]

The average particle size determined by laser diffraction measurements is shown in Table 4.3. The High Purity
boron carbide powder shows overall a smaller particle size than the commercially available powders with at
least 10% of the particles with a diameter in the submicron range. The SEM images of the raw boron carbide
powders are shown in Figure 4.3. The particle shape of the High Purity boron carbide more regular and closer
to a spherical shape due to the solution-based synthesis process. The commercial powders in comparison have
a less uniform particle shape and sharper edges which can most likely be attributed to the milling process
which was most likely used for the preparation of the powders.
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Table 4.3 Average particle sizes for boron carbide samples. [108]
Sample

d10 [µm]

d50 [µm]

d90 [µm]

High Purity

0.64

4.40

11.1

Boron Carbide 1

2.98

6.52

12.3

Boron Carbide 2

24.80

36.80

54.30

Boron Carbide 3

15.20

23.30

35.30

4.3.2 Characterization After Sintering
The theoretical density of carbon-rich boron carbide of the composition “B4C” has been determined as
ρ = 2.52 g cm-3 and was used for the calculation of the relative densities of the sintered boron carbide samples.
[9] The densification behavior showed relatively large differences between the investigated powders. The
temperature dependence of the densification of Boron Carbide 3 is shown in Figure 4.4 as an example.

Figure 4.4 Relative density of the Boron Carbide 3 sintered at different temperatures at 50 MPa applied
pressure and holding time of 10 min.

The High Purity boron carbide and Boron Carbide 1 could be densified to close to 100% at comparatively
lower temperatures (1900°C and 1800°C for High Purity and Boron Carbide 1 respectively) than Boron
Carbide 2 and 3 (1950°C and 2000°C for Boron Carbide 2 and Boron Carbide 3 respectively) which reached
relative densities of 88.5% and 96.4% respectively (Table 4.4). Increasing the temperature in the case of Boron
Carbide 2 lead to inhomogeneous sintering (lower density at the center) or material being squeezed from the
graphite die, likely due to partial melting. The particle size of the High Purity and Boron Carbide 1 samples
are overall significantly smaller than Boron Carbide 2 and Boron Carbide 3 as can be seen in Table 4.3. A
reduction in particle size generally leads to lower sintering temperatures required to achieve optimal
densification. [102]
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Table 4.4 Densities of the sintered boron carbide powder. [108]
Sample

measured density [g cm-3]

relative density [%]

High Purity

2.51

99.6

Boron Carbide 1

2.51

99.6

Boron Carbide 2

2.23

88.5

Boron Carbide 3

2.43

96.4

The powder XRD patterns of the samples after SPS show overall a reduction in the intensity in the peak
associated with free carbon compared to the raw boron carbide powders. The samples were crushed and
pulverized in a Si3N4 mortar for the powder XRD measurement and the peaks of Si3N4 can be seen in the XRD
profiles. The full powder XRD pattern is shown in Figure 4.5 and the region from 2θ = 20 – 30 degrees close
to the relevant peaks in Figure 4.6. The intensities of these peaks were greatly reduced in the case of the sample
Boron Carbide 3 and not present in the sample Boron Carbide 1 after SPS. The sample Boron Carbide 2 shows
a sharper carbon peak which could be related to higher crystallinity of the previously present amorphous carbon.

Figure 4.5 X-Ray diffraction patterns of boron carbide samples after SPS sintering showing a free carbon
peak at 26.5° (◆). Additional peaks due to contamination from Si3N4 (●) mortar during pulverization in
preparation for the XRD measurements. [108]

72

Figure 4.6 X-Ray diffraction patterns of boron carbide samples after SPS sintering showing a free carbon
(◆) peak at 26.5°. Additional peak at 27.0° due to contamination from Si3N4 (●) mortar during
pulverization in preparation for the XRD measurements. [108]

Figure 4.7 Fracture surface image of the sintered High Purity boron carbide powder showing close to 100%
densification. The surface was freshly fractured before the measurement. [108]
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A fracture surface SEM image of the sintered High Purity boron carbide is shown in Figure 4.7. Estimating
the grain size after SPS is difficult and etching (chemical or thermal) may be required to reveal the
microstructure more clearly. The fracture surface image shows close to 100% densification which is consistent
with the Archimedes’ density measurement.

4.3.3 Electrical Properties
The temperature dependence of the electrical resistivity of the boron carbide samples is shown in Figure 4.8.
The resistivity decreases with increasing temperatures by roughly 10 times in the temperature range of 373 K
to 973 K. The electrical resistivity of the Boron Carbide 2 sample is lower than the other investigated boron
carbides despite its overall lower density.
Different models have been used in the past to describe the electrical conduction in boron carbide. One model
is based on bipolaron hopping between B11C icosahedra.[14,64,65] The other model describes the electrical
conduction with variable range hopping between localized states and thermally activated band conduction. [15]
The electrical properties of the measured boron carbide samples will therefore be described using both of these
mechanisms. We also consider the nearest-neighbor hopping mechanism [137] which has an identical
temperature dependence for the electrical resistivity as the thermally activated band conduction.
Low temperature measurements (10 ≤ T ≤ 373 K) of the High Purity boron carbide sample as well as the Boron
Carbide 2 sample were performed to help better understand the conduction mechanism. Low temperature
measurements of the Boron Carbide 1 and Boron Carbide 3 samples were not carried out due to the similarity
of their physical properties to those of the High Purity boron carbide. Due to the increasingly high inner
resistance of the samples at low temperature, making accurate determination of the electrical resistivity and
Seebeck coefficient difficult, measured values for these physical properties are only available above 30 K and
60 K respectively. The high thermal conductivity also leads to uncertainties in the determination of the Seebeck
coefficient and thermal conductivity with increasing temperature, leading to a relatively large scattering of the
measurement data.
The temperature dependence of electrical resistivity in Mott’s variable range hopping follows
1⁄
4

𝑇0
𝜌 = 𝜌0 𝑒𝑥𝑝 ( )
𝑇

(4.1)

with ρ0 and T0 being the characteristic resistivity and temperatures.[136] It can be seen in Figure 4.9 that the
samples follow the VRH temperature dependence well up to a temperature of T≈200 K. Deviations of the High
Purity sample are most likely due to the increasing contact resistance between the sample and the contacts.
Electrical conduction following Mott’s VRH at low temperatures has been recently reported for boron carbide
nanowires. [166]
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Figure 4.8 Temperature dependence of the electrical resistivity ρ of boron carbide samples. [108]

Figure 4.9 Plot of the electrical resistivity ρ vs. T-1/4 according to Mott’s variable range hopping conduction
for the whole temperature range 25 – 973 K (left) and the low temperature range 25 – 300 K (right). The
black line indicates the fitting of the resistivity following the VRH conduction mechanism for the samples
High Purity and Boron Carbide 2.
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The electrical resistivity for the temperature range 323 – 973 K for the High Purity and Boron Carbide 2
samples are shown in Figure 4.10 plotted according to the bipolaron hopping and the thermally activated band
conduction / nearest neighbor hopping conduction mechanisms.

Figure 4.10 Plot of the electrical resistivity ρ / T vs. 1000 / T according to the small bipolaron hopping
conduction mechanism and electrical resistivity ρ vs 1000 / T according to Arrhenius-type conduction
(thermally activated band conduction or Nearest-Neighbor Hopping conduction) for the samples High Purity
and Boron Carbide 2. [108]

The temperature dependence of the electrical resistivity according to bipolaron hopping conduction is given
by
𝜌 ∝ 𝑇 exp(

𝐸ℎ
)
𝑘𝑇

(4.2)

with EH being the hopping activation energy.[14] The electrical resistivity of both High Purity and Boron
Carbide 2 follow this temperature dependence well in this temperature range.
Electrical conduction by thermally activated band conduction / nearest neighbor hopping follows
𝐸𝐴
𝜌 ∝ exp ( )
𝑘𝑇

(4.3)

with EA being the activation energy. The agreement of the electrical conduction is similar to the bipolaron
hopping mechanism, there is however deviation towards higher temperatures.
As mentioned earlier, the Boron Carbide 2 sample has lower resistivity than the other boron carbide samples
investigated. The electrical resistivity of boron carbide depends on the chemical composition and varies with
the carbon content of the phase. [9] A minimum in electrical resistivity is found for a carbon content of 13.3
at.% [64] to 13.5 at.% [15] which corresponds to a chemical composition of B6.5C. [62] Following the bipolaron
hopping model, the concentration of bipolaronic holes is at a maximum at this composition. In the TAC model
concentration of B12-icosahedra is at a maximum at the composition of B6.5C and the concentration of B11C-
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icosahedra at a minimum. At higher carbon concentrations, the carbon acts as an electron donor and
compensates the electron deficiency, leading to reduced electronic conduction.
The Boron Carbide 2 powder contained the highest amount of boron-rich boron carbide according to the results
of the XRD phase analysis (Table 4.2). This could explain the lower resistivity of this sample despite its lower
density compared to the other boron carbide samples.
The hopping/activation energies derived from the fitting of the electrical resistivity are listed in Table 4.5.
Table 4.5 Activation/Hopping energies for the bipolaron hopping (BPH) and nearest neighbor hopping
(NNH)/Thermally activated conduction (TAC). [108]
Sample

EH (BPH) [eV]

EA (NNH/TAC) [eV]

High Purity

0.163

0.120

Boron Carbide 2

0.162

0.119

The temperature dependence of the Seebeck coefficients of the boron carbide samples are shown in Figure
4.11. There is a monotonic increase of the Seebeck coefficient up to 300 – 400 K as indicated by the low
temperature measurements on the High Purity and Boron Carbide 2 samples. In the temperature range 323 –
973 K the Seebeck coefficient of all samples shows only small changes with temperature and ranges from
roughly 225 – 280 μV.K-1.
For compounds following variable-range hopping conduction mechanism, the temperature dependence of
Seebeck coefficient can be described in the following way [140]:
𝑘 𝜋−2
2𝜋
𝑑𝑙𝑛𝑁(𝐸)
𝛼≈ − (
𝑘√𝑇𝑇0 +
𝑘𝑇) (
)
𝑒
𝜋
3
𝑑𝐸
𝐸=𝐸𝐹

(4.4)

for values of the characteristic temperature T0 > 104 K the T0.5 term is dominant (T0 = 1.08x107 K and 1.05x107
K for the High Purity and Boron Carbide 2 samples respectively) which is shown by fitting the temperature
dependence of the Seebeck coefficient in the temperature range of 60 – 373 K in Figure 4.11 with α ∝ T0.5.
Despite the large scattering of the measured values the measurements agree overall with the temperature
dependence of the VRH model.
The Seebeck coefficient for polaron hopping is expected to be independent of the temperature in the high
temperature limit.[167] Small negative temperature dependencies have been observed for boron carbide in
previous studies. This has been attributed to the presence of conductive carbon inclusions which can lead to a
short-circuiting and reduce the Seebeck coefficient. [65] This agrees with the temperature dependence of the
Seebeck coefficient in this study with the Seebeck coefficient of the sample Boron Carbide 2 decreasing with
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increasing temperature. Boron Carbide 2 also had the highest intensity of peaks corresponding to free carbon
in the powder XRD patterns after SPS among the investigated samples.

α ∝ T 0.5.

Figure 4.11 Temperature dependence of the Seebeck coefficient α of boron carbide samples. [108]

The temperature dependence of the Seebeck coefficient of the other samples, that is High Purity, Boron
Carbide 1 and Boron Carbide 3 appear to show a very broad minimum in the measured temperature range of
323 – 973 K.
For nearest neighbor hopping the Seebeck coefficient is expected to follow [140]
𝑘 𝜋 − 2 𝐸𝐴2 2𝜋
𝑑𝑙𝑛𝑁(𝐸)
𝛼 ≈ − (
+
𝑘𝑇) (
)
𝑒
𝜋 𝑘𝑇
3
𝑑𝐸
𝐸=𝐸𝐹

(4.5)

using the value for EA (or ε3 as used by Sir Nevill Mott and other authors[137,140]) from the fitting of the
electrical resistivity (Figure 4.10 and Table 4.6) the minimum temperature
3(𝜋 − 2)
𝑇𝑚𝑖𝑛 = 𝐸𝐴 √
2𝜋 2

(4.6)
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Tmin = 579.7 K and Tmin = 574.5 K for the High Purity and Boron Carbide 2 samples respectively can be
calculated. This agrees fairly well with the measured Seebeck coefficient of the High Purity boron carbide.
The Seebeck coefficient of the Boron Carbide 2 sample decreases slightly with increasing temperature. As
previously mentioned, this could be attributed to the presence of conductive carbon inclusions in the sample.
The electronic properties of the boron carbide samples measured in this investigation can be described by the
variable range hopping mechanism at temperatures T ≤ 200 K and by the nearest neighbor hopping mechanism
for temperatures 323 K ≤ T ≤ 750 K. This is a behavior that is also largely observed in disordered solids such
as amorphous materials.[136] The electrical resistivity at higher temperatures is deviating from these
conduction mechanisms, the origin of this deviation will require additional clarification. The bipolaron
hopping model describes the electrical conduction at elevated temperatures well. However, the possibility of
the existence of bipolarons in boron carbide has been questioned. This is based on low Raman intensities
(lattice polarizability is responsible both for the formation of polarons as well as Raman scattering intensity),
small electron-phonon coupling constants and effective mass for holes comparable to the band mass (polarons
are expected to have high effective mass). [15]
The temperature dependence of the power factor pf = α2 ρ-1 is shown in Figure 4.12. The power factor increases
steadily for all boron carbide samples and reaches values around 0.4 mW m-1 K-2 close to 1000 K.

Figure 4.12 Temperature dependence of the power factor pf = α2/ρ of boron carbide samples. [108]
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4.3.4 Thermal Properties
The thermal conductivity κ in the temperature range 373 – 973 K is calculated from κ =ρ D Cp is shown in
Figure 4.13. The High Purity as well as the Boron Carbide 1 and Boron Carbide 3 samples have high thermal
conductivity values of roughly 20 W m-1 K-1 at 373K which decrease with increasing temperatures to 12 – 15
W m-1 K-1 at 973 K. The Boron Carbide 2 sample on the other hand has a significantly reduced thermal
conductivity, especially at lower temperatures around 373 K.
It has been shown that the composition has a large influence on the thermal conductivity of boron carbide. The
thermal conductivity is the highest for carbon-rich boron carbides with a composition close to B4C and
decreases with increasing boron content.[9,168] This has been explained through the higher prevalence of CB-C chains linking B12 icosahedra in the structure in carbon-rich boron carbide as mentioned previously in
Chapter 1. This causes carbon-rich boron carbide to behave more like crystalline solid while boron-rich boron
carbide is more disordered. [168]
Since the Boron Carbide 2 sample with the lower thermal conductivity also has a lower relative density than
the other investigated samples it is necessary to estimate the influence of the porosity on the thermal
conductivity. For low values of porosity (<15%) a simple model like the Maxwell-Eucken model [169] can be
used
𝜅𝑒𝑓𝑓
𝜅𝑃 + 2𝜅𝐵 + 2 𝑣𝑃 (𝜅𝑃 − 𝜅𝐵 )
1 − 𝑣𝑃
=
≈
1
𝜅𝐵
𝜅𝑃 + 2𝜅𝐵 − 𝑣𝑃 (𝜅𝑃 − 𝜅𝐵 )
1 + 2 𝑣𝑃

(4.7)

with κeff, κB, κP and vP being the effective thermal conductivity, the bulk thermal conductivity, the pore thermal
conductivity and the pore volume fraction respectively. Since κB >>κP the thermal conductivity of the pores
can be neglected as an approximation. The simplified equation gives a reduction in thermal conductivity of
less than 20% for a pore volume fraction vp = 11.5.
The reduction in thermal conductivity is therefore expected to be not due to porosity alone but additional
factors like the composition need to be considered as well. As mentioned in the discussion of the electrical
properties, the results of the thermal conductivity measurement agree with the XRD phase analysis summarized
in Table 4.2. The High Purity, Boron Carbide 1 and Boron Carbide 3 have thermal conductivities comparable
to carbon-rich boron carbides reported in earlier investigations while the Boron Carbide 2 has a thermal
conductivity closer to boron-richer boron carbide.
The low temperature TTO measurements of the thermal conductivity show typical behavior for disordered
materials.[37] The measurements also agree fairly well with the high temperature LFA results.
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Figure 4.13 Temperature dependence of the thermal conductivity κ of boron carbide samples. [108]

Figure 4.14 Temperature dependence of the figure of merit ZT of boron carbide samples. [108]
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4.3.5 Figure of Merit
The temperature dependence of the figure of merit ZT can be seen in Figure 4.14 for 373 – 973 K. ZT increases
monotonously with increasing temperature up to values of 0.027 – 0.046 at 973 K. The highest values were
observed for the Boron Carbide 2 sample while the High Purity, Boron Carbide 1 and Boron Carbide 3 samples
have lower and very similar values throughout the whole temperature range. This difference can be attributed
to the higher content (25.7 wt.% for Boron Carbide 2 compared to 19.6 wt.% and 15.5 wt.% for Boron Carbide
1 and Boron Carbide 3 respectively) of boron-richer secondary phase (B6.25C for Boron Carbide 2 compared
to B5.95C and B5.85C for Boron Carbide 1 and Boron Carbide 3 respectively) of the Boron Carbide 2 powder
compared to the other investigated samples. This agrees well with previous reports on the dependence of the
thermoelectric performance on the chemical composition. [9]

4.4 Conclusion
In this chapter, the study of the thermoelectric properties of boron carbide has been described. For this purpose,
a phase pure boron carbide sample synthesized by a solution-based method as well as commercially available
boron carbide powders were analyzed and densified using spark plasma sintering. All samples showed similar
thermoelectric properties with the exception of the Boron Carbide 2 sample. The interpretation of the
thermoelectric properties showed in agreement with the XRD phase analysis that higher contents of boronricher boron carbide phase is responsible for the overall higher thermoelectric performance of this sample.
In addition, the electrical transport in boron carbide was discussed by applying and comparing different
transport mechanisms including bipolaron hopping, variable range hopping, nearest neighbor hopping and
thermally activated band conduction. Our results show temperature dependences of the electrical resistivity
and Seebeck coefficient at T ≤ 200 K corresponding to the variable-range hopping mechanism. The bipolaron
hopping conduction agreed overall well with the temperature dependencies of the electrical resistivity and
Seebeck coefficient at temperatures T ≥ 323 K. The nearest-neighbor hopping mechanism describes the
temperature dependence of the electrical resistivity well with small deviations at high temperatures of
T > 750 K. Broad minima were observed in the temperature dependence of the Seebeck coefficient which
matches the predictions of the nearest-neighbor hopping well. Nearest-neighbor hopping may therefore be a
good model to describe the electrical conduction mechanism in boron carbide.
While the thermoelectric properties of the boron carbide prepared by a solution-based process were not an
improvement over commercial boron carbide powders, it showed good sintering behavior thanks to the uniform
particle shape and defined composition. This makes it an attractive material for further investigation. Using
this synthesis method, boron carbide of the composition B6.5C should be prepared to improve the thermoelectric
performance.
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Chapter 5: Study of Seebeck Enhancement by Spin Fluctuation in
Ferromagnetic Fe2V1-xMxAl1-y (M=Mn, Co) Full Heusler Alloys

5.1 Introduction
In this chapter the investigation of Fe2VAl Full Heusler alloys as low temperature thermoelectric materials is
described. The Heusler alloy Fe2VAl is an attractive candidate for this temperature range due to its high power
factor pf = α2 ρ-1 which can reach values exceeding 5 mW m-1 K-2 which is comparable to bismuth telluride
which is currently being used in commercial thermoelectric modules. [81,88]
Recently it has been shown by Tsujii et al. that the Seebeck coefficient in weakly ferromagnetic doped Fe2VAl
can be enhanced through the contribution of spin fluctuations.[16] Spin fluctuations occur in weak itinerant
electron ferromagnets [170] and cause a drag of conduction electrons which is responsible for the enhanced
Seebeck coefficient. [16,171] A power factor of 1.2 mW m-1 K-2 was reported for Fe2.2V0.8Al0.6Si0.4 at 300 K
with a Curie-Weiss temperature of 292 K. [16] It was estimated that up to 50% enhancement of the Seebeck
coefficient could be due to contributions from spin fluctuations.
Based on these results we try to develop Fe2VAl Full Heusler alloys with good thermoelectric performance at
room temperature. Stoichiometric Fe2VAl is non-magnetic [172], so a series of Fe2V(1-x)MxAl (M = Co, Mn;
x = 0.1 – 0.3) was prepared in order to obtain ferromagnetic materials with a Curie-Weiss temperature close
to 300 K as it has been shown that the spin fluctuation enhancement of the Seebeck coefficient has a maximum
at this temperature.[16]

5.2 Experimental
Stoichiometric amounts (m ~ 5g for each sample) of Fe (99.9%), V (99.9%), Al (99.999%), Mn (99.9%) and
Co (99.9%) for Fe2V1-x(Co,Mn)xAl (x = 0.1, 0.2, 0.3) were weighed and arc melted under Ti-gettered Ar
atmosphere. An arc furnace with a water-cooled Cu plate and a W-electrode were used. The samples were
flipped and re-melted 4-5 times to ensure homogeneity. The melted ingots were annealed in evacuated quartz
tubes in Ta-foil capsules at 1173 K for 7 days and slow-cooled to room temperature.
The annealed samples were hand milled using a tungsten carbide mortar and subsequently ball milled in a
planetary ball mill (Fritsch Pulverisette) in a tungsten carbide jar with tungsten carbide balls under Ar
atmosphere for 4h at 300 rpm. The powders were then consolidated into dense cylinders using spark plasma
sintering using a Dr. Sinter SPS apparatus (FUJI ELECTRONIC INDUSTRIAL CO., LTD.). Graphite dies of
inner diameter ϕ = 10 mm lined with graphite paper and graphite punches were used. The sintering was
performed under dynamic vacuum (<4 Pa) with an applied uniaxial pressure of 40 MPa. The temperature was
controlled using an optical pyrometer. The sintering schedules included a heating step to 600°C over 10 min
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followed by a heating step at a heating rate of 50°C min-1 to the final sintering temperature of 900°C were it
was kept for 30 min before cooling down to room temperature afterwards.

Figure 5.1 Sintering schedule for Full Heusler Fe2V1-x(Co,Mn)xAl .
The sintered samples were characterized by XRD measurements for phase identification. Quantitative analysis
was performed by WDX-EPMA SEM measurements.
The magnetic properties were measured using a MPMS (Quantum Design) instrument utilizing a SQUID
magnetometer. Magnetic susceptibility measurements were performed in a temperature range of 2 – 325 K at
applied magnetic fields of 0.1 – 10 kOe. Magnetization measurements were carried out at temperatures of 5,
100, 200 and 300 K with applied magnetic fields up to 70 kOe.
The thermoelectric transport properties (Seebeck coefficient, electrical resistivity and thermal conducitivty)
were measured using a PPMS instrument (Quantum Design) in a temperature range of 10 – 373 K under
applied magnetic fields of 0 and 90 kOe using the TTO option. The electrical current, temperature gradient
and magnetic field were all applied in the same directions. Continuous measurements were performed with a
heating rate of 0.35 – 0.4 K min-1.
Additional measurements of the electrical resistivity were performed using the ACT option of the PPMS
instrument due to large scatter in the resistivity data measurement under the applied magnetic field
(H = 90 kOe) in the TTO measurement. The ACT measurement setup is shown in Figure 5.2. This setup was
used for applying the magnetic field parallel to the electrical current.
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Figure 5.2 ACT electrical resistivity measurement setup. A copper block (high thermal conductivity for even
temperature distribution in the sample) is wrapped in Kapton tape for electrical insulation. Short copper
wires are attached to the samples with two-component silver paste and connected to the contacts of the ACT
sample puck.

5.3 Results and Discussion
5.3.1 Characterization
The XRD patterns shown in Figure 5.3 were taken on the polished surface of the sintered samples. The
mechanical stress upon grinding in the mortar to pulverize the sample could induce disorder in the ordered L21
structure. [79]

Figure 5.3 XRD patterns of the samples Fe2V1-xCoxAl and Fe2V0.8Mn0.2Al
after spark plasma sintering at 900 °C using Cu Kα radiation.
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All samples in Figure 5.3 showed the ordered L21 structure for the Full Heusler phase. The XRD patterns show
only small amounts of impurities which were identified as aluminium oxide and tungsten carbide.
The WDX-EPMA SEM analysis (Table 5.1) shows that Co and Mn were successfully introduced into the
structure. The quantitative analyses of the Full Heusler main phases show a slight deficiency in Al and a
slightly higher V content. Whether the latter is due to matrix effects or an actual increase in the V content in
the course of the sample preparation remains to be determined. The transport properties of Fe2VAl are very
sensitive to off-stoichiometry [82,90,173], therefore we are currently investigating the effects of offstoichiometry in the samples with V/Co substitution in the series Fe2V0.9Co0.1Al1±x on the magnetic and
thermoelectric properties. The Mn doped samples showed a deficiency in Mn compared to the nominal
composition. This corresponds well to higher weight losses (~ 2 wt.%) observed during the arc melting process.
A new series of samples with Mn substitution Fe2V1-xMnxAl has been prepared and weight losses during arc
melting have been kept below 0.7 wt.% for all samples, thus ensuring only small deviations from the nominal
composition.

Figure 5.4 SEM micrographs (BSE detector) of the samples Fe2V1-xCoxAl and Fe2V0.8Mn0.2Al (grey) after
spark plasma sintering at 900 °C. The samples contain WC impurities (white) due to contamination from the
jar and balls during the ball milling and Al2O3 and small pores (black).
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Table 5.1 WDX-EPMA SEM analysis of the samples Fe2V1-xCoxAl and Fe2V0.8Mn0.2Al
after spark plasma sintering at 900 °C.
Nominal composition

Measured composition

Fe2V0.9Co0.1Al

Fe2V1.052Co0.103Al0.942

Fe2V0.8Co0.2Al

Fe2V0.936Co0.204Al0.945

Fe2V0.7Co0.3Al

Fe2V0.827Co0.304Al0.948

Fe2V0.8Mn0.2Al

Fe2V0.875Mn0.118Al0.942

5.3.2 Magnetic Properties
Stoichiometric Fe2VAl has a non-magnetic ground state. [172] Upon substitution of V with Co we to see
ferromagnetic behavior. Due to the loss of Mn in the arc melting process described in Section 5.3.1 only the
magnetic properties of the Co doped samples have been investigated in detail so far.

Figure 5.5 Temperature dependence of the magnetic susceptibility/magnetization of the samples
Fe2V1-xCoxAl.
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The temperature dependence of the magnetic susceptibility / magnetization in Figure 5.5 for the samples
Fe2V1-xCoxAl shows an increase in the Curie temperature θ and the effective magnetic moment μeff with
increasing Co content. The Curie temperature of the sample Fe2V0.7Co0.3Al appears to lie just outside the
temperature range of the MPMS instrument as can be seen from the ΔM/ΔT vs. T plot.
The magnetic field dependence of the magnetization M is plotted in Figure 5.6. The saturation magnetization
increases with increasing Co content with overall relatively low values of 0.3 – 0.7 μB per Co and Fe atom.

Figure 5.6 Magnetic field dependence of the magnetization of the samples Fe2V1-xCoxAl at 5 – 300 K.

5.3.3 Thermoelectric Properties
The thermoelectric properties of the samples Fe2V1-xCoxAl and Fe2V0.8Mn0.2Al are shown in Figure 5.7.
Undoped, stoichiometric Fe2VAl is a p-type semiconductor-like behavior with a room temperature Seebeck
coefficient of roughly 25 μV K-1. [82]
The electrical resistivity in the series Fe2V1-xCoxAl is reduced with increasing Co substitution. The Seebeck
coefficient is negative (to determine whether this is due to the small amount of Al deficiency reference samples
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of stoichiometric undoped Fe2VAl have been prepared and will be measured) and the absolute value diminishes
with increasing Co content. Consequently, the overall power factor is greatly reduced with increasing amount
of Co. The Mn doped sample showed p-type semiconducting behavior over the whole temperature range. This
is most likely due to the Mn loss in the arc melting process, similar trends in the thermoelectric properties have
been reported for V-deficient Fe2VAl. [82]

Figure 5.7 Temperature dependence of the thermoelectric properties of the samples Fe2V1-xCoxAl and
Fe2V0.8Mn0.2Al in the temperature range 10 – 373 K measured by PPMS-TTO.
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The electrical resistivity of Fe2V0.9Co0.1Al and Fe2V0.8Co0.2Al show metallic behavior at low temperatures T<θ
with a maximum at the Curie temperature θ where it changes to semiconducting behavior for T>θ. When
applying a magnetic field this maximum, which is caused by the scattering of conduction electrons on spin
fluctuations, is suppressed. Fe2V0.7Co0.3Al and Fe2V0.8Mn0.2Al show semiconducting behavior throughout the
whole temperature range.

Figure 5.8 Temperature dependence of the electrical resistivity of the samples Fe2V1-xCoxAl and
Fe2V0.8Mn0.2Al in the temperature range 10 – 373 K with and without applied magnetic field measured by
PPMS-ACT.

The effect of the applied magnetic field on the temperature dependence of the Seebeck coefficient is shown in
Figure 5.9. The contribution of electrons as charge carriers to the Seebeck coefficient is reduced when a strong
magnetic field is applied. This effect is most pronounced close to the Curie temperature θ where a maximum
in the plot of |α0T – α9T| against the temperature can be observed (Figure 5.10). This is attributed to spin
fluctuation contributions to the Seebeck coefficient, which is suppressed by the application of a magnetic field.
[16] In the samples Fe2V0.8Co0.2Al and Fe2V0.7Co0.3Al a positive contribution to the Seebeck coefficient can be
observed at low temperatures.
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In these samples, both holes and electrons contribute to the Seebeck coefficient according to
𝛼=

𝛼𝑝 𝜎𝑝 + 𝛼𝑛 𝜎𝑛
𝜎𝑝 + 𝜎𝑛

(5.1)

with σn, σp, αn and αp being the electrical conductivity and Seebeck coefficient due to electrons and holes
respectively. This behavior resembles the temperature dependence of Fe2-xNixVAl in which an impurity state
was introduced in the electronic DOS in the pseudo-gap by the Fe/Ni substitution. [174]
The contribution of holes to the Seebeck coefficient appears to be unaffected by the magnetic field however
as shown in Figure 5.9 on the p-type Fe2V0.8Mn0.2Al.

Figure 5.9 Temperature dependence of the Seebeck coefficient of the samples Fe2V1-xCoxAl and
Fe2V0.8Mn0.2Al in the temperature range 10 – 373 K with and without applied magnetic field.

The maximum of |α0T – α9T| is shifted towards higher temperatures with increasing Co content in the material
in correlation to the change in the Curie temperature. At the same time, the absolute value of the Seebeck
coefficient is reduced, resulting in a deterioration of the overall thermoelectric performance. To optimize the
thermoelectric properties with a maximum in the Seebeck coefficient enhancement close to room temperature,

92
additional samples with fixed V/Co (and V/Mn if the newly synthesized Fe2V1-xMnxAl samples show
ferromagnetic behavior) substitution and additional variation in either the Al content or Al/Si substitution will
be necessary.
It is difficult to estimate the total spin fluctuation contribution to the Seebeck coefficient due to the additional
contribution by holes. The total contribution can be estimated by the difference of the measured Seebeck
coefficient and the linear extrapolation of the low temperature part of the Seebeck measurement which is
assumed to be equal to the Seebeck from the diffusion of charge carriers.[16]

Figure 5.10 Temperature dependence of the Seebeck coefficient with and without applied magnetic field
|α0T – α9T| of the samples Fe2V1-xCoxAl in the temperature range 10 – 373 K.

5.4 Conclusion
The thermoelectric and magnetic properties of Fe2V(1-x)MxAl (M = Co, Mn; x = 0.1 – 0.3) Heusler alloys have
been studied at low temperatures. Substitution of V with Co resulted in weakly ferromagnetic n-type materials
which showed the desired enhancement of the Seebeck coefficient through spin fluctuation. By increasing the
cobalt content, it was possible to shift the Curie temperature and thus the temperature of maximum
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enhancement of the Seebeck coefficient towards temperatures > 300 K. Increased doping lead to a reduction
in the power factor, most likely due to the introduction of a Co impurity band in the pseudo-gap. Further studies
to optimize the thermoelectric properties of the material, for example by varying the composition or co-doping,
will be required.
Mn doped samples showed p-type behavior due to Mn losses which were observed during arc melting. The
Seebeck coefficient of the p-type sample of nominal composition Fe2V0.8Mn0.2Al showed no difference in the
measurement of the Seebeck coefficient with and without the application of magnetic fields. A new series of
Mn doped samples is being prepared and measured.
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Conclusion and Outlook
In this thesis, thermoelectric materials for high and room temperature in an effort to explore novel areas of
application have been studied. The main results will be summarized here.
Higher borides – REB66 (RE = Y, Sm, Ho, Tm and Yb) and boron carbide - have been studied for the potential
application as high temperature thermoelectric materials. These results contribute to the understanding of the
physical properties of these materials and also their processing. REB66 was studied in both single crystalline as
well as polycrystalline form. The investigation of single crystalline YbB66 had the purpose to determine the
possible contribution of mixed valence to the thermoelectric properties of REB66 materials. It was however
found by the determination of the effective magnetic moment that ytterbium in YbB66 is exclusively trivalent.
Its thermoelectric transport properties were very similar to SmB66. It was found from the determination of the
chemical composition (by inductively coupled plasma atomic emission spectroscopy and by single crystal
structure refinement) that the chemical composition of the YbB66 single crystal was more ytterbium-rich with
an Yb:B ratio of approximately 1:59. It is therefore suggested that the composition is the main influential factor
for the electrical properties in REB66 instead of differences in the rare earth element. Regarding SmB66, an
alternative method to the measurement of the magnetic susceptibility for determination of the valence state of
samarium in SmB66 should be employed considering the deviations of the effective magnetic moment of Sm(+3)
from the theoretical values. To further elaborate these findings, an alternative synthesis method to the difficult
process of single crystal growth for REB66 compounds was established. The process involves borothermal
reduction, arc melting and spark plasma sintering to prepare single phase REB66 samples of high purity. The
thermoelectric properties of polycrystalline REB66 prepared by this process were shown to be equivalent to
those of the single crystals from previous investigations. This faster and simpler process could help with the
potential industrial processing of these high temperature thermoelectric materials. The process currently
involves arc melting for the formation of the REB66 phase which is responsible for some uncertainty in the
chemical composition of the materials. To further improve this process, it will be necessary to find conditions
to fully form the REB66 phase in the initial sintering in the high-frequency induction furnace to omit the arc
melting.
The processing and thermoelectric properties, particularly the electrical transport properties, were further
studied on high purity boron carbide (synthesized by a solution based method by collaborators) and
commercially available boron carbide powders. Higher borides generally have highly disordered and complex
crystal structures and unusual physical properties. Different conduction mechanisms were compared to further
the understanding of the thermoelectric properties of these materials by measuring the temperature dependent
properties in a temperature range of 10 – 973 K. It was proposed that the electrical properties of boron carbide
could be described using the nearest-neighbor hopping mechanism instead of the bipolaron hopping / variable
range hopping + band conduction used so far. This is supported by the temperature dependence of electrical
resistivity and Seebeck coefficient which fit the theoretical predictions of the nearest-neighbor hopping
mechanism fairly well.
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While a major part of the work in this thesis is dedicated to the investigation of high temperature thermoelectric
materials, there is additional interest in finding high performance materials on the other end of the spectrum
for low/room temperature applications. Fe2VAl Full Heusler alloys have been investigated for this purpose and
promising initial results were found. Substitution of V by Co in Fe2VAl was found to be successful in achieving
ferromagnetic materials with Curie temperatures of magnetic ordering increasing with increasing Co content.
This was first aim of this work since the spin fluctuation contribution to the Seebeck coefficient has a maximum
at the Curie temperature. While the initial goal was achieved, the thermoelectric performance of the material
is still low so further improvement will be necessary. To this end, changes in the composition and different
substitutions should be employed since the material is very susceptible to off-stoichiometry.
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Figure 3.2 XRD patterns of REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma sintering.
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Peaks of Si3N4 (●) introduced from the mortar during pulverization for the powder XRD measurement.
The Bragg-positions at the bottom refer to the YB66 structure- type.[46]
Figure 3.3 SEM-EDX images of REB66 sample.s prepared by spark plasma sintering. The samples
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show density close to 100% of the theoretical values with the exception of YB66. The elemental
mapping of the samples shows that the prepared samples are homogenous and single phase, with the
exception of SmB66 and YbB66. SmB66 has small quantities of SmB6 (bright). Yb-mapping shows a Ybdeficient secondary phase, which is slightly B-richer, most likely β-rhombohedral boron (bright phase
in B mapping, dark phase in Yb mapping).
Figure 3.4 SEM images (mixed BSE+SE detector) of SmB66 sintered at 1750 °C. The sample contains
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areas with secondary phases, SmB6 (bright) and elemental boron (dark). Top: sample edge, Bottom:
sample center.
Figure 3.5 Magnetic Susceptibility of REB66 (RE = Ho, Tm, Yb) prepared by spark plasma sintering
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measured with an applied magnetic field of H = 1 kOe. Theoretical values for μeff (RE3+) = g[J(J+1)]1/2
taken from “Kittel – Introduction to Solid State Physics”[131] The curve fitting was performed for the
temperature region 100 – 300 K in which all samples follow ideal Curie-Weiss behavior. The dashed
line shows the continuation of the fitting curve up to the respective Curie-Weiss temperature.
Figure 3.6 Plot of the Curie-Weiss temperatures of REB66 for the trivalent rare earth ions adapted from
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T. Mori.[4] Value for YbB66 single crystal from Sauerschnig et al.[127]
Figure 3.7 Electrical resistivity ρ for REB66 (RE = Y, Sm, Ho, Tm, Yb) according to Mott’s variable
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range hopping mechanism prepared by spark plasma sintering. Data for the single crystal of SmB66 and
YbB66 plotted as a reference. [7,127]
Figure 3.8 Seebeck coefficient α for REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma
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sintering. Data for the single crystal of SmB66 and YbB66 plotted as a reference. [7,127]
Figure 3.9 Power Factor α2/ρ for REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma sintering.
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Data for the single crystal of SmB66 and YbB66 plotted as a reference. [7,127]
Figure 3.10 Thermal conductivity κ of REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma
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sintering. Dt, Cp and ρ are the thermal diffusivity, specific heat and density respectively. Data for the
single crystal of SmB66 and YbB66 plotted as a reference. [7,127]
Figure 3.11 Figure of merit ZT of REB66 (RE = Y, Sm, Ho, Tm, Yb) prepared by spark plasma sintering.
α, κ and ρ are the Seebeck coefficient, thermal conductivity and electrical resistivity respectively. The
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data of Seebeck coefficient and resisitivity were interpolated to match the measurement temperature of
the thermal conductivity. Data for the single crystal of SmB66 and YbB66 plotted as a reference. [7,127]
Figure 4.1 Sintering schedule for boron carbide.
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Figure 4.2 Powder XRD patterns (Co Kα radiation) for four boron carbide samples. Key reflections for
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boron carbide are indexed; ◆ shows the position of free carbon. [108]
Figure 4.3 SEM images of boron carbide samples showing significant differences in particle size and
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morphology. Samples are (a) Boron Carbide 3, (b) Boron Carbide 2, (c) Boron Carbide 1 and (d) High
Purity. [108]
Figure 4.4 Relative density of the Boron Carbide 3 sintered at different temperatures at 50 MPa applied
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pressure and holding time of 10 min.
Fig. 4.5 X-Ray diffraction patterns of boron carbide samples after SPS sintering showing a free carbon
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peak at 26.5° (◆). Additional peaks due to contamination from Si3N4 (●) mortar during pulverization
in preparation for the XRD measurements. [108]
Figure 4.6 X-Ray diffraction patterns of boron carbide samples after SPS sintering showing a free
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carbon (◆) peak at 26.5°. Additional peak at 27.0° due to contamination from Si3N4 (●) mortar during
pulverization in preparation for the XRD measurements. [108]
Figure 4.7 Fracture surface image of the sintered High Purity boron carbide powder showing close to
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100% densification. The surface was freshly fractured before the measurement. [108]
Figure 4.8 Temperature dependence of the electrical resistivity ρ of boron carbide samples. [108]
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Figure 4.9 Plot of the electrical resistivity ρ vs. T-1/4 according to Mott’s variable range hopping
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conduction for the whole temperature range 25 – 973 K (left) and the low temperature range 25 – 300
K (right) for the samples High Purity and Boron Carbide 2. The black line indicates the fitting of the
resistivity following the VRH conduction mechanism.
Figure 4.10 Plot of the electrical resistivity ρ / T vs. 1000 / T according to the small bipolaron hopping
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conduction mechanism and electrical resistivity ρ vs 1000 / T according to Arrhenius-type conduction
(thermally activated band conduction or Nearest-Neighbor Hopping conduction) for the samples High
Purity and Boron Carbide 2. [108]
Figure 4.11 Temperature dependence of the Seebeck coefficient α of boron carbide samples. [108]
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