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Abstract 

With increasing energy demand and a move away from non-renewable power generation, 

the development of more efficient renewable energy sources is important. Thermoelectric 

generators (TEGs) can convert heat directly into electricity, which can be used to increase 

the overall efficiency of heat-based processes or operate independently in extreme 

conditions. Half-Heusler materials are of interest due to their good electronic and 

structural properties. 

Chapters 3 and 4 examine the thermoelectric properties of n-type XNiCuySn 

(X = Ti, Zr and Hf) materials, using the Single Parabolic Band (SPB) and Callaway 

models to rationalise the change in properties with Cu doping and X-site alloying. An 

effective synthetic protocol using arc-melting is established to maximise the 

thermoelectric performance, which yielded zT = 0.83 for TiNiCu0.03Sn based material and 

zT = 1 for the alloyed composition Ti0.7Zr0.3NiCu0.025Sn. 

Chapter 5 covers the behaviour of interstitial Ni in the XNi1+xSn (X = Ti, Zr and Hf) 

materials, which is responsible for increased scattering of electrons and phonons. Neutron 

and X-ray powder diffraction reveal that interstitial Ni is trapped after arc-melting and a 

large concentration can remain trapped in ZrNi1+xSn and HfNi1+xSn if not annealed above 

700 °C. This knowledge is used to prepare a HfNi1.1Sn sample with an out of equilibrium 

excess interstitial Ni concentration and measure its electronic properties. 

In Chapter 6, band engineering to increase S is attempted in [Ti1-xVx][FeyCo1-y]Sb 

materials. X-ray powder diffraction and SEM reveal the samples to be phase segregated 

with preferential formation of TiCoSb. p-type samples are insulating despite high nominal 

doping, while n-type samples are metallic, although neither show promising 

thermoelectric properties. p-type samples show positive Lorentz magnetoresistance 

below 100 K, which becomes negative at 2 K, potentially due to magnetic ordering. 
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Chapter 1 – Introduction 

This chapter will begin by introducing the thermoelectric effects and how the Seebeck 

effect can be exploited to harvest energy. A brief overview of electrical and phonon 

band structures will be presented, which underpin the key thermoelectric parameters, the 

Seebeck coefficient (S), electrical conductivity (σ) and thermal conductivity (κ) that 

determine the thermoelectric performance, which is commonly quantified by the Figure 

of Merit zT. The key models used to understand the experimental data will also be 

presented, namely the Single Parabolic Band (SPB) and Klemens models. 

The second half of this introduction will look at key thermoelectric materials, linking 

techniques employed to improve thermoelectric performance to the theories introduced 

previously. After looking at general thermoelectric materials the focus will move 

specifically to existing Half-Heusler thermoelectric materials, examining the key 

similarities and strengths of the family of phases. 

1.1 – Thermoelectric Effects 

In a closed loop made from two different materials A and B, the application of a 

temperature difference between the junctions creates an electric current in the loop. This 

effect is called the Seebeck effect, which for the described loop can be quantified by the 

relative Seebeck coefficient SAB: 

 𝑆𝐴𝐵 = 𝑆𝐵 − 𝑆𝐴 Equation 1.1 

Where SA and SB are the absolute Seebeck coefficients of materials A and B respectively. 

S is typically reported with units μV.K-1. Experimentally SAB can be measured by 

measuring the voltage V between two points with temperatures T1 and T2, as illustrated in 

Figure 1.1. Formally SAB is related to these measured values by:1,2 

 

 

𝑉 = ∫ 𝑆𝐴𝐵𝑑𝑇

𝑇2

𝑇1

 Equation 1.2 

If the temperature difference between T1 and T2 is low, SAB can be calculated using:1  
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𝑆𝐴𝐵 =

𝑉

𝑇2 − 𝑇1
 Equation 1.3 

 

Figure 1.1: Illustration of the Seebeck effect. A temperature gradient is applied between the 

junctions TH and TC, which induces current in the loop. SAB can be measured by recording the 

temperature at points T1 and T2 along with the voltage across these points V. 

By applying a current to a loop of dissimilar metals the reverse effect can be observed at 

the junctions, with one junction being cooled and the other heated relative to the average 

temperature. This is called the Peltier effect, characterised by the Peltier coefficient (Π): 

 
𝛱𝐴𝐵 = 𝛱𝐵 − 𝛱𝐴 =

�̇�

𝐼
 Equation 1.4 

Where Q̇ is the rate of heat transfer between the junctions (J.s-1) and I is the applied 

current, where Πi is the Peltier coefficient for material i. Applying a current to the loop 

alongside a temperature gradient reveals the third thermoelectric effect, the Thomson 

effect. Unlike Si and Πi, which can only be measured relative to a second material, the 

absolute Thomson coefficient can be measured directly. When a current is passed through 

a length of wire under a temperature gradient, the wire either releases or absorbs heat, 

depending on the direction of current and the nature of the charge carriers. 

All three thermoelectric effects are related, linked by the Thomson relations:3,4 

 
𝛫 ≡

𝑑𝛱

𝑑𝑇
− 𝑆 = 𝑇

𝑑𝑆

𝑑𝑇
 Equation 1.5 

 𝛱𝐴 = 𝑆𝐴𝑇 Equation 1.6 
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Where K is the Thomson coefficient. (The second relation is only valid in the absence of 

a magnetic field and magnetic ordering). Using the first Thomson relation, the directly 

measured Thomson coefficient has been used to calculate the absolute Seebeck 

coefficent.5–7 

1.2 – Thermoelectric Generators 

A thermoelectric generator (TEG) can produce a current from a temperature gradient 

between the junctions of any two dissimilar materials. The effectiveness of the generator 

depends on the two materials, which is increased when one material has a positive 

Seebeck voltage and the other has a negative Seebeck voltage, which are conventionally 

called p-type and n-type materials respectively. A typical TEG module will connect 

p-type and n-type ‘legs’ electrically in series, which is shown in Figure 1.2 for a 4×4 

module. Other designs such as flexible TEGs or cylindrical TEGs exist, with each design 

suited for a particular scenario.8,9 

 

Figure 1.2: Schematic of a 4×4 TEG module. Redrawn from literature depictions of TEGs.8,10 

Energy is transferred from the heat source to the heat sink through electrical and thermal 

transport. The electric current induced in the TEG is how energy is extracted from the 

temperature gradient, so maximising the electronic transport properties S and electrical 

conductivity σ is important. Thermal transport is undesirable, as no useful energy can be 

recovered from the heat flow, which is quantified by the thermal conductivity κ. The 

competition between the electrical and thermal currents is contained inside the materials 

Figure of Merit zT:11 
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𝑧𝑇 =

𝑆2𝜎

𝜅
𝑇 Equation 1.7 

It is the eternal quest of the thermoelectric scientist to maximise zT. The numerator S2σ is 

called the Power Factor (W.m-1.K-2) and represents the electronic energy moving across 

the temperature gradient, while κ represents the thermal energy moving across the 

temperature gradient. Increasing zT simply means a higher proportion of energy is 

transported as electronic energy.11 

The maximum theoretical efficiency of a thermoelectric device ηmax between junction 

temperatures TH and TC is defined as: 

 
𝜂𝑚𝑎𝑥 =

𝑇𝐻-𝑇𝐶

𝑇𝐻

√1 + 𝑍𝑇 − 1

√1 + 𝑍𝑇 +
𝑇𝐶

𝑇𝐻

 Equation 1.8 

Where ZT is the device Figure of Merit and the first term (TH-TC/TH) is the Carnot term, 

the maximum efficiency for any theoretical heat engine. Equation 1.8 assumes that S(T), 

σ(T) and κ(T) are identical between TC and TH and not dependent on temperature.11,12 The 

material Figure of Merit zT is dependent on the temperature and is not the same as ZT.12 

One commonly used approximation is that ZT is equal to the mean zT value across the 

temperature gradient. Alternatively a numerical method can be used to calculate ηmax 

which can then be used to calculate ZT.12 

The above considerations of ηmax are strictly theoretical, with the true operating 

performance of a TEG being further limited by design of the device.10,11 Such matters lie 

outside the scope of this work, and as such the primary metric for thermoelectric 

performance in this thesis will be zT. 

From the perspective of maximising zT, the objective is to find a material which 

maximises S2σ and minimises κ, which is easier to write than to achieve. There are a few 

fundamental conditions a material must meet to be viable as a good thermoelectric 

material. The first is that the material should have a single dominant charge carrier type, 

either electrons or holes. The presence of both carriers in a single material leads to 

opposing Seebeck voltages which reduce the overall voltage induced, as will be described 

later. 

The second condition is the carrier concentration n. A material which has too few charge 

carriers has a prohibitively low σ, while a material with too many charge carriers has a 



5 

 

very low S and very large κe. Within the SPB model, a material has an optimal doping 

level for maximising S2σ, with the optimal doping being slightly lower for maximising zT 

due to the detrimental effect of κe.  

Both above conditions are met for heavily doped semiconductors. Not every 

semiconducting system is appropriate as a thermoelectric material, with the ultimate 

limitations being the carrier mobility μ and κl, no matter how optimal the doping is. For 

example Cu2O is a cheap, abundant and low toxicity semiconductor, however its low μ 

makes it unsuitable for thermoelectric applications.13–16 This restriction is sometimes 

quantified using the Quality Factor B:17,18 

 𝐵 ∝
𝜇𝑤

𝜅𝑙
 Equation 1.9 

Where μw is the weighted mobility, which will be described in Section 1.5. 

The ηmax of TEGs are lower than conventional means of generating electricity, limiting 

their use to more niche applications.19 The lack of moving parts is desirable for devices 

used in isolated environments, such as radioactive thermoelectric generators (RTG) used 

in the Viking 1 & 2 Mars landers and Voyager 1 & 2 spacecraft.20,21 The low 

maintenance requirements for TEGs allow for use powering sensors and other 

microelectronics which have low power requirements, such as wearable devices which 

utilise body heat.21–23 

While not suitable as a primary generator, TEGs can be integrated into other power 

generators to increase the total efficiency, which is important as energy production 

transitions to renewable sources. For example, TEGs can be integrated into solar 

photovoltaic (PV) generators, using the heat not converted directly into electrical energy 

by the PV generator.21,24 The TEG can be attached below the PV panel, with or without 

being integrated electronically.24 Other examples include geothermal power, combined 

heat and power (CHP) production or car engines.25–27 

1.3 – Band Structures 

The behaviour of each thermoelectric property in a crystalline material originates from 

the electronic and vibrational energy levels of the crystal. In molecules these energy levels 

are discrete and finite, but in a perfect infinite crystal the energy levels are described as 
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continuous ‘bands’. It is these bands which define the electronic and thermal properties 

of the material. 

1.3.1 – Electronic Band Structure 

The electronic states in atoms and small molecules are described by their discrete atomic 

and molecular orbitals. In the case of a hydrogen atom the electron occupies the 1s atomic 

orbital, while in the dihydrogen molecule the electrons occupy the 1σ bonding molecular 

orbital, with a higher energy 1σ* antibonding molecular orbital being unoccupied. For an 

infinite chain of hydrogen atoms the electronic states are described as crystal orbitals, 

with an infinitesimally small energy gap between states.28 The collection of crystal 

orbitals corresponding to the combination of 1s atomic orbitals is called a band, which is 

described by the density of states [DoS or g(E)] and quantifies the relative number of 

electronic states in an energy interval dE. The energy of the highest filled state (or lowest 

unfilled state) at 0 K is the Fermi energy (EF). 

 

Figure 1.3: Schematic showing the transition from discrete atomic and molecular orbitals to 

continuous crystal orbitals in an infinite 1D crystal of hydrogen atoms. Redrawn from 

undergraduate lecture notes.28 

Molecular orbitals can be described as a linear combination of atomic orbitals (LCAO), 

with the orbitals being in-phase or out-of-phase. In crystal orbitals this phase behaviour 

is quantified by the wave vector (k) as illustrated in Figure 1.4 



7 

 

 

Figure 1.4: Illustration of the dependence of the energy of the crystal band as a function of the 

wave vector k, for a one-dimensional chain of 1s orbitals in hydrogen. redrawn for undergraduate 

lecture notes.28 

The number of ‘free’ electrons in a crystal is directly linked to the density of states at the 

Fermi energy g(EF) of the material. For a 3-dimensional metal as described by the Drude 

model this relationship is:29 

 
𝑛 =

2

3
𝐸𝐹𝑔(𝐸𝐹) Equation 1.10 

A material with EF inside of an electronic band has a non-zero g(EF) and thus has electrons 

able to move in the material, making it a metal. When g(EF) = 0 no electrons are available 

to move in the material which is true for electrical insulators. 

Semiconductors are insulators with an energy gap between the highest occupied band and 

the lowest unoccupied band, which are referred to as the valence and conduction band 

respectively. This energy gap is called the electronic band gap (Eg) which is typically 

<2 eV for a semiconductor. As a rule of thumb Eg is large for highly ionic materials, and 

for materials with high bond strength.30 

A simplified schematic of the band structure of a semiconductor is shown in Figure 1.5. 

In a semiconductor, electrons can be thermally excited from the valence band into the 

conduction band. The excitation of electrons close to Fermi level/chemical potential (μL) 

is treated by the Fermi-Dirac distribution: 

 
𝑓(𝐸) =

1

𝑒
𝐸−𝜇𝐿
𝑘𝐵𝑇 + 1

 Equation 1.11 

μL is the energy at which an electronic state has a 50% probability of being occupied. 

Combining f(E) with g(E) the general description of n(E) is:30 
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𝑛(𝐸) = ∫ 𝑔(𝐸)𝑓(𝐸)𝑑𝐸

∞

0

 Equation 1.12 

 

Figure 1.5: Simplified schematic of the Density of States and band dispersion for a 

semiconducting system with isotropic parabolic bands. The lower band is the valence band, the 

upper band is the conduction band. 

Free carriers exist in the valence band and the conduction band. At the top of the valence 

band and the bottom of the conduction band, the dependence of E(k) is parabolic as 

illustrated in Figure 1.5 and can be described as: 

 
𝐸(𝑘) =

ħ2𝑘2

2𝑚𝑏
∗  Equation 1.13 

Where mb* is the band effective mass which describes the dispersion of the band. mb* 

depends on the orbital overlap, with a higher overlap leading to a large dispersion and a 

smaller mb*. Equation 1.13 reduces to the free electron dispersion when mb* = 1 me*. As 

seen in Figure 1.5 the parabolic dispersion of the valence band is inverted, which means 

mb* of the valence band is negative. Applying an electric field to these electrons causes 

them to accelerate in the opposite direction to a free electron. 

There are many effective masses used in the thermoelectric literature, which are often not 

specified. mb* describes a valence band maxima or conduction band minima in 

3-dimensions and is defined as the geometric mean of the principal directions of the 

carrier pocket mx*, my* and mz*: 
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 𝑚𝑏
∗ = √𝑚𝑥

∗𝑚𝑦
∗𝑚𝑧

∗3  Equation 1.14 

An effective mass used in the Drude model is the inertial effective mass mI*, which uses 

a different averaging compared to mb*: 

 

𝑚𝐼
∗ = (

1

𝑚𝑥
∗
+

1

𝑚𝑦
∗
+

1

𝑚𝑧
∗
)

1
3

 Equation 1.15 

When mx* = my* = mz*, mb* = mI*. The density of states effective mass mDoS* considers 

multiple bands contributing to the electronic behaviour and is related to mb* by the 

number of degenerate bands Nv: 

 
𝑚𝐷𝑜𝑆

∗ = 𝑁𝑣

2
3𝑚𝑏

∗  Equation 1.16 

For a 3-dimensional semiconductor with parabolic band dispersion, the total number of 

charge carriers created due to thermal excitation is called the intrinsic carrier 

concentration ni, and can be described as:30 

 

𝑛𝑖 = 2(
𝑚𝐷𝑜𝑆

∗ 𝑘𝐵𝑇

2𝜋ħ2
)

3
2

𝑒𝑥𝑝 (
-𝐸𝑔

2𝑘𝐵𝑇
) Equation 1.17 

For which mDoS* = (mDoS(VB)*mDoS(CB)*)1/2, a weighted contribution of the valence band 

(VB) and conduction band (CB) effective masses. ni increases at higher temperatures. 

1.3.2 – Phonon Band Structure 

Phonons are quasiparticles used to describe vibrations in a crystal.31 Where the electronic 

band structure is built from the periodic array of atomic wave functions, the phonon band 

structure is built from the periodic array of atomic nuclei, which oscillate around their 

average position in the crystal. These oscillations are coupled to neighbouring nuclei, 

with the resulting vibrations through the material being called phonons.32 

Like the electronic wave functions, these vibrational waves are described by a wavevector 

q. An example of a phonon band structure is shown in Figure 1.6 for TiNiSn.33 

Conventionally the bands are called ‘modes’, of which there are two kinds as can be seen 

in Figure 1.6, the acoustic modes (<20 meV) and the optical modes (>20 meV).34 
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Figure 1.6: Calculated phonon band structure for TiNiSn.33 

For the filling of electronic states, the Fermi-Dirac distribution (Equation 1.11) was used 

due to the Pauli exclusion principle (PEP) for fermions. The filling of vibrational states 

for T > 0 is governed by Bose-Einstein statistics since phonons are classed as bosons, to 

which the PEP does not apply. For each phonon (i) with energy (Ei) the probability of 

being excited (ni) is:34 

 
𝑛𝑖 =

1

𝑒
𝐸𝑖-𝜇
𝑘𝐵𝑇 − 1

 Equation 1.18 

Where μ is the chemical potential. At typical thermoelectric operating temperatures the 

phonon properties are dominated by the dispersion of the acoustic modes, with optical 

phonons contributing more at higher temperatures. Close to q = 0, the Γ-point in Figure 

1.6 the dispersion of the acoustic modes is approximately linear. 

The Debye model is commonly used to describe the vibrational properties of a crystal.34 

This model assumes an isotropic material and a linear dispersion of the phonon frequency 

ω as a function of q: 

 𝜔 = 𝜈𝐿𝑞 Equation 1.19 

Where νL is the velocity of sound of the material (hence the name acoustic mode). The 

total phonon energy U predicted using these approximations and μ = 0 is described as:34 
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𝑈 = 9𝑁𝑘𝐵𝑇 (
𝑇

𝜃𝐷
)
3

∫
𝑥3

𝑒𝑥 − 1

𝜃𝐷
𝑇

0

𝑑𝑥 Equation 1.20 

θD is the Debye frequency, which is related by θD = ħωD/kB to the Debye frequency ωD 

which is the highest possible frequency that can be occupied in the linear dispersion 

approximation. x = ħω/kBT is the reduced energy. The heat capacity of the material can 

then be defined as:29,34 

 

𝐶𝑣 = 9𝑁𝑘𝐵 (
𝑇

𝜃𝐷
)
3

∫
𝑥4𝑒𝑥

(𝑒𝑥 − 1)2

𝜃𝐷
𝑇

0

𝑑𝑥 
Equation 1.21 

1.4 – The Thermoelectric Parameters 

The thermoelectric parameters σ, S and κ of a crystalline material are ultimately dependent 

on the electronic and phonon band structures of the material. In this section each 

parameter will be examined in more detail. 

1.4.1 – Electrical Conductivity 

The electrical conductivity (σ) of a material is the ease with which an electrical current is 

able to pass through it. The most general definition of σ is: 

 𝜎 = 𝐽/𝐸 Equation 1.22 

Where J is the current density (A.m-2) which passes through the material under an applied 

electrical field of E (V.m-1 or N.C-1). The most commonly seen description of σ comes 

from Drude theory of metals: 

 
𝜎 = 𝑛𝑒𝜇 =

𝑛𝑒2𝜏

𝑚𝐼
 Equation 1.23 

Where n is the electron concentration (cm-3 by convention), e is the electron charge and 

μ is the electron mobility (cm2.V-1.s-1 by convention), which is proportional to the time 

between scattering events, the relaxation time τ. σ is larger when more charge carriers are 

available and when the carriers are more mobile. The reciprocal of σ is the electrical 

resistivity ρ, which has a higher value the more difficult it is for a material to pass a 

current. 
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In a semiconducting material, there are two types of carriers as discussed above, n-type 

electrons in the conduction band and p-type holes in the valence band. One way to express 

the total σ is simply the sum of each conductivity: 

 𝜎 = 𝜎𝑛 + 𝜎𝑝 Equation 1.24 

For semiconducting systems it is more common to make use of ni which is described 

above. The Arrhenius model of semiconductors gives σ as:35 

 
𝜎 = 𝐴𝑒

-𝐸𝑔

2𝑘𝐵𝑇 
Equation 1.25 

Where the pre-exponential factor A contains terms describing the μ and g(E). In 

semiconductors the temperature dependence of σ is dominated by the change in carrier 

concentration. 

μ of a charge carrier depends on the τ and the inertial effective mass mI. τ is a measure of 

the time taken to remove a carrier’s drift velocity (νd), which is defined as the average 

carrier velocity gained due to an applied electrical field (E): 

 𝜈𝑑 = 𝜇𝐸 Equation 1.26 

τ is typically discussed in terms of scattering, a near instantaneous event which disrupts 

the free movement of a charge carrier. This scattering can be viewed as any disruption of 

the perfect periodicity of the crystal. There are multiple possible scattering mechanisms 

with their own relaxation times τi which can be approximated to contribute to the total 

relaxation time τ according to Matthiessen’s rule: 

 𝜏-1 = ∑𝜏𝑖
-1

𝑖

 
Equation 1.27 

Here scattering mechanisms with a lower τi contribute more strongly to τ. In this thesis, 

two scattering mechanisms are significant. The first is acoustic phonon scattering, where 

the charge carrier is scattered by a phonon, which acts as a perturbation in the perfect 

lattice.34 For semiconductors, the Hall mobility (μH) as limited by acoustic phonon 

scattering can be written as:36 

 
𝜇𝐻

𝑎𝑐 =
𝜋𝑒ℏ4

√2(𝑘𝐵𝑇)
3

2⁄
 
𝜈𝐿

2𝑑

𝐸𝑑𝑒𝑓
2  

1

𝑚𝑏
∗ 3

2⁄ 𝑚𝐼
∗

𝐹−0.5

2𝐹0
 Equation 1.28 
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Where νL is the velocity of sound, d is the material density and Edef is the deformation 

potential, an energy term which quantifies the scattering strength. The Fi terms will be 

covered under the SPB model in Section 1.5, for now they simply describe the EF 

dependence. 

The other key scattering mechanism is alloy scattering, which for semiconductors is 

described by:37,38 

 
𝜇𝐻

𝑎𝑙 =
8𝑒ℏ4

3√2(𝑘𝐵𝑇)
1

2⁄

𝑁0

𝐸𝑎𝑙
2 𝑥(1 − 𝑥)

1

𝑚𝑏
∗ 3

2⁄ 𝑚𝐼
∗

𝐹−0.5

2𝐹0
 Equation 1.29 

Where N0 is the number of atoms per unit volume, x is the alloying fraction on a site and 

Eal is the alloy potential which quantifies the scattering strength of the alloying in the 

material, with scattering taking place due perturbation of the perfect lattice from the 

different local potential.37 The dependence on nH is identical to μH
ac, with the main 

observable difference between the two scattering regimes being the temperature 

dependence. 

One final scattering mechanism worth mentioning is ionised impurity scattering, due to 

interaction between the carrier charge and the charge on the impurity site, which in the 

semiconducting limit varies with temperature as μ ~ T1.5.34 In metals, impurity scattering 

is treated as a temperature independent term which is approached at 0 K. This term is 

usually called the residual resistivity ρ(0).34 

1.4.2 – Seebeck Coefficient 

One fundamental description of S (sometimes referred to as the Cutler-Mott formula) 

comes from the Mott relations, which are:39,40 

 

𝜎 = ∫ 𝜎(𝐸) (-
𝑑𝑓(𝐸)

𝑑𝐸
)𝑑𝐸

∞

0

 Equation 1.30 

 𝜎(𝐸) = 𝑒2𝐷(𝐸)𝑔(𝐸) Equation 1.31 

 

𝑆 = -
1

𝜎

𝑘𝐵

𝑒
∫

𝐸 − 𝜇

𝑘𝐵𝑇
𝜎(𝐸) (-

𝑑𝑓(𝐸)

𝑑𝐸
)𝑑𝐸

∞

0

 Equation 1.32 
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Where f(E) is the Fermi-Dirac distribution, σ(E) is the energy dependent conductivity and 

D(E) is the electron diffusion constant. (Comparing to the Drude model D(E) and g(E) 

are stand ins for mobility (μ) and n). 

For S, some observations can be made. The contributions from carriers with E above and 

below the μL have opposing signs. Since σ(E) is proportional to g(E), contributions to S 

will be larger with larger g(E). Finally, the derivative of the Fermi-Dirac distribution puts 

increased weighting on carriers near μL. For illustration, both g(E) and f(E) are plotted in 

Figure 1.7 for an n-type material. 

 

Figure 1.7: Diagram showing the DoS of a degenerately doped n-type material and the energy 

dependences of the Fermi-Dirac distribution at 300 K, 800 K and 1300 K with μL set to 0 eV for 

simplicity. 

With all these components in mind for a standard parabolic band, S is larger when g(E) is 

larger, when T is larger and when the chemical potential μ is closer to the valence band 

maximum/conduction band minimum. These behaviours are reflected in the form of the 

Mott formula used for metals:3 

 
𝑆 =

2𝑘𝐵
2

3𝑒ħ2
𝑚𝐷𝑜𝑆

∗ 𝑇 (
𝜋

3𝑛
)

2
3
 Equation 1.33 

Where mDoS* is a proxy for g(E) and n is a proxy for the μL. This model is sometimes 

applied to heavily doped semiconductors, showing S increases when mDoS* is large and n 

is small. 
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In a material with both holes and electrons, the total S is the combination of Sp and Sn for 

holes and electrons respectively, with each carrier weighted by their respective 

conductivity σp and σn:
41 

 
𝑆 =

𝜎𝑝𝑆𝑝 + 𝜎𝑛𝑆𝑛

𝜎𝑝 + 𝜎𝑛
 Equation 1.34 

1.4.3 – Thermal Conductivity 

The thermal conductivity (κ) (W.m-1.K-1) is defined analogously to σ, quantifying the ease 

with which heat is transferred through a material. The rate of heat flow �̇� through a 

material is defined by: 

 
�̇� = 𝜅

𝛥𝑇

𝐿
 Equation 1.35 

With the temperature gradient ΔT applied across a length of the material L. In this thesis, 

we will focus on the three major contributions to κ of a solid: 

 𝜅 = 𝜅𝑙 + 𝜅𝑒 + 𝜅𝑏𝑖 Equation 1.36 

Where κl, κe and κbi are the lattice thermal conductivity, the electronic thermal 

conductivity and the bipolar thermal conductivity respectively. In the solid state, we can 

consider two primary means by which heat can move through a material: from the 

vibrations of ‘hotter’ atoms transferring their energy to ‘colder’ atoms and from ‘hotter’ 

charge carriers moving to colder regions and releasing heat. 

1.4.3.1 – Lattice Thermal Conductivity 

While the electric current of a material is carried by electrons, heat current can be 

imagined to be propagated through a crystalline material by phonons.31 The effectiveness 

of phonons in transporting heat can be seen in the large κ for highly crystalline materials 

such as diamond, compared to low κ seen in amorphous glasses.31,42 Considering a ‘gas’ 

of phonons κl is:31 

 
𝜅𝑙 =

1

3
𝐶𝑣𝑣𝐿𝜆 Equation 1.37 

Where Cv is the heat capacity, vL is the velocity of sound and λ is the mean free path of 

the phonons. One commonly used model for κl is the Debye-Callaway model.43 This uses 

the Debye heat capacity model from Equation 1.21, and can be expressed as: 
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𝜅𝑙 =
𝑘𝐵

2𝜋2𝑣𝐿
(
𝑘𝐵𝑇

ħ
)
3

∫
𝑥4𝑒𝑥

𝜏𝑝ℎ
-1 (𝑒𝑥-1)2

𝑑𝑥

𝜃𝐷
𝑇

0

   (𝑥 =
ħ𝜔

𝑘𝐵𝑇
) Equation 1.38 

Where τph is the total phonon relaxation time, analogous to the relaxation time for charge 

carriers, which can also be described as the combination of multiple scattering 

mechanisms using Matthiessen’s rule. At low temperatures κl is dominated by the 

temperature dependence of Cv. At intermediate temperatures where Cv approaches the 

Dulong-Petit value, phonon scattering processes dominate:43 

 𝜏−1 =
𝑣𝐿

𝐿
+ 𝐵𝑇𝜔2 + 𝐴𝜔4 Equation 1.39 

The first contribution is from grain boundary scattering, with average grain length L. The 

second term is due to phonon-phonon Umklapp scattering, where the combined 

wave vectors of the incident phonons are outside the first Brillouin zone. 

The final term is due to point defect scattering from impurities and alloying. The treatment 

of point defect scattering used is typically referred to as the Klemens model.44–46. A can 

be expressed as: 

 
𝐴 =

𝑉0

4𝜋𝑣𝐿
3
𝛤 Equation 1.40 

Where V0 is the volume per atom and Γ is the disorder parameter. The disorder effects on 

κl are due to mass disorder and size/strain disorder, which are described as: 

 

𝛤𝑀 =
∑ 𝑐𝑖 (

𝑀𝑖
̅̅ ̅

�̿�
)
2

𝛤𝑀
𝑖𝑛

𝑖=1

∑ 𝑐𝑖
𝑛
𝑖=1

 
Equation 1.41 

 
𝛤𝑀

𝑖 = ∑𝑓𝑖
𝑘 (1 −

𝑀𝑖
𝑘

𝑀𝑖
̅̅ ̅

)

2

𝑘

 Equation 1.42 

 

𝛤𝑆 =
∑ 𝑐𝑖 (

𝑀𝑖
̅̅ ̅

�̿�
)
2

𝜖𝑖𝛤𝑆
𝑖𝑛

𝑖=1

∑ 𝑐𝑖
𝑛
𝑖=1

 
Equation 1.43 
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𝛤𝑆

𝑖 = ∑𝑓𝑖
𝑘 (1 −

𝑟𝑖
𝑘

𝑟�̅�
)

2

𝑘

 Equation 1.44 

In these equations, i denotes a specific crystallographic site with elements k alloying on 

that site. 𝑀𝑖
̅̅ ̅ and 𝑟�̅� are the average atomic mass and atomic radii of the elements on i and 

�̿� is the average atomic mass of the compound. The term ε is a strain parameter and ci is 

the degeneracy of the crystallographic site. The form of the expressions above are general 

for any number of elements k on each site i. 

Sites which have a larger average mass have a larger contribution to the disorder 

parameter. The more Mi
k or ri

k differs from the site average the larger the contribution to 

the disorder parameter, and therefore the larger the scattering effect. 

For a solid solution with known κl for the end members, the reduction in κl due to alloying 

from the averaged values of the end members κl
P can be determined using: 

 𝜅𝑙

𝜅𝑙
𝑝 =

tan−1(𝑢)

𝑢
 Equation 1.45 

 
𝑢2 =

𝜋2𝜃𝐷Ω

ℎ𝑣𝐿
2 𝜅𝑙

𝑃𝛤 Equation 1.46 

Where Ω is the volume per atom. Use of the Klemens’ model to describe the decrease in 

κl due to alloying within a solid solution is frequently used in the literature.43,45,47–51 In 

this thesis, equations 1.41 to 1.46 have been used to model the alloying dependence of κL 

at room temperature. 

1.4.3.2 – Electrical Thermal Conductivity 

The electronic thermal conductivity κe arises due to higher energy electrons (or holes) 

diffusing to lower temperatures and losing their energy. The rate at which heat is 

transported therefore depends on the ability of the charge carriers to move through the 

material, i.e. it should be proportional to σ. The form of this relationship comes in the 

form of the Wiedemann-Franz law: 

 𝜅𝑒 = 𝐿𝜎𝑇 Equation 1.47 

Where L is the Lorenz number which describes the proportionality between σ and κe. L 

for metals is close to a predicted value of 2.44 × 10-8 W.Ω.K-2 and for semiconductors L 
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is 1.5 × 10-8 W.Ω.K-2. L varies between these values between metals and semiconductors 

which can be modelled using an empirical expression for L fitted to the SPB modelled 

values:52 

 
𝐿 = 1.5 + 𝑒

-|𝑆|
(116 𝜇𝑉.𝐾-1) Equation 1.48 

1.4.3.3 – Bipolar Thermal Conductivity 

The bipolar thermal conductivity κbi is effectively a specific case of electronic thermal 

conductivity. A high concentration of electrons and holes are thermally excited at higher 

temperatures. These charge carriers recombine at lower temperatures releasing thermal 

energy equal to the band gap Eg. κbi approaches a maximum when similar concentrations 

of holes and electrons are present in the sample.53 One commonly used expression for κbi 

is: 

 𝜅𝑏𝑖 =
𝜎𝑝𝜎𝑛

𝜎𝑝 + 𝜎𝑛
(𝑆𝑝 − 𝑆𝑛)

2𝑇 Equation 1.49 

Where σi and Si are the conductivity and Seebeck coefficient of carrier i. When the 

conductivity of one carrier type becomes significantly larger than the other κbi approaches 

zero. An alternate form in terms of Eg is:54 

 
𝜅𝑏𝑖 = 𝐹𝑏𝑖𝑇

𝑝𝑒
-𝐸𝑔

2𝑘𝐵𝑇 Equation 1.50 

Where Fbi is a constant and p in this work is assumed to be 0.  

1.5 – Single Parabolic Band Model 

The Single Parabolic Band (SPB) model describes the electronic properties of charge 

carriers in a 3-dimensional crystal in terms of the reduced chemical potential η (μL/kBT) 

relative to the maximum or minimum of a single ideal parabolic band. In this work, the 

simplest form of the SPB model will be used, assuming an isotropic band with effective 

mass mb* and that acoustic phonon scattering is the dominant scattering mechanism.36 

Each property depends on some combination of Fermi integrals Fi: 

 
𝐹𝑖(𝜂) = ∫

𝜀𝑖

1 + exp [𝜀 − 𝜂]
𝑑𝜀

∞

0

 Equation 1.51 

S is the only directly measurable value that is described fully in terms of η: 
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𝑆 =

𝑘𝐵

𝑒
(
2𝐹1

𝐹0
− 𝜂) Equation 1.52 

Knowing S allows for the calculation of η. The density of states effective mass mDoS* can 

be determined if the carrier concentration determined from Hall measurement nH is 

known: 

 

𝑛𝐻 =
8𝜋

3
(
2𝑚𝐷𝑜𝑆

∗ 𝑘𝐵𝑇

ℎ2
)

3
2

 
2𝐹0

2

𝐹−0.5
 Equation 1.53 

For a fixed nH an increase in mDoS* requires a decrease in η, which results in increased S. 

Similarly decreasing nH leads to an increase in S. Experimentally a series of samples with 

different doping are used to determine the S vs nH curve, often called a Pisarenko plot, 

which has a fixed mDoS*. To achieve a large Seebeck coefficient it is desirable to have a 

large mDoS* and a low nH. 

The temperature and η dependence of the mobility can be treated by the SPB model, but 

requires experimental Hall data. Hall mobilities μH are obtained by Hall measurement 

alongside nH. The expression of μH
ac and μH

al have been shown already in Section 1.4.1. 

For S we observed that a larger mDoS* = Nv
2/3mb* is beneficial. A larger mb* however leads 

to a significantly reduced μH. This conflict is best described by the ‘weighted mobility’ 

μw which depends on the nH → 0 limit of mobility (μ0): 

 

𝜇𝑤 = 𝜇0 (
𝑚𝐷𝑜𝑆

∗

𝑚𝑒
)

3
2

∝
𝑁𝑣

𝑚𝑏
∗  Equation 1.54 

Keeping all else in the material constant, the net effect of increasing mb* is to reduce the 

μw and while increasing the band degeneracy Nv will increase μw. Considering 

Equation 1.9, increasing μw means improving the overall thermoelectric performance 

independently of doping optimisation.17 

More recently μw has been suggested as a useful parameter to describe the carrier mobility 

without requiring Hall measurements, which requires less readily available equipment.55 

μw in terms of S and σ is: 
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𝜇𝑤 =
3ℎ3𝜎

8𝜋𝑒(2𝑚𝑒𝑘𝐵𝑇)
3
2

[
𝑒

[
|𝑆|

𝑘𝐵 𝑒⁄
−2]

1 + 𝑒
[−5(

|𝑆|
𝑘𝐵 𝑒⁄

−1)]
+

3
𝜋2

|𝑆|
𝑘𝐵 𝑒⁄

1 + 𝑒
[5(

|𝑆|
𝑘𝐵 𝑒⁄

−1)]
] Equation 1.55 

The final parameter which can be calculated directly from the SPB model is the Lorenz 

number, which depends solely on η: 

 
𝐿 =

𝑘𝐵
2

𝑒2

3𝐹0𝐹2 − 4𝐹1
2

𝐹0
2  Equation 1.56 

The SPB model is a useful tool for understanding the thermoelectric properties, predicting 

the optimum doping levels and for beginning to understand more fundamental 

characteristics of the system. In recent years SPB analysis has become key to 

understanding electronic properties of materials beyond the raw data.38,56–59 

1.6 – Thermoelectric Materials 

In this section key thermoelectric materials of the past and present will be reviewed along 

with techniques employed in processing to maximise the performance of the system. At 

the end of the chapter the most important classes of Half-Heusler thermoelectric materials 

will be examined, being the focus of this thesis. 

1.6.1 – Si/Ge 

Crystalline silicon is the most used semiconductor, with a high natural abundance, good 

thermal and mechanical stability and good doping control. Both holes and electrons in Si 

are light with mb* < 1 me.
60 As established above, low mb* is preferable for good 

electronic properties. 

The critical issue for Si as a thermoelectric material is that κl for highly pure Si is 

prohibitively large with a room temperature value around 150 W.m-1.K-1.61 The same 

issue is found in isostructural Ge which has κl around 60 W.m-1.K-1 at room temperature.62 

Alloying the two elements solves this problem by introducing point defect phonon 

scattering, with alloying between 20-80% sufficient to bring κ at room temperature to 

below 10 W.m-1.K-1.63 

More recently nanostructuring of Si/Ge alloys has been used to drive κl even further by 

introducing significant grain boundary scattering, pushing κl below 3.0 W.m-1.K-1 for 

both n-type and p-type materials.64,65 These improvements increased zT to 1.3 for n-type 
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samples at 900 K and 1.0 for p-type samples at 800 K. Compared to many of the 

thermoelectric materials covered below, these κ are still considered to be ‘large’, with 

competitive zT in Si/Ge alloys due to relatively high S2σ values of ~4 mW.m-1.K-2 at the 

largest zT values. 

1.6.2 – Layered Chalcogenides 

1.6.2.1 – Bi2Te3/Sb2Te3 

Bi2Te3 (𝑅3̅𝑚) consists of hexagonal Te-Bi-Te-Bi-Te layers with intra-layer covalent 

bonding held together by van der Waals forces with minimal Te-Te interaction.66 For 

thermoelectric applications, materials based on Bi2Te3 have dominated since the 1960s, 

capable of zT > 1 close to room temperature. For p-type Bi2-xSbxTe3 for example zT is 1.2 

at RT, with a peak value 1.4 at 373 K.67 These large zT values are possible due to low κ 

close to 1 W.m-1.K-1 with the assistance of nanostructuring and large S2σ of 

4.4 mW.m-1.K-1 at 300 K, which decreases rapidly at higher temperatures due to a strong 

decrease in σ(T). 

The electronic performance is good due to a highly favourable electronic band structure, 

with avoided crossings resulting in multiple band maxima and minima with low mb*.68 

Nanostructuring can be used to κl relative to the bulk material, with reduction in grain 

size and formation of nanowires both being effective in reducing thermal transport.69,70  

κl(300 K) has been reported as low as 0.45 W.m-1.K-1 in n-type Bi2Te3 with ‘flower-like’ 

nanocrystals, although this reduction comes at the expense of the electronic properties.71 

Performance comparable to the p-type materials has been achieved in Bi2Te2.79Se0.21 

hot-deformed zone melted ingots, with a maximum zT = 1.2 at 357 K out of plane.72 

1.6.2.2 – SnSe 

SnSe (Pnma) has a relatively low symmetry orthorhombic structure, consisting of 

covalently bonded SnSe layers with weak inter-layer bonding.73 The lone pair on Sn2+ 

contributes to the orthorhombic symmetry, giving each crystallographic direction 

different electronic and thermal transport properties as shown in Figure 1.8.74 Na-doped 

p-type single-crystal SnSe has better in-plane thermoelectric properties due to a larger μ, 

with maximum zT = 2.0 in the b-direction at 773 K because it has the largest 

S2σ = 1.4 mW.m-1.K-2 while still having a low κ of 0.55 W.m-1.K-1.74 
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An earlier paper on undoped p-type SnSe single crystals achieved one of the largest 

reported zT values of 2.6 (±0.3) at 923 K in the b-direction, with κl = 0.3 W.m-1.K-1.75 

Overall the thermoelectric performance is worse than the doped crystal due to 

significantly lower zT below 700 K, with performance at high temperature being linked 

to a phase transition. One issue with determining zT in SnSe is due to underestimation of 

κ in the region of a high temperature phase transition which can lead to overestimation of 

zT.76 

 

Figure 1.8: Crystal structure of SnSe highlighting the anisotropy of thermoelectric properties in 

each crystallographic direction.74 

Recent work on polycrystalline SnSe based samples does not achieve zT as large as the 

unidirectional single crystal values, but large high temperature zT(823 K) of 1.7 in p-type 

nanoporous SnSe and maximum zT of 1.75 in nanostructured p-type Ag-doped 

Sn0.985Sn0.75Sn0.25 are promising results for these materials.77,78 

1.6.2.3 – BiCuSeO 

Layered BiCuSeO (P4/nmm) comprises alternating [BiO]+ and [CuSe]- layers, with each 

layer having electron counts allowing for band gap formation. The pure material has an 

ultralow κl under 0.5 W.m-1.K-1 at 900 K, with multiple valence maxima leading to 

Nv = 14 which was probed using Pb substitution.79 The valence band maxima 

contributions come primarily from the [CuSe]- layer. This alloying also substantially 

reduces κl, allowing for an optimised zT to 1.3 at 873 K in Bi1-xPbxCuSeO with x = 0.14. 

The best performance for this system was achieved using Ca as a second p-type dopant, 

with Bi0.88Ca0.06Pb0.06CuSeO reaching zT of 1.5 at 873 K.80 
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1.6.3 – Cu2-δSe 

In Cu2-δSe the presence of Cu vacancies δ lead to a dominance of p-type character. For 

thermoelectric applications the cubic β-Cu2-δSe (𝐹𝑚3̅𝑚) phase is of interest.81 Though 

not immediately useful for thermoelectric application, the phase transition from  

hexagonal α-Cu2-δSe (C2/c) to cubic β-Cu2Se in the range of  320-390 K leads to colossal 

S due to self-tuning of n while both phases coexist.82 The same phase transition has also 

been examined with respect to potential suppression of κ to increase zT.83 

Outside of the dynamic properties arising from phase transitions, the thermoelectric 

properties of β-Cu2-δSe are quite competitive. κ is moderately low, below 1 W.m-1.K-1 for 

samples prepared by self-propagating high temperature synthesis leading to zT of 1.8 at 

1000 K.84 

A number of non-standard approaches to altering thermoelectric performance are possible 

in this system due to the Cu vacancy. One study shows addition of 0.05 wt% SiC enhances 

σ by increasing the superionic behaviour of the Cu+ ion, pushing zT up to 2 at 900 K.85 

This superionic behaviour can lead to migration and deposition of Cu due to high 

voltages, which can be supressed by segmenting the sample with ion blocking 

conductors.86 

Other work has used the difference in Cu-Chalcogenide bonding character to manipulate 

the Cu vacancy fraction in the Cu2-δSe1-xSx solid solution in order to optimise the hole 

concentration, achieving a 30% increase to zT = 2.0 at 1000 K compared to pure Cu2Se.87 

1.6.4 – Cubic Tellurides 

1.6.4.1 - PbTe 

PbTe (𝐹𝑚3̅𝑚 ) is a heavy element thermoelectric material with a simple rock salt 

structure. Large zT at high temperature can be achieved for both p-type and n-type 

samples, although p-type samples have traditionally performed better.88 Multiple methods 

of optimising the thermoelectric performance of PbTe have been used. One notable study 

used multiple phonon scattering techniques to supress κl through alloying with SrTe, 

using nano-scale engineering to scatter phonons with low mean free paths (λ) and grain 

boundary scattering to scatter high mean free path phonons.89 From all these levels of 

phonon scattering in p-type PbTe, zT = 2.2 at 900 K though κl suppression. 
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Band convergence is also critical to boosting the electronic properties.90 The addition of 

alloying elements in the composition NayEu0.03Cd0.03Pb0.94-yTe was able to enhance S due 

to convergence at the L and Σ-points, in addition to reducing κl, leading to record zT of 

2.5 at 850 K.91 

n-type PbTe has benefitted from simultaneous electronic and thermal transport 

optimisation when a composite was formed with InSb.92 The nanoscale regions of InSb 

are the cause of increased phase boundary phonon scattering in addition to energy filtering 

of electrons which enhances S. These effects give n-type PbTe high zT of 1.83 at 773 K. 

1.6.4.2 – GeTe 

GeTe based materials have appeared quite recently with high thermoelectric 

performances, with alloying used to suppress a rhombohedral distortion (R3m) of the rock 

salt structure (𝐹𝑚3̅𝑚 ), as demonstrated in Figure 1.9, which has a preferable band 

structure, in addition to reducing κl.
49,93–95 MnTe alloying for example achieves both 

effects, and with additional alloying and doping from Sb substitution the p-type 

composition Ge0.86Mn0.1Sb0.04Te achieves zT = 1.6 at 823 K.93 

Alloying with SnTe was also found to be effective, forcing the formation of a purely cubic 

phase and bringing κl to below 0.8 W.m-1.K-1 at all temperatures.94  For the composition 

Ge0.4Sn0.4Bi0.02Sb0.18Te a peak zT = 1.7(±0.3) was reached at 723 K. Given large zT 

values have only been reported in the last couple of years there may be further 

improvements reported soon. 

 

Figure 1.9: Stabilisation of rock salt cubic GeTe relative to the rhombohedral structure using Sn 

alloying.94  
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Rhombohedral GeTe can be designed to have equally good, if not better thermoelectric 

performance, with excess Ge used to reduce nH to achieve optimal doping while the 

substitution of Bi causes valence band convergence, with the composition Bi0.05Ge0.99Te 

achieving zT ~ 2 at 650 K.96 

1.6.5 – Mg-based Zintl Phases 

Zintl phases are materials containing a Group I or II metal and a main group element, 

with the metal donating its electrons to a covalent framework formed by the main group 

element. With the correct electron count the main group element framework is 

semiconducting. 

The Mg2E (E = Si, Ge and Sn) materials form with the same antifluorite structure 

(𝐹𝑚3̅𝑚). Alloying of Si, Ge and Sn on the E-site allows for the simultaneous reduction 

of κl and for band engineering in the n-type materials.97,98 This band convergence occurs 

with two bands at the X-point minimum, one Mg band and one Mg/E hybridised band as 

shown in Figure 1.10. For Mg2Si and Mg2Ge the hybridised band is lower energy, while 

in Mg2Sn the Mg band is lower energy. Alloying in the Si/Sn and Ge/Sn solid solutions 

can therefore reach a point where both bands are converged.97 

 

Figure 1.10: Electronic band structures of Mg2E (E = Si, Ge and Sn) using WIEN2K software.97 

In the Mg2Si1-xSnx solid solution for example x = 0.7 reaches a maximum S in the solid 

solution.98 For the Mg2Ge1-xSnx solid solution x = 0.75 leads to a 30% increase in S2σ 
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between 300-750 K.99 S2σ in each system is large, reaching peak values of  

5.5 mW.m-1.K-2 at 650 K with Si alloying and 4.8 mW.m-1.K-2 at 550 K with Ge alloying.  

In the past 4 years n-type Mg3Sb2 has emerged as a high performance n-type 

thermoelectric material, belonging to a class of layered AB2X2 semiconductors with a 

CaAl2Si2 structure with Mg acting as both the A = Mg2+ ion and forming a part of the 

covalent [Mg2Sb2]
2- layers.100–102 The structure has interstitial sites inside the 

[Mg2Sb2]
2- layers, which are exploited to n-type dope the composition 

Mg3.2Sb1.5Bi0.49Te0.01 which achieves zT = 1.5 at 723 K, where Bi alloying reduces κl by 

around 50% at room temperature, with a low κl(723 K) value of 0.4 W.m-1.K-1.103 

This was improved upon with the substitution of some interstitial Mg with Co, which 

improved the low temperature electron scattering behaviour enhancing the overall S2σ 

and further reducing κl, yielding an improved zT of 1.7 at 800 K for 

Mg3.1Co0.1Sb1.5Bi0.49Te0.01.
101  

1.6.6 – ‘Rattlers’ 

The materials discussed so far have relatively simple unit cells, binary cubic phases and 

materials with well defined layers. Clathrate and skutterudite phases have more complex 

structures, with vacant crystallographic sites which can be occupied by ‘guest atoms’. 

The vibrations of these guest atoms are capable of scattering acoustic phonons, decreasing 

thermal conductivity, which is typically referred to as ‘resonant phonon scattering’.104,105 

This guest atom vibration gives these materials the ‘rattler’ label. 

Skutterudite thermoelectrics have a structure based on the CoAs3 mineral structure shown 

in Figure 1.11a, with engineering of the material yielding low κl.
108,109 The best materials 

in the literature are based on LnFe4Sb12 and CoSb3, with multiple p-type compositions 

exceeding zT of 1 and n-type materials over zT of 1.5. The best p-types use 

LnFe3.5Co1.5Sb12 reaching zT of 1.3 at 800 K, while the best recorded n-type composition 

uses LnCo4Sb12 alloyed with In0.4Co4Sb12 to hit zT of 1.8 at 800 K.108 
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Figure 1.11: Crystal structures of the perfect Skutterudite (a) and Type I Clathrate (b) materials. 

(a) depicts CoSb3, Co is blue, Sb is light brown, the Sb4 rings are not perfectly square. (b) depicts 

Ba8Ga16Ge30, Ba is dark green, Ga (light green) and Ge (grey) occupy the same site.106,107 

Clathrates describe a broad grouping of structures, with the most relevant for 

thermoelectric application being Type-I clathrates (𝑃𝑚3̅𝑚), with a general composition 

M8X46 with X = Si, Ge or Sn forming a covalent framework occupied by ionic species M, 

as seen in Figure 1.11b.110,111 These materials fall under the Zintl understanding of an 

intermetallic, with a correct balance of main group elements required to balance the 

electron count of the X-atom framework .  

The weak bonding of the ‘guest’ ion M leads to rattling which reduces κl. The first major 

exploitation of this behaviour was for grown n-type crystals of Ba8Ga16Ge30 reaching zT 

of 1.35 at 900 K without reaching a maximum.112 Since this 2006 report nothing higher 

has emerged on clathrate materials, although the complexity of the clathrate family leaves 

much potential for more discoveries. 

1.7 – Half-Heusler Thermoelectrics 

Most of the thermoelectric materials above obtain a large zT through very low κl inherent 

to the material and further reduced by alloying and scattering from nano and mesoscale 

effects. 

In this respect, the Half-Heusler (HH) materials are very different, with zT over 1 arising 

due to large S2σ with only moderately low κl. Where other materials have S2σ around 

1 mW.m-1.K-2, the HH composition Nb0.95Ti0.05FeSb reaches an impressive value of 

10 mW.m-1.K-2 at room temperature.113 While an extreme case, this highlights that in HH 
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materials thermoelectric performance comes from high electronic performance. The trade 

off in the HH family is large mb* requiring larger doping levels, which results in large κe 

which offsets the large S2σ achieved. 

The Heusler structure, which will for the remainder of this thesis be referred to as the 

Full-Heusler (FH) structure is cubic with space group 𝐹𝑚3̅𝑚 (225), and is shown in 

Figure 1.12a for TiNi2Sn. The general formula is XY2Z (although it is common to see 

Y2XZ written in the literature). The Half-Heusler structure is related by the removal of 

half of the Y atoms, which in the case of TiNiSn as shown in Figure 1.12 leads to a 

tetrahedron of Ni in the unit cell, compared to the cubic arrangement seen in TiNi2Sn. 

 

Figure 1.12: Unit cells of the (a) Full-Heusler (FH) and (b) Half-Heusler structures.   

The Half-Heusler structure is also cubic, with space group 𝐹4̅3𝑚 (216). The general 

formula is XYZ, where the Y and Z atoms are positioned in a zinc blende like 

arrangement, with X filling the octahedral sites between the Y atoms. The semiconducting 

behaviour in HH materials is achieved when the sum of the valence electrons of XYZ is 

18 which can be described using the Zintl description of intermetallics. The X-site atom 

is treated as fully oxidised to Xn+ with the electrons transferred to the [YZ]n- zinc blende 

framework. Ten electrons occupy the d-orbitals on Y and the remaining eight electrons 

occupy the sp based bonding orbitals. This eight electron sp bonding behaviour is 

analogous to the bonding in zinc blende GaAs and ultimately silicon. The transformation 

from Si through to TiNiSn is illustrated in Figure 1.13. While the X-site atom behaving 

as a spectator ion may be a reasonable description for Li+ in the Nowotny-Juza phase 

LiZnAs, the 4d orbitals of Zr are expected to contribute significantly to the conduction 

band in ZrNiSn.114 
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Figure 1.13: Diagram showing the relationship between the structures of Si, GaAs and TiNiSn 

through isoelectronic steps. Within the Zintl description of intermetallics, the [NiSn]4- framework 

is analogous to Si. In the above HH structure shown, green marks the Y atom and blue marks the 

Z atom, with the grey X atom added when compared to the zinc blende structure type.  

As a rule of thumb, the X-site elements available are Group II-V and the lanthanides, 

Y-site elements can be the Groups VIII-XI and typically the Z-site is limited to the lower 

members of Groups XIV and XV. Not all 18 electron compositions within these limits 

are stable and not all compositions without 18 electrons are unstable.  

There are other real world restrictions on the elements that can be used in a thermoelectric 

device. Elements such as Pb and As may form stable HH phases (ZrNiPb0.98Bi0.02 even 

gets a zT of 0.55 at 900 K)115 but the toxicity of the elements is not desirable. Alloying 

with Hf is extremely useful in reducing κl, but is also extremely expensive (10g cost £72 

for this work) making the commercial potential of compositions dependent on it much 

lower. 

Within the above constraints, we can find 6 key Half-Heusler families with leading 

thermoelectric performance: XVFeSb, XVCoSn, XIVCoSb, XVCoSb, XIVCoBi and 

XIVNiSn where XIV = Ti, Zr , Hf and XV = V, Nb, Ta. We will cover each of these 

families, in addition to some compositions which do not currently reach the performance 

or potential of the main groups. 

1.7.1 – XVFeSb (XV = V, Nb, Ta) 

This family of p-type Half-Heuslers has low indirect band gaps between the doubly 

degenerate valence band maximum (VBM) at the L-point to the conduction band 

minimum (CBM) at the X-point between 0.35-0.6eV.116 For thermoelectric application 

any potential inhibiting bipolar effects are avoided by the large doping levels required 

due to the remarkably large mDoS* of these systems, ranging from 6.4me to as high as 

10 me.
113,117 The doping required for optimal S2σ allows for the majority carriers to 
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dominate at all temperatures. κl of each pure material is quite large, over 9 W.m-1.K-1 for 

each phase at 300 K.118–120 Alloying on the X-site proves to be highly effective in these 

materials, either with isoelectronic elements or the Group IV metals which also act as p-

type dopants, or both at the same time. 

VFeSb has the lowest performance of the 3 parents. The most interesting aspect of the 

vanadium system is the huge effective mass of 10 me requiring nH > 1021 cm-3 through Ti 

doping to maximise S2σ.116 While this is beneficial for S2σ, μH is not particularly large at 

10 cm2.V-1s-1 decreasing to only 3 cm2.V-1s-1 at 1000 K.116 In addition to p-type doping, 

the Ti alloying leads to a room temperature reduction of κl from 5 to 3 W.m-1.K-1
 from 

V0.6Nb0.4FeSb. This optimisation gives a maximum zT reached in (V0.6Nb0.4)0.8Ti0.2FeSb 

of 0.8 at 900 K.116 

Use of V is ultimately redundant given that [Nb0.8Ti0.2]FeSb reaches the same zT at 900 K, 

continuing to rise to 1.1 at 1100 K.113 mDoS* for this material is 7.5me leading to an 

increase in μH, enough to counteract the effective reduction in S. The most unique 

behaviour of this family can be seen quite strongly in the NbFeSb system, with the 

Nb0.95Ti0.05FeSb composition having a low ρ at 300 K, resulting in 

S2σ  = 10 mW.m-1.K-2.113 The strong T1.5 temperature dependence of ρ characteristic of 

acoustic phonon scattering gives S2σ a negative temperature dependence, decreasing to 

5 mW.m-1.K-2 at 973 K, illustrated in Figure 1.14. For this system there is a strong grain 

boundary scattering effect when the sample is hot-pressed at low temperatures.113 The 

best performance for NbFeSb is achieved for [Nb0.88Hf0.12]FeSb at 1200 K with zT of 

1.5.118 This composition has a slightly lower mDoS* = 6.9 me. 

 

Figure 1.14: S2σ(T) and σ for NbFeSb samples hot-pressed at different temperatures.113 
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The largest zT in this family and amongst all p-type Half-Heuslers to date is for the 

composition [Ta0.76V0.1Ti0.16]FeSb with a zT of 1.52 at 973 K, which would appear to 

increase at even higher temperatures.120 The V doping in this instance is necessary to push 

down κ, by reducing both κe and κl with a minor sacrifice to S2σ. 

This family of Half-Heuslers illustrates the power of alloying by drastically reducing κl, 

with slight adjustments leading to significant improvement in zT. 

1.7.2 – XVCoSn (XV = Nb, Ta) 

This pair of HH phases have been reported as n-type materials, with density functional 

theory (DFT) calculated indirect band gaps close to 1eV.121,122 According to these 

calculations, the VBM lies at the W-point for NbCoSn, while TaCoSn has similar energy 

maxima at the W and L-points. Both materials have the X-point CBM characteristic of 

many Half-Heuslers, in this case consisting of two distinct bands. 

There have been no reputable reports to date of the existence of the VCoSn HH material. 

DFT calculations suggest that if the phase exists it would be an n-type semiconductor 

with promising thermoelectric properties.123 A recent report claimed the formation of the 

HH phase alongside binary phases as identified by PXRD, although no quantitative 

analysis was made to confirm the size of the unit cell or rule out the formation of the 

known Full-Heusler relative VCo2Sn.124,125 

The charge carriers in these materials are somewhat heavy, with n-type NbCoSn1-xSbx 

having mDoS* around 6.1 me.
121 An investigation into the Nb1-xScxCoSn series finds that 

for x > 0.04 p-type behaviour can be accessed, although low S2σ limits zT(879 K) to 0.13 

for Nb0.95Sc0.05CoSn.126 

Investigations into the NbCoSn1-xSbx system show mobilities around 10 cm2.V-1.s-1 in 

doped samples with mDoS* = 6.1 me. Based on samples with x = 0.05, 0.1 and 0.15 there 

are suggestions that antimony doping alters mDoS* towards the larger value seen in the 

Nb0.83CoSb system discussed in Section 1.7.4.121 Ultimately the zT of this system is 

limited by moderate S2σ which do not exceed 3.6 mW.m-1.K-2 due to low μ and high κl 

values which never go below 4.4 W.m-1.K-1, giving this series a maximum zT of 0.6 at 

973 K.121 Doping on the Co-site using Pt has recently improved this to 0.6 at 773 K for 

NbCo0.95Pt0.05Sn.127 
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Recent work on the Ta0.6Nb0.4CoSn1-xSbx system yields zT of 0.75 at 973 K.122 This 

improvement over NbCoSn1-xSbx comes from suppression of κl due to alloy scattering 

from Nb/Ta and Sn/Sb. There is a slight reduction in μ compared to the NbCoSn system 

which never exceeds 6 cm2.V-1.s-1 despite a reduction of mDoS* to ~5.2 me. One point of 

interest is that σ(T) at lower temperatures seem to have the characteristic temperature 

dependence associated with grain boundary scattering of charge carriers. The most 

heavily doped samples in the NbCoSn1-xSbx do not display this behaviour, so it may be 

the case that more careful preparation is required to maximise electronic performance. 

1.7.3 – XIVCoSb (XIV = Ti, Zr, Hf) 

The band gaps of this family are expected from first principles to be around 1eV.128 The 

VBM of these materials could be either at the triply degenerate Γ-point or the doubly 

degenerate L-point, with the similar predicted energies suggesting that both points could 

contribute to conduction in p-type samples. The CBM is once again at the X-point for 

each composition. In the literature some success has been achieved for both p-type and 

n-type samples, primarily for samples rich in Zr and Hf. 

For [TiZrHf]CoSb p-type doped using Sn substitution on the Sb-site, there are several 

reports of quite similar samples with zT close to or over 1 in the temperature range 

973-1173 K.129–132 All samples show similar S2σ peaking in the region of 

2.5-3.2 mW.m-1.K-2, with similar ρ in the range 7-20 μΩ.m depending on the Sn doping 

used. The ‘low’ S2σ are due in part to the large mb* found for these materials, with the 

holes in Zr0.5Hf0.5CoSb1-xSnx having mDoS* of 12.5me, leading to hole mobilities around 

4 cm2.V-1.s-1 and the temperature dependence of σ ~ T-0.5 is due to alloy scattering.131  The 

largest zT of 1.2 has been reached for the composition Ti0.25Hf0.75CoSb0.85Sn0.15 at 

983 K.129 The main success of these materials is the X-site alloy scattering used to bring 

down κl. 
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Figure 1.15: σ(T) data for Zr0.5Hf0.5CoSb1-xSnx suggesting alloy scattering dominance in μ.131 

n-type doping has been achieved using Ni substitution, and for the ZrCo1-xNixSb series κ 

is reduced from ~19 W.m-1.K-1 to ~8 W.m-1.K-1 with only 15% Ni substitution, with 

mDoS* = 6.0 me.
133 Further reduction of κl due to Hf alloying on the X-site was used to 

bring this down further. S2σ are again only moderate, not exceeding 3.5 mW.m-1.K-2, due 

to heavy electrons with mb* = 3.1 meaning μ is once more quite low, ranging between 

3-6 cm2.V-1.s-1. Ultimately the large zT = 1 for Zr0.5Hf0.5Co0.9Ni0.1Sb at 1073 K once 

again comes from a reduced κ ~3.4 W.m-1.K-1 and degenerate S2σ across the whole 

temperature range. 

1.7.4 – XVCoSb (XV = V, Nb, Ta) 

The XVCoSb HH materials nominally have 19 electrons and should be metallic, with EF 

far inside the conduction band. Each composition in fact forms with X-site vacancies, 

bringing the electron count on the [CoSb]n- framework closer to 18 electrons. A 

composition of Nb0.8CoSb is expected to be semiconducting as confirmed by DFT with a 

1 eV band gap.134 Interestingly while the CBM is solely on the X-point for NbCoSb, the 

unfolded band structure for Nb0.8CoSb suggests some convergence at the 

U and W-points.134 

In practice the X-site does not become fully vacant, with an increasing vacancy 

concentration down the group, with compositions V0.87CoSb, Nb0.85CoSb and Ta0.81CoSb 

found to be stable.135 A higher vacancy concentration correlates directly with lower 
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doping, with the measured nH for these samples being over 1021 cm-3 due to their large 

mDoS* which is largest for V0.87CoSb at 12.8me and decreases markedly down the group. 

Controlling the nominal vacancy amount is important for maximising performance. The 

best performance for the Nb material is for Nb0.83CoSb, with the electronic properties 

behaving within the SPB model with mDoS* of 7.7me, with n-type doping controlled solely 

through the vacancy concentration.136 This same requirement is observed for the V 

material where V0.9CoSb behaves best in a range of compositions.137 For V0.9CoSb and 

Nb0.83CoSb the highest zT reached are 0.6 at 873 K and 0.9 at 1123 K respectively, 

although the values are similar at 873 K, although V0.9CoSb may be unstable at higher 

temperatures. 

1.7.5 – XIVCoBi (XIV = Ti, Zr, Hf) 

These materials are predicted to have band gaps between 0.9-1 eV, with a conduction 

band minimum at the X-point and valence band maxima at the Γ-point or the L-point.138 

In the case of ZrCoBi the Γ-point and L-point maxima are calculated to be near 

degenerate, with each being doubly degenerate themselves. 

 

Figure 1.16: Calculated band structure (a) and the Fermi surface in the first Brillouin zone (b) 

of ZrCoBi.139 

This band degeneracy is thought to be the reason for the high thermoelectric performance 

in p-type ZrCoBi1-xSbx, with a total degeneracy Nv = 10.139 The Sn substitution acts both 

to provide the large doping levels needed for the large mDoS* of the system (as large as 

13 me), but also significantly reduces κl from the 300 K value for the parent phase of 
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9 W.m-1.K-1 down to 2.6 W.m-1.K-1 for 20% Sn substitution, due to the mass disorder. 

Additional substitution using Sb was used to maximise zT for ZrCoBi0.65Sb0.15Sn0.2 of 

1.42 at 973 K. 

Given that these discoveries were made in 2018, it is natural to assume further 

optimisation based on these compositions. 

1.7.6 – Double Half-Heuslers 

The established criterion for semiconducting behaviour in HH phases is a valence electron 

count of 18e-. It has been recently suggested that the combination of a 17e- and 19e- may 

expand the range of HH materials available for thermoelectric application, for example 

the composition (TiFeSb)0.5(TiNiSb)0.5 which is isoelectronic with TiCoSb.140 The 

combination of two non-18 electron HH phases leads to ‘double’ Half-Heusler materials. 

For the (TiFeSb)1-x(TiNiSb)x series the x = 0.5 sample has been confirmed to be 

semiconducting and variations in x control the n-type or p-type behaviour.141 Analysis of 

Hall data suggests huge fluctuation in mDoS* values with only small changes in x ranging 

between 0.2-24me for these samples which realistically suggests that reliable Hall 

measurement of these materials is difficult. 

zT values can reach around 0.5-0.6 for this series. This approach to creating new HH 

materials is recent, so more promising compositions may arise in the coming years. 

1.7.7 – XIVNiSn (XIV = Ti, Zr, Hf) 

The main focus of this thesis will be on TiNiSn, ZrNiSn and HfNiSn based HH materials. 

DFT band gaps for these materials are relatively low, with band gaps around 0.5 eV being 

the typical predicted literature value for each phase.41 The conduction band minimum lies 

at the X-point and the valence band maximum is triply degenerate at the Γ-point. 

The thermoelectric properties of the non-alloyed materials consist of large S2σ and κl. The 

reported mDoS* for each composition are usually around 3.0 me, although TiNiCu0.075Sn 

has been reported with a value closer to 5 me.
38,142–144 Like the other HH materials, the 

optimal doping levels of magnitudes around 1020 cm-3 give these materials significant κe 

contributions at least 1 W.m-1.K-1. The typical route for n-type doping is through Sb 

substitution on the Sn-site. Using Ta to control n-type doping the zT in these parent phases 

are reasonably high, with Ti0.975Ta0.025Ni0.92Sn achieving zT of 0.73 at 873 K.145  
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1.7.7.1 – The Interstitial Site 

One of the most unique characteristics of the XIVNiSn phases is the interstitial site as 

illustrated in Figure 1.17d. All three phases are affected by a significant filling of Ni on 

the interstitial site leading to a composition of XIVNi1+xSn, and DFT calculations have 

found that increased interstitial Ni concentrations should be expected at higher 

temperatures as illustrated in Figure 1.17a-c.144,146 The maximum interstitial Ni is 

calculated at x = 0.11 for ZrNi1+xSn at 1700 K, a composition which has been reached by 

quenching Ni rich samples from an annealing temperature of 1173 K.144,147 Calculations 

for TiNi1+xSn appear to underestimate stability of interstitial Ni which has been reported 

with x up to 0.08 confirmed by SEM and neutron powder diffraction, without any direct 

attempt to quench from high annealing temperatures.148,149 

 

Figure 1.17: Phase diagrams of the XNiSn/XNi2Sn (X = Ti, Zr and Hf) system illustrating the 

temperature dependence of interstitial Ni in XNi1+xSn and Ni vacancies in XNi2Sn (a-c).146 (d) 

shows the unit cell of the Half-Heusler structure with partial filling of the interstitial site. 

The presence of Ni interstitials has a significant impact on the thermoelectric properties, 

having been attributed to a suppression of μ and κl through point defect scattering, in 

addition to a reduction of Eg to values as low as 0.1 eV.142,149–151 x = 0.08 in TiNi1+xSn for 

example causes a 50% reduction in μ and a 25% reduction in κl at 300 K, accompanied 

by a slight increase in n.149 Similar decreases in are observed for ZrNi1+xSn, with a 35% 

reduction in κl contributing to zT = 0.71 at 973 K for ZrNi1.11Sn1.04.
144 
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Elimination of interstitial Ni through compositional Ni deficiency has been shown to 

increase the observed Eg and increase S2σ through enhanced μ for TiNi1-ySn.145 In this 

instance elimination of interstitial Ni causes an increase in the optical band gap from 

0.15 eV to 0.29 eV. The dependence of Eg on interstitial Ni has been attributed to the 

presence of in-gap impurity states, which has been supported by DFT calculations.152 

While excess Ni can be incorporated into the interstitial site, the other observed 

consequence of excess Ni in a sample is segregation into stoichiometric HH and FH 

phases.142,152–154 ZrNi1.1Sn with a zT = 0.75 at 900 K has been reported for example, but 

the reduction in κl was attributed to FH nanoprecipitates and not randomly distributed 

interstitial Ni.147 It is difficult to establish whether suppression of κl in excess Ni samples 

can be accurately attributed to interstitial Ni or to FH nanoinclusions. The reduced Eg 

which has been attributed to interstitial Ni could instead be caused by the formation of 

stoichiometric defects and nanopores.155 Nanopores have been observed in TiNiSn 

samples prepared through microwave sysnthesis.156 

Cu can also occupy the interstitial site, which has been reported for the TiNiCuySn and 

Ti0.5Zr0.25Hf0.25NiCuySn series as covered in Chapter 3 of this thesis.47,143,157 Synchrotron 

powder diffraction analysis has shown for TiNiCuySn that the additional Cu causes 

expansion of the lattice up to y = 0.15, although some Cu is found to exist between HH 

grains and is believed to facilitate densification of the pellets during hot-pressing.143,157 

Similarly interstitial Cu causes expansion of the aavg in the Ti0.5Zr0.25Hf0.25NiCuySn series, 

and EDX mapping shows that increasing Cu improves mixing of Ti, Zr and Hf 

approaching a single HH phase in Ti0.5Zr0.25Hf0.25NiCu0.075Sn.47 

 

Figure 1.18: Lattice expansion of the TiNiCuySn series with increasing Cu. (a) shows the {2 2 0} 

reflection before and after hot-pressing. (b) highlights the difference before and after 

hot-pressing, with an apparent loss of interstitial Cu after hot-pressing.143 
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Cu acts as a highly effective n-type dopant in the TiNiCuySn system, with y = 0.025 being 

sufficient to degenerately dope the material.143 The systematic addition of Cu found a 

consistent increase in σ and reduction in S as expected from increasing n. The presence 

of interstitial Cu also causes a substantial decrease in κl, from 6.0 W.m-1.K-1 in TiNiSn to 

a minimum of 4.0 W.m-1.K-1 in TiNiCu0.05Sn, which was attributed to significant point 

defect scattering by Cu as is believed to be the case for interstitial Ni.143 The largest zT 

using Cu doping in this system was for TiNiCu0.05Sn, in large part due to it having the 

lowest κl in the series. The thermoelectric properties in the Ti0.5Zr0.25Hf0.25NiCuySn series 

are discussed in Chapter 3, with interstitial Cu n-type doping the system and reducing 

κl.
47 

1.7.7.2 – Ti/Zr/Hf Alloying and Phase Segregation 

As discussed above, alloying is crucial in thermoelectric material design to reduce κl 

through point defect scattering. In the literature the most common route used to introduce 

isoelectronic alloying is on the X-site, within the ternary TiNiSn/ZrNiSn/HfNiSn solid 

solution.47,158–162 The effect of this alloying on κl will be examined in Chapter 3. One 

noteworthy paper finds that in the Zr1-xHfxNiSn0.985Sb0.015 series alloying reduces 

κl(300 K) by over 40% to a minimum of ~3.5 W.m-1.K-1 for x = 0.5 compared to the 

parent materials, with no apparent reduction in μ.158 A less investigated route is 

substitution of Pd or Pt in place of Ni, which has been found to be effective at reducing 

κl, which can pushed as low as 1.67 W.m-1.K-1 for Zr0.5Hf0.5Ni0.5Pd0.5Sn.45,163 The cost of 

Pd and Pt makes this particular avenue less than appealing however. 

In practice the solid solution does not span the entire phase diagram as highlighted in 

Figure 1.19.164 The full mixing of Ti with Zr and Hf is not predicted to be 

thermodynamically stable at 300 K although Ti/Hf mixing is predicted to be fully realised 

above 600 K. The miscibility gaps for this system are linked to the lattice mismatch of 

each parent phase, with aHH around 5.92 Å, 6.11 Å and 6.07 Å for TiNiSn, ZrNiSn and 

HfNiSn respectively.164,165 One further issue predicted for these materials is slow 

diffusion of Ti, Zr and Hf during annealing could prevent full homogenisation.164 
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Figure 1.19: Calculated ternary phase diagrams for the XNiSn (X = Ti, Zr and Hf) system. 

Plot (a) shows the fully miscible region at 700 K while plot (b) shows the temperature dependence 

of the solid solution. Full mixing between Zr and Hf is predicted to be allowed at 300 K, full 

mixing of Ti and Hf is only possible at or above 600 K and full mixing of Ti and Zr is only 

predicted to be allowed at temperatures in excess of 800 K.164 

Phase segregation into Ti-rich and Ti-poor HH regions is observed consistently in these 

alloyed systems.47,166–168 SEM-EDX mapping of arc-melted samples as shown in Figure 

1.20 illustrates this phase segregation.166 In this image the Ti-rich region appears to fill 

the space between Ti-poor regions. Given the arc-melting method used, this can be 

attributed to how each HH phase crystallises from the melted ingot. ZrNiSn and HfNiSn 

crystallise directly from being molten, with melting points of 1708 K and 1760 K 

repectively.169 Zr/Hf-rich HH phases crystallise as the molten ingot solidifies, while 

Ti-rich HH phases only crystallise at lower temperatures, with pure TiNiSn decomposing 

above 1435 K.169 

 



40 

 

Figure 1.20: SEM-EDX mapping of the composition of arc-melted Ti0.5Zr0.25Hf0.25NiSn 

highlighting phase segregation into Ti-rich and Ti-poor regions.166 

Phase formation in these materials is not as simple as formation of two HH phases. 

Analysis of alloyed samples using synchrotron X-ray powder diffraction found multiple 

peaks for Ti0.5Zr0.5NiSn, Ti0.5Hf0.5NiSn and Ti0.5Zr0.25Hf0.25NiSn prepared by arc-melting, 

with no strong HH pair evident.170 In the Ti0.5Zr0.25Hf0.25NiCuySn series prepared by 

conventional solid state synthesis, the addition of interstitial Cu closes the miscibility gap 

as confirmed by synchrotron X-ray powder diffraction.47 One interesting detail for  

Ti0.5Zr0.25Hf0.25NiCu0.075Sn revealed by SEM-EDX is that the centre of the largest grains 

retains a high Zr/Hf concentration, attributed to the limited X-site diffusion.47 

The largest zT values in the ANiSn have been reported for Ti0.5Zr0.25Hf0.25NiSn1-xSbx with 

zT of 1.5 at 700 K and 823 K.161,171 The 700 K value was reported in 2005 for 

Ti0.5Zr0.25Hf0.25NiSn0.98Sb0.02 and has not been reproduced or exceeded.171 For this sample 

the large zT comes from κl around 3 W.m-1.K-1 and quite large S2σ between 

5-6 mW.m-1.K-2 at 700 K (little is said of the exact S2σ in the original paper). For the more 

recent report with an undoped composition Ti0.5Zr0.25Hf0.25NiSn, κ is around 30% lower 

at 2.2 W.m-1.K-1, with an extremely low κl at 823 K of 1 W.m-1.K-1.161 The material was 

reported with a single lattice parameter of 6.043 Å but no diffraction data was presented 

so it is unclear as to whether processing avoided phase segregation. 

1.8 – Thesis Structure 

In this introduction, the key background on thermoelectric materials have been presented. 

Thermoelectric generators have roles in energy harvesting, in niche roles where low 

maintenance is beneficial, or can be integrated into other generators to increase the overall 

efficiency. The underlying theory of the key electronic parameters has been introduced 

and simple models used to rationalise how these parameters will vary experimentally have 

been established. 

A range of state-of-the-art thermoelectric materials have been reviewed along with 

common experimental techniques used to improve performance, such as alloying and 

nanostructuring. A wide range of Half-Heuslers with high zT and the potential for further 

improvement were presented, with large S2σ and κl being a common characteristic. The 

XNiSn (X = Ti, Zr and Hf) family was examined in more detail, with a particular focus 

on exploitation of the interstitial site to improve performance and the nature of phase 

segregation of Ti, Zr and Hf on the X-site for alloyed samples. 
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The experimental methods used in this thesis will be described in Chapter 2. The means 

by which samples were prepared are introduced and the common protocols used are 

stated. Diffraction is the primary means of determining the structure of the materials 

presented in this thesis, so has been introduced in detail. The techniques used to obtain 

thermoelectric property data are introduced along with standard protocols for collecting 

data. Finally, a range of supplemental techniques are described, including SEM and 

secondary electronic and magnetic measurements. 

Chapter 3 examines samples with composition Tix(Zr0.5Hf0.5)1-xNiCuySn. In the first part 

the thermoelectric properties of Ti0.5Zr0.25Hf0.25NiCuySn samples prepared by 

conventional solid-state synthesis (SSS) are analysed using SPB and Callaway 

modelling.47 In the second part, Tix(Zr0.5Hf0.5)1-xNiCu0.025Sn prepared using different 

processing steps are presented. The reagents, either elemental powders or pieces, are 

prepared using SSS or arc-melting and include either a hand-milling or ball-milling step. 

The structural behaviours are quantified using neutron powder diffraction, X-ray powder 

diffraction and SEM and the thermoelectric properties are compared. 

In Chapter 4 the phase segregation and thermoelectric properties of XNiCuySn samples 

prepared by arc-melting are presented. The effect of hot-pressing on phase segregation 

and the electronic behaviour is compared against intact pieces cut directly from the 

arc-melted ingot. The thermoelectric properties are compared to the observations and 

predictions made in Chapter 3, and the detrimental impact of minority carrier 

contributions to S and κ are examined. 

Chapter 5 presents three studies looking at the behaviour and impact of interstitial Ni in 

XNi1+xSn samples. The first study is on the behaviour of interstitial Ni in arc-melted 

ZrNi1+xSn (x = 0, 0.1 and 0.2) using neutron powder diffraction data, examining the effect 

of annealing on the Ni excess. The second study examines the phase segregation of 

XNi1.5Sn (X = Ti, Zr and Hf) samples prepared by arc-melting and quenched from a 

range of annealing temperatures, using X-ray powder diffraction to characterise the HH 

and FH phases formed. The final study compares the structural and electronic properties 

of HfNiSn and HfNi1.1Sn arc-melted samples, to determine whether excess Ni can be 

trapped on the interstitial site in large quantities. 

Chapter 6 examines the thermoelectric and magnetic properties of [Ti1-xVx][FeyCo1-y]Sb 

samples prepared by arc-melting. The thermoelectric properties of nominally p-type 

samples were investigated in the hopes of observing evidence of valence band 
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convergence, while n-type samples were prepared for comparison. The structures of these 

samples were analysed using X-ray powder diffraction and SEM-EDX, highlighting 

phase segregation in both p-type and n-type samples. The low temperature magnetic 

properties were examined.   
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Chapter 2 – Experimental Methods 

2.1 – Synthetic Techniques 

2.1.1 – Conventional Solid-State Synthesis 

The default route for producing polycrystalline ceramic samples starts from high purity 

powders, which can be used to prepare to some intermetallic materials. The size of the 

powders used needs to be considered, with a smaller grain allowing increased surface area 

for reaction but potentially being more susceptible to oxidation when exposed to ambient 

atmospheres. 

Appropriate amounts of each reagent need to be mixed thoroughly to allow for each 

reagent to react. This is typically achieved using a mortar and pestle, used to both mix the 

powders together and reduce grain size allowing for increased contact area. Once ground, 

the powders are cold-pressed into pellets, thereby maximising the contact between the 

reagents. 

The pellets are then heated to a sufficient reaction temperature. The materials prepared in 

this thesis have at least some reactivity with oxygen at elevated temperatures. Air 

sensitive samples need to be heated in either a vacuum or an inert atmosphere such as 

nitrogen or argon. Evacuated samples are typically placed in a suitable crucible (alumina 

or graphite for example) or wrapped in a metal foil, then sealed within a silica ampoule 

under vacuum, by melting the open end of the ampoule. In this work samples were 

wrapped in Ta foil and sealed in evacuated silica ampoules. 

The samples are heated in insulated furnaces, capable of controlled changes in the 

temperature (ramping) and maintaining stable temperatures for annealing the samples. 

Gradual cooling of samples can be achieved, but rapid cooling is limited by the ability of 

the furnace to lose heat. 

Samples are typically heated for a short period of time initially to allow for initial reaction, 

after which the partially reacted pellet is re-ground, re-pressed and re-annealed for a 

longer period. Depending on the sample, this may need to be repeated multiple times to 

take the reaction to completion. 
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2.1.2 – Arc-Melting 

Arc-melting uses an electrical arc to melt metals. In the melt the reagent elements can 

rapidly homogenise and once the arc is removed the sample solidifies with an even 

distribution of elements. In some specialised setups the rate of cooling can be controlled 

to alter the phase composition and microstructure of the resulting sample. 

The arc-melting furnace used in this thesis was the commercial Bühler GmbH Compact 

Arc Melter MAM-1. This apparatus uses a tungsten electrode for delivery of the arc onto 

a water-cooled copper crucible plate inside an airtight melting chamber, which can 

accommodate up to 20 g of sample per melt. 

Samples were prepared using either elemental powders that had been cold-pressed into a 

pellet or elemental pieces. The reagents were loaded onto the crucible and a piece of Zr 

was loaded into a separate section, for use as an oxygen ‘Getter’. The chamber was closed 

and purged 3 times with argon gas, with vacuum steps of no less than two minutes. A 

final 15-minute evacuation was performed before turning on the water flow to the crucible 

and filling the chamber with argon at a pressure lower than atmosphere to account for the 

thermal expansion of the gas. The arc was then turned on, the Zr-Getter melted followed 

by the sample. To achieve full homogeneity, samples were melted until a fully round 

ingot was formed and the sample reached a fully molten state. This would often require 

the chamber to be opened, the unfinished ingot to be flipped and melted at least once 

more. 

In principle, the arc-melting process reduces the number of annealing steps required to 

achieve a homogeneous, phase pure product due to the higher temperatures achievable 

compared to a standard furnace. Elemental pieces can be used in the arc-melting route, 

which have a lower surface area than powder precursors, reducing the potential risk of 

oxygen contamination of the material. As crystallites form directly from the melt, 

different microstructures can be achieved than those from lower temperature reactions in 

a sample prepared from a powder route. The ingot itself can also achieve high density 

relative to the maximum crystallographic density, whereas a powder route usually 

requires further processing to achieve high density, such as annealing at very high 

temperatures or by pressure assisted consolidation routes such as spark plasma sintering 

or hot-pressing. Measurable pieces were cut directly from the ingot using a circular 

diamond saw, for example cuboidal bars suitable for LSR measurement. Recovery of 
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pieces can be inconsistent due to cracking and fractures during cooling of the ingot which 

can make the cutting of an appropriately sized bar impossible. 

2.1.3 – Hot-Pressing 

To obtain a full set of thermoelectric data, dense circular pellets are required to obtain κ 

data. The technique employed in this work to obtain these pellets is by hot-pressing, 

where a powdered sample is simultaneously pressed and heated. The combination of 

pressure and heat allows for densification at much lower temperatures than required 

without an applied pressure.35  

 

Figure 2.1: Schematic of the hot-pressing process used in this work. The sample is enclosed in a 

graphite die and graphite pieces, while pressure is applied by a hydraulic pump from below and 

the graphite is heated by the induction coil, which then heats the sample. 

The hot-pressing apparatus was custom built and consists of a steel vacuum chamber, a 

water chiller, a generator and an hydraulic hand pump. The sample loading setup is shown 

in Figure 2.1, where the sample powder is contained between graphite foil and pieces 

inside a graphite die and loaded vertically into the steel chamber. The temperature of the 

sample is measured using a thermocouple inserted into the die. The steel chamber is 

evacuated and refilled with argon gas at least four times to give an inert atmosphere for 

pressing. The sample is pressed using an hydraulic hand pump from below, against a fixed 

steel plate at the top of the chamber. The applied pump pressure of 11 bar at room 

temperature typically increases to 20 bar at 950 °C due to thermal expansion of the 
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graphite pistons, corresponding to a pressure of ~80 MPa on the sample. The induction 

coil heats the graphite die and the heat travels inwards to the sample. 

For all samples prepared in this thesis, between 1-2 g of powder is loaded into the graphite 

die depending on the density of the target material and desired pellet thickness. All 

samples produced have a density over 95% of the crystallographic density unless 

otherwise stated. 

2.2 – Powder Diffraction 

2.2.1 – Crystal Structures 

The diffraction of waves in crystalline materials arises due to the periodic nature of 

crystals. A crystal is defined by a periodic lattice of points in space and a basis set of 

atoms positioned on the lattice. The total crystal can be described by its unit cell, a 

parallelepiped containing atoms required to reconstruct the crystal purely through 

translation. Examples of unit cells in two dimensions are shown in Figure 2.2c. Typically 

the unit cell used is the smallest possible unit cell that can describe the crystal. 

 

Figure 2.2: Illustration of lattice points, a crystal and the selection of a unit cell for a 2D crystal. 

Two unit cells are depicted, each using a different centring but both describing the crystal 

correctly. 

The unit cell in three dimensions is characterised by six parameters, lattice parameters a, 

b and c with length unit Å (10-10 m) and lattice angles α, β and γ. The combinations of 

these parameters allow for seven unique crystal systems, defined in Table 2.1. In this 

thesis the main phases are cubic, with a single lattice parameter a and lattice angles fixed 
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at 90°. The other crystal systems feature only as impurities and do not warrant further 

discussion. 

Table 2.1: The seven crystal systems in three dimensions, and the defining constraints on their 

lattice parameters and angles. 

 Lengths Angles 

Cubic a = b = c α = β = γ = 90° 

Tetragonal a = b ≠ c α = β = γ = 90° 

Orthorhombic a ≠ b ≠ c α = β = γ = 90° 

Rhombohedral a = b = c α = β = γ ≠ 90° 

Monoclinic a ≠ b ≠ c α = γ = 90°, β ≠ 90° 

Triclinic a ≠ b ≠ c α ≠ β ≠ γ ≠ 90° 

Hexagonal a = b ≠ c α = β = 90°, γ = 120° 

 

From the seven crystal systems, the next level of complexity arises from the application 

of centring to the crystal systems, giving the fourteen Bravais lattices. For the cubic 

crystal system, the three Bravais lattices are primitive cubic, body centred cubic and face 

centred cubic, which are shown in Figure 2.3. The main phases discussed in this thesis, 

the Half-Heusler and Full-Heusler phases, both fall in the face centred cubic category. 

 

Figure 2.3: The three examples of centring in the cubic crystal system: Primitive, body centred 

and face centred. The Half-Heusler and Full-Heusler phases which are the focus of this thesis 

are face centred.  
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The final level of classification of a unit cell is the space group, which can be described 

by a unique collection of symmetry operators that return the unit cell after the operation 

is performed. In three dimensions there are a total of 230 unique space groups. The seven 

symmetry operators have a corresponding symmetry element (except for the identity 

operator), which are summarised in Table 2.2. The space groups of the HH and FH phases 

are 𝐹4̅3𝑚 and 𝐹𝑚3̅𝑚 respectively. 

Table 2.2: Symmetry operations for a 3D crystal with translational symmetry. 

 Symmetry Operator Symmetry Element 

Identity – E Do nothing -- 

Rotation – Cn Rotation by 360°/n Rotation axis 

Reflection – σi Reflection in σi Mirror plane 

Improper rotation - Sn Rotation by 360°/n 

Reflection in σh 

Improper rotation axis 

Inversion - i Inversion on point i Inversion point 

Glide reflection Translation 

Reflection 

Glide plane 

Screw rotation Translation along axis 

Rotation 360°/n 

Screw axis 

 

For the purposes of diffraction, it is important to understand lattice vector notation, Miller 

indices and the resulting Miller planes. The unit cell is defined by its six lattice parameters 

of lengths and angles. The lattice vectors lie parallel to the edges of the unit cell and are 

written as (𝑎1⃗⃗⃗⃗ , 𝑎2⃗⃗⃗⃗ , 𝑎3⃗⃗⃗⃗ ), with each vector lying along unit cell edges (a,b,c) respectively. 

Formally the Miller indices (h,k,l) represent a point in reciprocal space, where each index 

is an integer. In real space these indices are expressed as a Miller plane (h k l), with the 

plane intersecting the unit cell edges at points (
𝑎1⃗⃗⃗⃗  ⃗

ℎ
,
𝑎2

𝑘

⃗⃗  ⃗ ,
𝑎3⃗⃗⃗⃗  ⃗

𝑙
). Multiplying the lattice vectors 



49 

 

by a positive integer will give an infinite series of parallel planes separated in real space 

by distance d. In unit cells with a high symmetry space group, different sets of Miller 

indices will be related by symmetry and have identical d-spacing. The Miller planes 

resulting from these symmetry related indices fall into the same family of Miller planes 

with notation {h k l}.  

Since the key phases in this thesis are cubic, we will only consider the d-spacing for cubic 

materials, which is defined for each Miller family of Miller indices (h,k,l)  as: 

 𝑑𝑐𝑢𝑏𝑖𝑐 =
𝑎

√ℎ2 + 𝑘2 + 𝑙2
 Equation 2.1 

Within the context of diffraction each Miller plane will be viewed as an infinite sheet of 

atoms, separated from an infinite number of parallel sheets of atoms with spacing d. 

2.2.2 – Bragg Diffraction Theory 

In general diffraction is an event where a wave meets an object. In the case of crystalline 

materials, the object is part of an atom, which could be the electron cloud (X-rays) or the 

nucleus (neutrons). The behaviour of waves when interacting with a three-dimensional 

crystal is well described by Bragg’s diffraction law, a specific case of the Laue 

equations.172 

 

Figure 2.4: Geometry of Bragg Diffraction. (a) shows incoming in-phase light from the left 

scattering on atoms on two different planes of a crystal separated by distance d, with the incident 

and scattered light having an angle to the plane of θ. (b) Close up of two scattering centres, 

highlighting an additional distance travelled of 2x = 2dsinθ. 

The schematic for Bragg diffraction is shown in Figure 2.4. As described above, the 

crystal can be viewed as sheets of atoms with spacing of d. Each atom is capable of 
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scattering incoming waves in all directions. When in-phase incident light is scattered from 

two separate layers, the phases of each wave become offset by the difference in distance 

travelled 2nx, where n is an integer number of the spacing between the scattering layers. 

Using the trigonometric relationship shown between this distance, the d-spacing of the 

layers and the incident wave angle, this distance can be described as: 

 2𝑛𝑥 = 2𝑛𝑑 sin 𝜃 Equation 2.2 

A detector on the right-hand side of the Bragg geometry will only detect a strong signal 

if all the light it detects is in phase (full constructive interference). This requires the 

additional distance travelled (2x) to be equal to an integer number of the wavelength. This 

is Bragg’s Law, defined as: 

 𝑛𝜆 = 2𝑥 = 2𝑑 sin 𝜃 Equation 2.3 

Combining the relationships of the d-spacing with the lattice parameters of the unit cell 

and with the wavelength and angle of incident and scattering light, the lattice parameter 

in a cubic system can be determined using an experimental Bragg diffraction setup and 

the Equation 2.4: 

 
𝑎𝑐𝑢𝑏𝑖𝑐 =

𝑛𝜆√ℎ2 + 𝑘2 + 𝑙2

2 sin 𝜃
 Equation 2.4 

2.2.3 – Peak Intensities 

In principle, the intensity of a diffraction peak depends only on the position and types of 

atoms present in the unit cell. In practice there are additional effects due to the nature of 

the experimental setup and other angle dependent properties of the sample. The intensity 

of a peak arising from a family of Miller planes {h k l}: 

 𝐼(ℎ𝑘𝑙) = 𝑘𝐿(2𝜃)𝑃(2𝜃)𝐴(2𝜃)𝑗ℎ𝑘𝑙|𝐹ℎ𝑘𝑙|
2 Equation 2.5 

k is a constant characteristic of the specific diffractometer, experimental setup and sample 

holder. L(2θ) is the Lorentz factor, which can be understood as a correction for the 

duration for which a Miller plane satisfies Bragg’s law. P(2θ) is the polarization factor, 

which accounts for the effect of scattering on each polarized component of the incident 

waves. A(2θ) is the absorption correction, which accounts for absorption of the incident 

waves. jhkl is the multiplicity of the Miller plane family {h k l}.172,173 
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The final term Fhkl is the structure factor, which arises from the placement and types of 

atoms in the unit cell. The structure factor for family {h k l} is defined as: 

 𝐹ℎ𝑘𝑙 = ∑𝑓𝑛𝑒
-𝑊𝑛𝑒2𝑖𝜋[ℎ𝑥+𝑘𝑦+𝑙𝑧]

𝑛

 Equation 2.6 

n is an atomic site in the unit cell. fn = snon is the scattering factor for site n, equal to the 

atomic scattering length sn multiplied by the occupation on of the site. W is the 

Debye-Waller factor and accounts for thermal displacement of atom n, or the movement 

of the atom relative to its average position. The final exponential term considers the 

position of the atom in the unit cell. 

2.2.4 – X-ray Powder Diffraction 

X-rays are scattered by the electrons around the nucleus. The atomic scattering length sn 

for X-rays depends on the electron density of the atomic site n and on the diffraction angle 

2θ. The scattering length broadly increases with the atomic number of n due to the larger 

number of electrons, meaning elements with similar atomic number have similar 

scattering lengths, making them difficult to distinguish. The scattering length decreases 

at higher 2θ due to the size of the electron cloud allowing for scattering at different points 

around the average atomic site. This slightly changes the total distance to the detector for 

each photon, shifting each photon out of phase relative to each other, reducing the 

observed intensity. This attenuation is illustrated in Figure 2.5. 
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Figure 2.5: Diagram illustrating attenuation of X-Ray intensity with increasing 2θ in Bragg 

diffraction geometry. In (a) 2θ both X-Rays travel the same distance, so the phase of each is the 

same. In (b) 2θ is significant and the distance travelled to reach the detector by the black X-ray 

is higher than for the red X-Ray, resulting in a phase offset when they reach the detector. 

Powder X-Ray Diffraction (PXRD) data in this thesis were collected on a Bruker D8 

Advance diffractometer with LYNXEYE XE-T detector, which uses a Bragg-Brentano 

setup. The X-Rays are generated by accelerating electrons from a heated filament using 

a 40 keV electric field towards a piece of copper. These electrons then ionise an electron 

from the 1s orbital of Cu, leaving a vacancy. An X-ray is produced when an electron from 

a higher energy orbital transitions to the 1s orbital. Three X-rays with distinct energies 

are created from this process, Cu-Kα1 and Cu-Kα2 from the 2p to 1s transition, and Cu-Kβ 

radiation from the 3p to 1s transition. The desired X-rays for diffraction are Cu-Kα1 

(λ = 1.5406 Å), with the Cu-Kβ radiation filtered by the detector and the Cu-Kα2 radiation 

removed using a monochromator. 

2.2.5 – Neutron Powder Diffraction 

Neutrons can also be used for diffraction experiments. Neutrons primarily scatter from 

the nuclei in the material as opposed to the electrons. The smaller scattering centre allows 

for larger intensity at high angle (Figure 2.5). The variation in the coherent scattering 

lengths of neutrons is not continuous as a function of atomic number, unlike for X-rays. 

This allows for stronger scattering from H nuclei compared to X-ray scattering, or for 

distinction between adjacent elements in the periodic table. 

The neutron powder diffraction (NPD) data presented in this thesis were collected on the 

Polaris beamline at the ISIS Neutron and Muon Source, utilising the Time of Flight (TOF) 

methodology.174–176 The ISIS facility uses spallation of high energy protons against a 

tungsten target. Other means of generating neutrons are used at other facilities, for 

example the ILL (Institut Laue-Langevin) in France uses a nuclear reactor as a neutron 

source.177 

There are three primary steps to create the proton beam: injection, synchrotron and target 

stage. In the injection step, H- ions are produced from an electric discharge through a 

Cs/H2 mixture. These H- ions are then accelerated and grouped into discrete packets using 

a Radio Frequency Quadrupole accelerator. These packets are then further accelerated 

and modified into H- pulses of a consistent 200 μs length. 
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These pulses are then injected into the synchrotron, passing through a 0.3 μm thin foil to 

strip away the electrons, leaving a H+ pulse to be accelerated in the synchrotron. The 

synchrotron itself is a 163 m circumference loop, containing ten dipole bending magnets 

to maintain a circular orbit and a series of quadrupole magnets to maintain a focus beam 

of protons. Multiple pulses from the injector are collected in the synchrotron, before the 

collected protons are accelerated to an energy of 800 MeV. The beam is then kicked into 

the extracted proton beamline towards the target. This process is repeated 50 times a 

second, delivering a mean current of 200 μA to the target. 

The neutrons are produced from the collision of the proton beam travelling at 84% of the 

speed of light with the W target, which is water cooled to extract the huge amounts of 

energy transferred to the target. The neutrons produced are cooled by a range of liquid 

cooled moderators to reduce their speed for use in neutron scattering experiments. The 

neutrons then travel into the Polaris beamline instrument, with a range of neutron 

energies. 

While the X-ray diffraction setup described above uses X-rays with fixed wavelength, the 

neutrons entering the Polaris beamline have a range of energies and by de Broglie’s 

relationship a range of wavelengths. In the Polaris instrument, a large array of fixed 

detectors is used instead of a single variable angle detector and the technique used to 

interpret the scattering data is the Time of Flight method. 

The neutron pulse hits the sample at t0 = 0. A single neutron will be scattered, travel 

distance L towards a detector after time t, travelling at a velocity v = L/t. Each detector is 

at a fixed angle θ relative to the incident beam. Rearranging the de Broglie relationship 

in terms of the known values returns the wavelength λ: 

 
𝜆 =

ℎ

𝑝
=

ℎ

𝑚𝑛𝑣
=

ℎ𝑡

𝑚𝑛𝐿
 Equation 2.7 

Substituting this into Equation 2.4, the direct relationship between the time taken to reach 

the detector and acubic is described by: 

 
𝑎𝑐𝑢𝑏𝑖𝑐 =

ℎ𝑡√ℎ2 + 𝑘2 + 𝑙2

2𝑚𝑛𝐿 sin 𝜃
 Equation 2.8 

Neutron diffraction data were collected at the Polaris beamline with the assistance of Dr 

Ron Smith. Data is collected using five detector banks, which collect a separate range of 
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2θ, with Bank 1 collecting high d-spacing data with the lowest resolution, while Bank 5 

collects low d-spacing data with the highest resolution. Banks 2, 3 and 4 contain a much 

larger number of detectors. In this work refinements focus on data collected from 

Banks 4 and 5, which have data on the highest d-spacing peaks available with the highest 

resolution possible and a relatively large number of detectors. 

The coherent neutron scattering lengths (scoh) used in this thesis are contained in Table 

2.3, corresponding to the natural isotopic abundance.178 

Table 2.3: Coherent neutron scattering lengths (scoh) used in this thesis, as compiled by the 

National Institute of Standards and Technology (NIST).178 

 Ti Zr Hf Ni Cu Sn O 

scoh -3.348 7.16 7.7 10.3 7.718 6.225 5.803 

 

2.2.6 – Rietveld Refinement 

The method for determining the crystal structure in this thesis was Rietveld refinement. 

This process uses a model input unit cell based on the expected structure, so is appropriate 

for this thesis where the phases made are known and the main requirement is detailed 

crystallographic information. The diffraction pattern of the model phase is calculated 

according to the theoretical equations detailed above. This calculated pattern is then 

compared to the experimental pattern quantitatively by considering residual Sy:
179,180 

 𝑆𝑦 = ∑𝑤𝑖(𝑦𝑖 − 𝑦𝑐𝑖)
2

𝑖

 Equation 2.9 

Where yi is the observed intensity, yci is the calculated intensity, wi is the weight for each 

data point, with the total residual being summed over all data points i. The closer the 

residual is to zero, the closer the input model is to the real unit cell. The refinement 

process considers the gradient of Sy as a function of each refinable parameter and 

approximates the local minimum. The minimum values are then applied to the model and 

the residual is recalculated. This process is iterated until the change in the residual 

between iterations is below a threshold value or the iteration limit is reached. 

The value of the residual is highly dependent on the data set being refined and is not 

comparable between different samples. In this thesis the fit quality is evaluated using the 

Weighted Profile R-factor Rwp which is directly related to the residual:179  
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𝑅𝑤𝑝 = [
𝑆𝑦

∑ 𝑤𝑖𝑦𝑖
2

𝑖

]

1
2

 Equation 2.10 

Rietveld refinements of the neutron and X-ray data presented in this thesis were 

performed using TOPAS-Academic Version 6 software in combination with the text 

editor jEdit.181–183 Peak shapes for X-ray diffraction data were modelled using a TCHZ 

peak shape, with a simple axial correction for peak asymmetry.184 Time of flight neutron 

diffraction data used the default ‘tof_sample_peakshape’ peak shape. 

2.3 – Thermoelectric Property Measurement 

2.3.1 – Seebeck Coefficient and Resistivity (LSR-3) 

The commercial LSR-3 measurement apparatus manufactured by Linseis can directly 

measure the electrical resistance and relative Seebeck coefficients Srel of cuboidal or 

cylindrical bars using a four point probe setup.1 The schematic is shown in Figure 2.6. 

The bar is placed between two electrode blocks vertically and two probes are positioned 

horizontally. The probes can measure the voltage between two points and the temperature 

at each point simultaneously. The measurement chamber is filled with helium gas and is 

heated using an internal furnace. A temperature gradient can be induced in the sample 

using a heater located in the lower electrode block. 

For Srel measurement, both the temperature difference ΔT and Seebeck voltage ΔV are 

measured by the probes. Srel is calculated as: 

 
𝑆𝑟𝑒𝑙 =

𝛥𝑉

𝛥𝑇
 Equation 2.11 

The absolute Seebeck coefficient S is then calculated by correcting for the Seebeck 

coefficient of the platinum electrodes. The instrument is regularly calibrated using a 

Constantan standard. 

For resistance measurement, a current is passed through the electrode blocks and the 

resulting voltage is measured between the probes, subtracting the zero current voltage 

created by the S. Ohm’s law is then used to calculate the resistance and ρ can be calculated 

using the known dimensions of the sample: 
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𝜌 =

𝑅𝐴

𝑙
=

𝑉𝐴

𝐼𝑙
 Equation 2.12 

 

 

Figure 2.6: LSR-3 setup. For resistivity measurement current I is applied through the electrode 

blocks and the voltage V is measured between the probes (subtracting Seebeck voltage). For 

Seebeck measurement the voltage and temperature difference are measured between the probes. 

Where I is the applied current, V is the measured voltage, R is the calculated resistance, l 

is the probe distance and A is the cross-sectional area of the bar. An average of 

measurements with positive and negative I is used to improve accuracy. 

For each sample measured in this thesis, the bar was loaded between the electrode blocks 

and probes were applied with separation typically of 3.4 mm, with 5.6 mm used where 

possible. The measurement chamber was then evacuated under vacuum to 

< 1.2×10-1 mbar, refilled with helium gas, evacuated again down to < 9.0×10-2 mbar and 

refilled with a slight positive pressure of helium gas. Ohmic behaviour was confirmed for 

each sample and data was collected at 30 °C intervals with an applied temperature 

gradient of 30 °C and an applied current of 100 mA. 

2.3.2 – Thermal Conductivity (LFA-1000) 

The LFA-1000 is capable of direct measurement of the thermal diffusivity (α) and indirect 

determination of the heat capacity (Cp) using the laser flash method.185–187 The schematic 

for the LFA-1000 is shown in Figure 2.7. A laser is fired at the bottom of a round pellet 

and the temperature rise at the top of the pellet is measured as a function of time. 

Modelling of the temperature change gives α of the sample. Comparison to a reference 
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sample with known heat capacity can be used to return a value for the heat capacity of 

the sample, enabling κ to be calculated using the crystallographic density (d): 

 𝜅 = 𝐶𝑝𝛼𝑑 Equation 2.13 

 

Figure 2.7: LFA-1000 apparatus. The laser pulse hits the bottom of the pellet and the temperature 

rise at the top at the pellet is measured at the detector. 

For each sample in this thesis, round pellets with diameter ~13 mm and thickness between 

0.8 and 2 mm were prepared by hot-pressing. The surfaces were polished and sprayed 

with graphite spray to ensure good absorption of the laser pulse and good emission of 

heat. Multiple samples (up to 5 at a time) were loaded into the sample holder along with 

a Pyroceram reference sample required for Cp measurement. The sample holder was 

placed in the LFA-1000 and the measurement chamber was placed under a dynamic 

vacuum of < 3×10-2 mbar. To protect the IR camera the top of the LFA-1000 was filled 

with liquid N2. Measurements of the α and Cp were taken in 30 °C intervals, up to either 

510 °C or 690 °C. 
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2.4 – External Measurements 

2.4.1 – Scanning Electron Microscopy 

Electron microscopy uses a highly focussed beam of electrons on the surface of a 

material.188,189 There is a range of ways in which the electrons can interact with the 

material and several different techniques exist under the umbrella of electron microscopy. 

Broadly speaking these techniques can be divided into two groups, Scanning Electron 

Microscopy (SEM) techniques which record the signals emitted from or just below the 

surface of the material and Transmission Electron Microscopy (TEM) which measures 

signals which pass through a sufficiently thin sample. Only SEM techniques employed in 

this thesis will be described. 

The first signal types emitted from the sample are electrons. Two types of electrons can 

be detected, ‘primary’ Backscattered Electrons (BSE) are electrons from the beam which 

have scattered inside the material and Secondary Electrons (SE) which are electrons that 

have been ionised from the sample by the incident electron beam. The BSEs have a high 

energy, only slightly lower than the incident beam, while the SEs have a lower energy 

since most of the incident energy was spent on ionisation. These energies mean the SE 

signal comes only from the surface of the material while the higher energy BSEs are able 

to escape from deeper inside the material, as illustrated in Figure 2.8. The limited area of 

SE signal allows for higher spatial resolution. The backscattering strength of heavier 

elements allows for the measurement of compositional variation in the sample using 

BSEs. The BSEs can also be used to determine grain orientations by diffraction. 

The second signal type that can be detected are X-rays generated due to the filling of core 

electronic states left vacant by the SEs. The wavelengths of these X-rays are characteristic 

of each element, allowing for measurement of the composition of the material to be 

determined by Energy Dispersive X-ray spectroscopy (EDX). 

SEM measurements presented in Chapter 3 were performed at the University of Glasgow 

by Dr John Halpin. Measurements presented in Chapter 6 were performed by Dr Jim 

Buckman. 
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Figure 2.8: Illustration of the probe regions for the 3 typical SEM signal type: secondary 

electrons (SE), backscattered electrons (BSE) and X-rays. 

2.4.2 – Physical Property Measurement System (PPMS) 

DC ρ and magnetoresistance (MR) measurements were performed using a 

Quantum Design PPMS-9 at the RAL materials characterisation laboratory, overseen by 

Dr Gavin Stenning.  

Sample bars were attached to a puck and four copper wires were attached to the bar 

surface with the assistance of conductive silver paint and soldered at the other end of the 

puck. The puck was attached to a probe which was inserted into the main chamber of the 

PPMS-9. The chamber was evacuated and purged with helium gas. The resistance was 

then measured from 300 K down to 2 K at 1 K intervals at a cooling rate of 4 K per 

minute. For magnetoresistance measurement, the temperature was fixed and the magnetic 

field was increased to 9 T, decreased to -9 T and returned to zero field. The DC current 

applied was either 1 mA or 5 mA, the current used for each sample will be stated in the 

experimental section of each chapter. 

2.4.3 – Hall Measurement 

Hall data presented in Chapter 3 were collected using a van der Pauw setup on a square 

sheet of the sample with edge length between 5-6 mm and thickness between 1-2 mm.190 

The bulk resistivity ρ and bulk Hall concentration nH were obtained directly, while the 

Hall mobility μH was obtained assuming single carrier behaviour. 
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Figure 2.9: Illustration of the measurement setups in a van der Pauw measurement. To obtain a 

value for the ρ, a current is applied along one edge (I12) and the voltage is measured along the 

other. To obtain a value for the Hall voltage, a current is applied diagonally (I24) and a field is 

applied perpendicular to the sheet (B), with a voltage being measured across the other diagonal. 

The van der Pauw method works using a thin sheet of symmetrical material, typically a 

square sheet in place of the ideal clover geometry.29 For measurement of ρ as shown in 

Figure 2.9, a current is applied along one edge of the sheet (I12) and the voltage is 

measured at the opposite edge (V34), yielding a resistance value: 

 
𝑅12,34 =

𝑉34

𝐼12
 Equation 2.14 

To calculate the ρ, a series of measurements are taken to increase accuracy. The current 

can be passed in the opposite direction and the current can be applied from the opposite 

edge, giving four resistance values in the vertical direction which are averaged: 

 
𝑅𝑣 =

𝑅12,34 + 𝑅21,43 + 𝑅34,12 + 𝑅43,21

4
 Equation 2.15 

The same is done for the horizontal edges to give an averaged horizontal resistance Rh. 

The resistance of the sheet Rs is related to these two values by: 

 
1 = 𝑒

-𝜋𝑅𝑣
𝑅𝑠 + 𝑒

-𝜋𝑅ℎ
𝑅𝑠  Equation 2.16 

In the case where the horizontal and vertical resistances are identical as R (as expected 

for a symmetrical homogenous sheet) Rs and the bulk resistivity ρ reduce to: 

 
𝜌 = 𝑅𝑠𝑡 =

𝜋𝑅𝑡

𝑙𝑛2
 Equation 2.17 
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The Hall concentration nH and Hall mobility μH are obtained by measuring the Hall effect 

in the sheet. When a particle with charge is in constant linear motion, the application of a 

perpendicular magnetic field applies a force on the particle perpendicular to the direction 

of motion and the magnetic field. In Figure 2.9 charge carriers travelling along the current 

I24 are deflected by the applied field, creating a voltage V13,P where subscript p denotes a 

positive magnetic field. Much like for ρ, resistance measurements can be made by 

switching the applied current’s direction, applying the current through the other diagonal 

and reversing the applied magnetic field. These values are averaged to give the Hall 

voltage according to: 

𝑉𝐻

=
(𝑉13,𝑃 + 𝑉24,𝑃 + 𝑉31,𝑃 + 𝑉42,𝑃) − (𝑉13,𝑁 + 𝑉24,𝑁 + 𝑉31,𝑁 + 𝑉42,𝑁)

8
 

Equation 2.18 

nH can then be calculated using: 

 
𝑛𝐻 =

𝐼𝐵

𝑞𝑉𝐻𝑡
 Equation 2.19 

And assuming a majority carrier type dominates the electrical behaviour of the sample μH 

is: 

 
𝜇𝐻 =

1

𝑛𝐻𝑞𝜌
 Equation 2.20 

   

Van der Pauw Hall data presented in Chapter 3 were collected at Northumbria University 

by Dr Sonia Barczak and Eric Don, on equipment owned by Professor Ian Forbes. 

2.4.4 – AC Magnetic Susceptibility 

When a constant magnetic field H is applied to a material, electrons in the material may 

align or oppose the field. The magnetisation of the sample M is generally related to H by 

the dimensionless magnetic susceptibility χv:
34 

 𝑴 = 𝜒𝑣𝑯 Equation 2.21 

A constant positive χv occurs for a paramagnetic material, where non correlated unpaired 

magnetic spins align more with larger applied fields. A constant negative χv occurs for 
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diamagnetic samples, with the weak diamagnetic response from the paired electrons in 

the material. 

In ferromagnetic materials the susceptibility is positive but not constant as M reaches 

saturation at high fields as all unpaired spins in the material align with H, since each spin 

in the material is correlated with its nearest neighbours. 

These magnetic responses to a constant applied field fall under DC magnetometry. 

AC magnetometry uses a DC field and a smaller applied AC magnetic field with 

amplitude HAC with a frequency ω, such that the magnetisation MAC is described as: 

 𝑴𝑨𝑪 = 𝜒𝑣𝑯𝑨𝑪𝑠𝑖𝑛(𝜔𝑡) Equation 2.22 

At low ω the magnetisation behaves as it would for a constant DC field. At higher ω the 

material may not be able to keep up with the changing applied field and be offset by a 

phase shift φ. In this dynamic regime the total susceptibility χ is described in terms of real 

and imaginary components χ’ and χ’’: 

 𝜒′ = 𝜒 cos𝜑 Equation 2.23 

 𝜒′′ = 𝜒 sin𝜑 Equation 2.24 

While DC magnetometry can only access the equilibrium magnetic behaviour (χ = χ’), 

AC magnetometry can give information on relaxation of the dynamic response of the 

material to a changing field. 

AC magnetometry data presented in this thesis were collected at the University of Leeds  

by Dr Oscar Cespedes using a Quantum Design MPMS3 Magnetometer. 
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Chapter 3 – Single Parabolic Band and Callaway 

Analysis of Ti0.5Zr0.25Hf0.25NiCuySn 

3.1 – Introduction 

In Section 1.7.7 alloying of Ti, Zr and Hf in XNiSn was discussed, with point defect 

scattering being established as a means of reducing κl to improve performance, with 

zT > 1 having been reported many times. Two reports stand out with zT = 1.5, with one 

report having larger S2/ρ than other papers have found, while the other has a significantly 

lower κl than reported by others.160,161  

Cu doping has recently been established as a method to degenerately n-type dope TiNiSn 

through work in the Bos group.59,143 Section 3.3 presents SPB and Callaway modelling of 

a series of Ti0.5Zr0.25Hf0.25NiCuySn prepared by solid state synthesis (SSS). All samples 

and data in this section are from the work of Dr Sonia Barczak and have been presented 

previously in her PhD thesis “Investigation of metal-rich half-Heusler Thermoelectrics: 

Synthesis, Structure and Properties”. The SPB and Callaway modelling presented in this 

section have been performed by me. The Callaway modelling allowed for mapping of κl 

in the TiaZrbHdcNiCuySn phase diagram.  

Following on from the semi-empirical modelling in Section 3.3, ternary X-site samples 

were prepared using arc-melting to test the predictions. Neutron powder diffraction 

(NPD), X-ray powder diffraction (PXRD) and thermoelectric property data were 

collected and compared to the predictions made from the SSS samples. Differences in 

phase segregation were observed based on differences in sample preparation, although 

these differences did not appear to translate to major differences in the thermoelectric 

properties. 

3.2 – Experimental 

Samples prepared by me of composition Tix(Zr0.5Hf0.5)1-xNiCu0.025Sn  are listed in Table 

3.1. The sample code in the first column summarises the key protocol characteristics and 

will be used to label the samples in the results and discussion sections below. Samples 

were prepared using either elemental powders or pieces. Ball milling conditions were the 

same each time, at 200 rpm for a combined 2 hour milling time using ZrO2 balls. 

Hot-pressing was always at temperature 950 °C for 20 minutes, with further details 

established in Section 2.1.3. 
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0.5/PCS/AM/IC/900 and 0.5/PCS/AM/HM/900 came from the same melted ingot, with 

the former being a bar cut directly from the ingot, while the latter was made from the 

remainder of the ingot. Arc-melted ingots were milled into a powder and hot-pressed into 

pellets (except for 0.5/POW/AM/HM/850). Milling before annealing was performed with 

the aim of promoting phase homogenisation. Each sample was then annealed for 7 days 

and cooled in the turned off furnace, except for 

0.5/PCS/AM/IC/900 + 0.5/PCS/AM/HM/900 which were slow cooled at a rate of 

10 °C.hr-1. For thermoelectric property measurements the samples were then hand-milled 

and hot-pressed, except for 0.5/PCS/AM/HM/900 for which the annealed pellet was used. 

Table 3.1: Samples with composition Tix(ZrHf)1-xNiCu0.025Sn prepared in this thesis. The first 

column is the code which will be used to refer to each sample in the text, which is constructed 

from the next 5 columns.(Ti) is the fraction of Ti in the sample, (Reagents) is the source of the 

elements used being either powders (POW) or pieces (PCS), (Reaction) is whether the sample 

was hand-milled (HM), ball-milled (BM) or ingot-cut (IC) during the sample preparation and 

(Max T) is the maximum annealing temperature reached during synthesis. Each sample code 

contains the five columns in order. *Sample was not milled before annealing. 

Sample Ti Reagents Reaction Grinding Max T (°C) 

0.7/POW/AM/BM/850 0.7 Powder AM BM 850 

0.5/POW/AM/BM/850 0.5 Powder AM BM 850 

0.3/POW/AM/BM/850 0.3 Powder AM BM 850 

0.7/PCS/AM/BM/850 0.7 Pieces AM BM 850 

0.5/PCS/AM/BM/850 0.5 Pieces AM BM 850 

0.3/PCS/AM/BM/850 0.3 Pieces AM BM 850 

0.5/PCS/AM/HM/900 0.5 Pieces AM HM 900 

0.5/PCS/AM/IC/900 0.5 Pieces AM IC 900 

0.5/POW/AM/HM/850* 0.5 Powder AM HM 850 

0.5/POW/SSS/HM/850 0.5 Powder SSS HM 850 

0.5/POW/SSS/HM/1200 0.5 Powder SSS HM 1200 

 

For comparison with the arc-melted samples, two samples with x = 0.5 were prepared by 

conventional SSS. Elemental powders were ground together, cold-pressed and annealed 

at 850 °C for 6 hours. The pellets were re-ground, cold-pressed and annealed, one sample 

at 850 °C for 7 days, the other was heated initially at 1200 °C for 18 hours then ramped 
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down to 850 °C for a further 6 days’ annealing. The 1200 °C step was included to assist 

mixing of the HH phases, in light of the predicted diffusion limits of the X-site elements 

discussed in Section 1.7.7.2. 

One final sample with composition Ti0.5Zr0.25Hf0.25NiCu0.1Sn was prepared to check a 

more highly doped sample. After arc-melting a bar was cut directly from the ingot. This 

bar was annealed at 850 °C for electronic property measurement. 

3.3 – Analysis of Ti0.5Zr0.25Hf0.25NiCuySn Series 

3.3.1 – SPB behaviour 

Plots of S(T), ρ(T), S2/ρ(T), κ(T), κl(T) and zT for Ti0.5Zr0.25Hf0.25NiCuySn can be found in 

Appendix I (Figure S3.1). Each sample has a negative S(T) which increases in magnitude 

with temperature, confirming each composition to be n-type. For y = 0 ρ(T) has a 

decreasing temperature dependence consistent with intrinsic semiconductor behaviour, 

with all the doped samples (y > 0) showing an increasing temperature dependence, 

consistent with metal-like degenerate behaviour. 

Table 3.2 contains the key thermoelectric parameters collected at 310 K for each 

Ti0.5Zr0.25Hf0.25NiCuySn sample. With increasing Cu doping, the nH increases linearly. 

With this increased doping, S and ρ gradually decrease from -219 μV.K-1 and 47.9 μΩ.m 

for y = 0 to -73 μV.K-1
 and 3.5μΩ.m at y = 0.075. μH decreases with increasing doping 

from 22.1 cm2.V-1.s-1 for y = 0.0175 to 15.4 cm2.V-1.s-1 for y = 0.075, while the undoped 

sample has μH = 12.7 cm2.V-1.s-1. 

Figure 3.1a shows S(310 K) plotted as a function of nH alongside SPB Pisarenko lines 

with mDoS* between 2.5 me and 4.5 me (Equations 1.52 + 1.53). The experimentally 

observed points remain between 3.5 me and 4.5 me across the entire doping range, with 

the best matching value for all samples being mDoS* = 4.1 me. This value is much larger 

than common literature values for the n-type XNiSn system, where TiNiSn, ZrNiSn and 

HfNiSn typically have mDoS* between 2.5-3 me, and alloying in the Zr1-xHfxNiSn1-zSbz 

solid solution does not significantly change these values.149,158 As discussed in 

Section 1.7.7 the composition TiNiCu0.075Sn has mDoS* closer to 5 me, so the high mDoS* 

might be attributed to the Ti content.143 There are likely to be more complicated band 

structure factors as there are multiple literature reports that agree that TiNiSn based 

materials have mDoS* < 3 me, although this may break down in highly doped 

materials.143,191 
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Table 3.2: Thermoelectric properties collected on LSR-3 and LFA-1000 (S, ρ, κl and zT) and Hall properties collected from Hall measurement (nH and μH) using a 

using van der Pauw setup at 310 K. 

y S (μV.K -1) ρ (μΩ.m) nH (×1020 cm-3) μH (cm2.V -1.s -1) κ (W.m -1.K-1) κl (W.m -1.K-1) zT 

0 -219 47.9 1.24 12.7 3.2 3.1 0.11 

0.0125 -156 10.5 2.64 22.1 -- -- -- 

0.025 -126 7.2 4.70 21.3 3.6 2.8 0.20 

0.0375 -105 5.4 6.31 18.8 -- -- -- 

0.05 -91 4.9 8.43 17.6 3.9 2.6 0.14 

0.075 -73 3.5 13.62 15.4 4.5 2.6 0.11 
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Figure 3.1: SPB models of the electronic properties of Ti0.5Zr0.25Hf0.25NiCuySn at 310 K. (a) shows 

the SPB Pisarenko behaviour of S(nH), with experimental data plotted alongside calculated curves 

using Equation 1.52 with different mDoS*. The data matches most closely with mDoS* = 4.1 me. 

(b) shows that μH of the doped samples follow a nH dependence consistent with both acoustic 

phonon scattering and alloy scattering, with the SPB fit calculated using Equation 1.28.  

Figure 3.1b plots μH(310 K) as a function of nH. The SPB line is calculated based on an 

acoustic phonon scattering nH dependence (Equation 1.28), although alloy scattering 

(Equation 1.29) has the same nH dependence as discussed in Section 1.4.1, assuming other 

parameters remain constant. The degenerately doped samples follow this dependence 

strongly, while the undoped sample does not, which could be explained by the behaviour 

of the Hall coefficient (RH) in the non-degenerate regime: 

 𝑅𝐻 =
𝑝𝐻𝜇𝐻,𝑝 − 𝑛𝐻𝜇𝐻,𝑛

𝑒(𝑝𝐻𝜇𝐻,𝑝 + 𝑛𝐻𝜇𝐻,𝑛)2
 Equation 3.1 

In the degenerate samples, RH is dominated by the extrinsic electrons from Cu. In the 

undoped sample the minority carriers reduce the magnitude of the RH compared to the 

single carrier behaviour, leading to an apparent reduction in μH. This reduction in μH can 

be seen for Bi2Te3 samples as nH decreases into the non-degenerate limit.68 One 

alternative explanation is a change in scattering mechanism at low nH, which has been 

used to explain a lower μH for a number of HH systems including ZrNiSn1-xSbx.
192 

Since the nH dependence of acoustic phonon scattering and alloy scattering are identical, 

the contribution of each effect cannot be determined without additional information. One 

stated literature value for the acoustic phonon deformation potential Edef is 5 eV.38 

Knowing μH and μH,ac, one can use Matthiessen’s rule (Equation 1.27) to determine the 

remaining contribution μH,X-site which is shown in Figure 3.2a. 
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Figure 3.2: Plots of μH against nH for Ti0.5Zr0.25Hf0.25NiCuySn at 310 K. (a) assumes a deformation 

potential of 5 eV for acoustic phonon scattering (red curve) yielding an alloy scattering limited 

mobility (blue curve). (b) assumes the same potential, but uses an alloy scattering mobility 

dependent on the interstitial Cu amount, highlighting the experimental mobility depends only on 

the Hall concentration, and is not sensitive to Cu alloy scattering. 

X-site alloying and acoustic phonon scattering describes μH with changing nH quite well, 

with no apparent impact from the interstitial Cu. As interstitial Cu is increased an 

(x(1-x))-1 dependence may be expected but this behaviour is not in good agreement with 

the experimental data, as illustrated in Figure 3.2b. The dominant scattering mechanism 

must therefore be something which does not change significantly upon the addition of 

interstitial Cu. 

Having established that the behaviour of S(nH) and μH(nH) are consistent with acoustic 

phonon scattering, zT(nH) can be determined at 310 K. For κl(nH) a linear reduction with 

increasing Cu is assumed to be a reasonable approximation and can be viewed in Figure 

S3.2. The calculated zT(nH) at 310 K is shown in Figure 3.3. Of the samples measured 

y = 0.025 has the largest zT, however the expected peak value lies at a lower doping level 

of 1.7 × 1020 cm-3, which using the linear dependence of nH on Cu corresponds to 

y = 0.009. 
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Figure 3.3: Experimental figures of merit (zT) at 310 K for the Ti0.5Zr0.25Hf0.25NiCuySn system as 

a function of Hall concentration. The solid curve is the SPB calculated and fitted trend as 

discussed in the text. 

3.3.2 – Lattice Thermal Conductivity 

There are two significant effects causing reductions in κl in the TiaZrbHfcNiCuySn system, 

as demonstrated in Figure 3.4, in which the alloying dependences have been calculated 

using the Klemens model (Equations 1.41 to 1.46). Each plot shows the predicted κl 

variation with X-site alloying in the TixZr1-xNiCuySn, TixHf1-xNiCuySn, ZrxHf1-xNiCuySn 

and Tix(Zr0.5Hf0.5)1-xNiCuySn solid solutions, with y = 0 and 0.075. Mass and strain 

disorder caused by alloying on the X-site causes a reduction in κl as described by the 

Klemens model. The behaviour with different X-site alloying elements is captured well 

for each system shown, except for Ti0.5Zr0.5NiSn which has a predicted value of 

5.2 W.m-1.K-1, significantly larger than the experimental value of 3.4 W.m-1.K-1. The 

other effect is increasing levels of interstitial Cu reducing κl. In the 

Ti0.5Zr0.25Hf0.25NiCuySn case this reduction is linear, but there are insufficient data points 

to confirm this behaviour is valid for all compositions. 
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Figure 3.4: κl at 310 K of several solid solutions in the ternary XNiCuySn (y = 0 and 0.075) 

system. (a) shows X = TixZr1-x solid solution (both experimental values at x = 0.5 are at 

3.4 W.m-1.K-1). (b) shows the X = TixHf1-x solid solution, (c) shows the X = ZrxHf1-x solid solution 

and (d) shows the X = Tix(Zr0.5Hf0.5)1-x solid solution. For each doping concentration, a Klemens 

model line is shown (Equations 1.41 to 1.46). Error bars are ±10% of the measured value. 

Having largely confirmed a good match between the Klemens model and the 

experimental κl, the model can be expanded to the entire ternary phase space as shown in 

Figure 3.5. For both y = 0 and 0.075, the minimum κl is in the Ti/Hf solid solution, which 

is consistent with the large mass difference between Ti and Hf. Referring back to the 

binary Ti/Hf diagram in Figure 3.4b, the lowest κl is 2.4 W.m-1.K-1 with a Ti0.7Hf0.3 ratio 

for 7.5% interstitial Cu. Since Ti has the smallest mass of the three X-site elements and 

Hf has the largest, the substitution of either with the intermediate Zr will reduce the mass 

disorder contribution to phonon scattering, making Zr redundant for achieving low κ. 

While the inclusion of Zr gives the appearance of increased disorder, this is not the case 

mathematically. The only apparent benefit of Zr is that it is cheaper than Hf. 
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Figure 3.5: κl at 310 K predicted using Klemens fitting for the TiaZrbHfcNiCuySn 

(y = 0 and 0.075) ternary system, with plots (a) and (b) showing the values for 0% and 7.5% 

interstitial copper doping respectively. 

3.4 – Arc-Melted Samples (Tix(Zr0.5Hf0.5)1-xNiCuySn) 

3.4.1 – Neutron Powder Diffraction Data  

Polaris neutron powder diffraction data of the {2 2 0} peak collected on the high 

resolution Bank 5 is presented in Figure 3.6 for a range of  Ti0.5Zr0.25Hf0.25NiCu0.025Sn 

samples. Each sample can be described reasonably well as two HH phases with the lattice 

parameters (aHH) obtained from Rietveld refinement summarised in Table 3.3. The 

samples prepared by arc-melting powders are the most phase segregated, with a difference 

in the lattice parameters Δa = 0.040 Å, while the sample prepared by arc-melting pieces 

has a reduced Δa = 0.033 Å. The conventional SSS route gives the least segregation with 

Δa = 0.024 Å. 

Refinement of the X-site elemental composition constrained the Zr and Hf occupancies 

to be equal, based on literature reports of full mixing of Zr and Hf as established in 

Section 1.7.7.2. The size of each unit cell is determined by the relative fraction of Ti in 

the sample, with more Ti resulting in a smaller unit cell. For each sample the refined 

occupancy of Zr and Hf in each phase remains approximately equal, consistent with 

observations of solid solutions in these systems being limited primarily by Ti alloying, 

while ZrNiSn and HfNiSn alloy together more readily. 
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Figure 3.6: NPD for the {2 2 0} diffraction peak for Ti0.5Zr0.25Hf0.25NiCu0.25Sn samples prepared 

by different routes as detailed in Section 3.2. 

The {2 2 0} diffraction peaks for Tix(Zr0.5Hf0.5)1-xNiCu0.025Sn (x = 0.7, 0.5 and 0.3) are 

shown in Figure 3.7. The average position for each sample scales with the fraction of Ti 

present, which can be found in Table 3.4. By eye each sample looks like it has two HH 

phases present, and a two phase model works well for the x = 0.7 and 0.5 samples. For 

the x = 0.3 sample a two HH model has been applied, although the flat region between 

15800-15900 μs does not match well with this model, which points to more than two HH 

phases, a possibility discussed in Section 1.7.7.2 for samples measured using synchrotron 

X-ray powder diffraction.170 The Rietveld fit for this sample can be viewed in Figure S3.5. 
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Table 3.3: Structural information on the HH phases obtained from Rietveld refinement of NPD data for samples with composition Ti0.5Zr0.25Hf0.25NiCu0.25Sn. 

 aHH1 (Å) aHH2 (Å) Δa (Å) Wt% HH1 Wt% HH2 HH1 Ti Frac HH2 Ti Frac aavg (Å) Tiavg 

0.5/POW/AM/HM/850 6.00239(14) 6.04103(5) 0.039 36.3(7) 57.7(8) 0.69(1) 0.36(3) 6.02611 0.49 

0.5/POW/AM/BM/850 5.99753(9) 6.03849(6) 0.040 40.3(13) 54.5(15) 0.68(1) 0.34(9) 6.02108 0.48 

0.5/PCS/AM/BM/850 6.00485(10) 6.03749(8) 0.033 44.5(7) 55.5(7) 0.62(1) 0.38(3) 6.02297 0.49 

0.5/POW/SSS/HM/850 6.01002(12) 6.03410(15) 0.024 40.6(12) 59.4(12) 0.64(1) 0.35(7) 6.02432 0.47 

 

Table 3.4: Structural information on the HH phases obtained from Rietveld refinement of NPD data for samples with composition Tix(Zr0.5Hf0.5)1-xNiCu0.25Sn 

(x = 0.15, 0.25 and 0.35). 

 aHH1 (Å) aHH2 (Å) Δa (Å) HH1 Wt% HH2 Wt% HH1 Ti Frac HH2 Ti Frac aavg (Å) Tiavg 

0.7/PCS/AM/BM/850 5.96928(3) 6.00254(4) 0.033 44.6(2) 55.4(2) 0.83(1) 0.57(1) 5.98771 69 

0.5/PCS/AM/BM/850 6.00485(10) 6.03749(8) 0.033 44.5(7) 55.5(7) 0.62(1) 0.38(3) 6.02297 49 

0.3/PCS/AM/BM/850 6.03863(10) 6.08116(10) 0.043 64.0(16) 36.0(16) 0.37(6) 0.13(6) 6.05394 28 
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Figure 3.7: NPD for the {2 2 0} diffraction peak for Tix(Zr0.5Hf0.5)1-xNiCu0.025Sn 

(x = 0.7, 0.5 and 0.3) samples prepared by arc-melting of pieces followed by ball milling and 

hot-pressing. 

3.4.2 – X-ray Powder Diffraction Data of Tix(Zr0.5Hf0.5)1-xNiCu0.025Sn 

Powder diffraction data of the {2 2 0} reflection for Ti0.5Zr0.25Hf0.25NiCu0.025Sn are shown 

in Figure 3.8, highlighting a wide range of phase segregation behaviours for the same 

composition. 

The 0.5/POW/SSS/HM/1200 sample (a) serves as a good reference for the other samples, 

having what appears to be a single HH diffraction peak with aHH = 6.028 Å (although at 

higher angles the peak separates, showing some phase segregation is still present). 

Rietveld refinement shows that this sample has large amounts of impurities, including a 

large fraction of HfO2 pointing to reaction with the ampoule at 1200 °C. This is reflected 

in the refined Ti occupancy of 0.61, while all other samples are close to 0.5. 

0.5/POW/SSS/HM/850 (b) by comparison has two overlapping HH phases with refined 

aHH of 6.015 Å and 6.040 Å, showing that the 18 hours of annealing at 1200 °C allows 

for almost complete homogenisation of the sample. With the sample preparation 
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techniques available for this thesis, preparation of a sample without significant oxidation 

at 1200 °C was not feasible. 

The effect of arc-melting is made clear by comparing (b) to 0.5/POW/AM/HM/850 (c) 

and 0.5/POW/AM/BM/850 (d), which both have increased phase segregation as 

established by the NPD data. There is no significant difference between the two phases. 

When compared to the similar sample made using pieces, 0.5/PCS/AM/BM/850 (e) has 

a slightly smaller phase separation of 0.032 Å, compared to an average of 0.039 Å for the 

arc-melted samples made from powders. The largest phase separation Δa = 0.044 Å is 

observed for 0.5/PCS/AM/HM/900 (f), which could be due to the slow cooling step at 

10 °C after annealing. Interestingly this sample also has a much lower aavg = 6.0170 Å, 

for which I have found no explanation. 

For each segregated sample (including 0.5/POW/SSS/HM/850) the refined aHH of the 

larger HH phase has a consistent value ~6.042 Å ±0.003 Å, while the smaller HH phase 

has a less consistent value ~6.006 Å ±0.009. This would suggest that processing has the 

largest effect of formation of the Ti-rich phase. 

Of the four arc-melted samples measured, there is not a particularly clear single method 

which improves the phase homogenisation, and nothing which comes close to the 

0.5/POW/SSS/HM/850 sample. 

The distribution of HH phases is quite different however, but with no consistent 

behaviour. For x = 0.7 pieces give two distinct phases while the powder sample has two 

less segregated HH phases but a third more Ti-rich phase. For x = 0.5 it is the powder 

sample which is more segregated. This points to a random behaviour to the phase 

distribution. 
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Figure 3.8: Normalised PXRD data for the {2 2 0} reflections for Ti0.5Zr0.25Hf0.25NiCu0.025Sn 

prepared by slightly different synthetic routes. 

The {2 2 0} diffraction peaks for samples with variable Ti prepared using powders or 

pieces are shown in Figure 3.9. The refined zero errors vary for each sample causing 

x-axis displacement, but the refined aavg do not vary significantly depending on whether 

powders or pieces are used. 
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Table 3.5: Refined values for the average lattice parameter and average Ti fraction. 

 aavg (Å) Tiavg 

0.7/POW/AM/BM/850 5.98991 0.72 

0.7/PCS/AM/BM/850 5.99024 0.69 

0.5/POW/AM/BM/850 6.02158 0.53 

0.5/PCS/AM/BM/850 6.02381 0.49 

0.3/POW/AM/BM/850 6.05320 0.38 

0.3/PCS/AM/BM/850 6.05441 0.34 

 

 

Figure 3.9: Normalised PXRD data of the HH {2 2 0} peaks for samples with composition 

Tix(Zr0.5Hf0.5)1-x NiCu0.025Sn (x = 0.7, 0. 5 and 0.3). The solid lines are prepared from pieces while 

the dashed lines are prepared from powders. The refined zero errors of each sample vary, 

meaning the exact peak positions are displaced relative to each other. 
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Table 3.6: Unit cell parameters of the Ti0.5Zr0.25Hf0.25NiCu0.025Sn samples within a two HH phase model 

 aHH1 (Å) aHH2 (Å) Δa (Å) HH1 wt% HH2 wt% Ti frac1 Ti frac2 aavg (Å) Tiavg 

0.5/POW/SSS/HM/1200 6.02786(13) -- -- 87.8(2) -- 61(2) -- 6.02786 0.62 

0.5/POW/SSS/HM/850 6.01498(21) 6.04012(22) 0.025 53.9(4) 43.2(4) 64(1) 35(1) 6.02616 0.51 

0.5/POW/AM/HM/850 6.00701(39) 6.04548(33) 0.038 48.1(4) 46.3(5) 75(1) 25(1) 6.02588 0.50 

0.5/POW/AM/BM/850 6.00269(31) 6.04305(29) 0.040 49.8(3) 43.8(30) 68(1) 35(1) 6.02158 0.53 

0.5/PCS/AM/BM/850 6.01098(16) 6.04321(14) 0.032 59.3(4) 39.2(4) 63(1) 27(1) 6.02381 0.49 

0.5/PCS/AM/HM/900 5.99677(25) 6.04074(24) 0.044 53.3(3) 45.3(3) 69(1) 33(1) 6.01697 0.52 



79 

 

3.4.3 – SEM Study of Ti0.5Zr0.25Hf0.25NiCu0.025Sn Samples 

SEM data collected for the samples 0.5/POW/AM/HM/850 and 0.5/POW/AM/BM/850 

are shown in Figure 3.10 and Figure 3.11 respectively. The area of the images for each 

sample is different, the scale bars included are 20 μm and 8 μm respectively. 

For 0.5/POW/AM/HM/850, the segregation into Ti-rich and Zr/Hf-rich HH phases is 

highlighted by the EDS images. By EDS the sample consists of large Zr/Hf-rich regions 

between which the remaining space is filled with Ti-rich regions, which is well 

highlighted in Figure 3.10c. Comparing this EDS image with the IPFZ image in Figure 

3.10b shows differences in crystallite orientation and there is a correlation between the 

gaps between the large crystallites and Ti-rich regions. 

 

Figure 3.10: SEM images for the sample 0.5/POW/AM/HM/850. (a) shows the image of the 

surface, (b) shows the different crystallite orientations from IPFZ analysis, (c) shows the 

combined Ti and Hf EDS images. (d-f) show the Ti, Zr and Hf EDS intensities respectively. The 

brighter the EDS colours, the higher the concentration of the element. 

From the two highlighted areas 1 and 2 in Figure 3.10c, the relative fractions of each 

element were determined and are displayed in Table 3.7. Both areas have compositions 

consistent with HH phases, with a roughly even distribution of Cu. Both areas have Ni 

values larger than unity. The EDS value for the Ti fraction on the X-site in the Ti-poor 

phase is 0.43, much larger than the values of 0.33 and 0.25 neutron diffraction and X-ray 

diffraction respectively. 
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Table 3.7: Composition information for the sample 0.5/POW/AM/HM/850 in areas 1 and 2 

highlighted in Figure 3.10 calculated from the atomic percentages. 

 EDS Composition Ti Zr Hf Ni Cu Sn 

Area 1 [Ti0.87Zr0.07Hf0.06]1.10Ni1.08Cu0.04Sn 29.8 2.3 2.1 33.6 1.3 31.0 

Area 2 [Ti0.43Zr0.24Hf0.33]1.01Ni1.19Cu0.04Sn 13.4 7.4 10.4 36.8 1.3 30.8 

 

The SEM images for 0.5/POW/AM/BM/850 shown in Figure 3.11 represent an area 

approximately 4.8 times smaller than those shown in Figure 3.10. The EDS images also 

show strong phase segregation into Ti-rich and Zr/Hf-rich HH phases. The IPFZ image 

in Figure 3.11b gives more detail on the Ti-rich region when compared to the EDS 

images, which shows the Ti-rich region consists of a large number of small grains, relative 

to the large Zr/Hf-rich grains. 

The microstructure of both samples is consistent with the discussion in Section 1.7.7.2, 

which established that Zr/Hf HH phase can crystallise directly from the melt, forming 

large crystallites, while Ti HH phases’ crystallites only form at much lower temperatures, 

surrounding the Zf/HH regions with smaller grains.  

 

Figure 3.11: SEM images for the sample 0.5/POW/AM/BM/850. (a) shows the SE image of the 

sample surface, (b) shows the different crystallite orientations from IPFZ analysis and (c) shows 

the total EDS image. (d-f) show the Ti, Zr and Hf EDS intensities respectively. The brighter the 

EDS colours, the higher the concentration of the element. The bright spots visible on (c) and (f) 

are due to a HfO2 based impurity. 
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3.4.4 – Thermoelectric Data 

3.4.4.1 – Thermoelectric Properties of Hot-Pressed samples 

Figure 3.12 shows the thermoelectric properties of Tix(Zr0.5Hf0.5)1-xNiCu0.025Sn samples 

prepared by arc-melting routes with protocols as detailed in Section 3.2. One critical 

difference between the samples is that for 0.5/PCS/AM/HM/900 the properties were 

measured on a hot-pressed disk that was annealed at 900 °C, as opposed to the other 

samples, where the final hot-pressed disks were not annealed. 

Looking at S(T) in Figure 3.12a, each sample has negative values consistent with the 

intended n-type behaviour. The strong increase in magnitude up to 600 K indicates 

degenerate doping, while the plateauing at higher temperatures can be attributed to 

minority carriers beginning to contribute. There is a clear grouping of the samples which 

were not annealed after hot-pressing, with S(310 K) 

between -120 μV.K-1 and -130 μV.K-1. The sample annealed after hot-pressing 

0.5/PCS/AM/HM/900 has a much larger S(310 K) of -155 μV.K-1 and this larger S(T) is 

maintained at all temperatures. This difference could be linked to a lower level of doping 

for this particular sample in spite of the identical composition. 

From ρ(T) as shown in Figure 3.12b the larger values for the 0.5/PCS/AM/HM/900 

sample at all temperatures are consistent with a lower doping level. Each sample exhibits 

an increasing temperature dependence consistent with degenerate metal-like behaviour, 

and each sample plateaus at high temperature due to an increasing minority carrier 

contribution as observed for S(T). Despite the similar doping amounts suggested by the 

similar S(310 K), ρ(310 K) = 8.9 μΩ.m for 0.5/POW/AM/BM/850 is around 20% larger 

than ρ(310 K) = 7.6 μΩ.m for 0.5/POW/AM/HM/850. For reference the SSS sample from 

Section 3.3.1 has ρ(310 K) = 7.2μΩ.m. The major difference between these samples is 

the ball milling step, so the increased ρ could be a consequence of reduced grain size. 

S2/ρ(T) of 0.5/PCS/AM/HM/900 is the largest at all temperatures as shown in Figure 

3.12c, with ρ(310 K) 2.4 mW.m-1.K-1 which is consistent with a sample with a lower level 

of doping y < 0.025, as seen in Figure S3.3. The peak S2/ρ(T) of 3.9 mW.m-1.K-2 for this 

sample is achieved at 680 K. For the remaining samples S2/ρ follows the differences in ρ. 
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Figure 3.12: Thermoelectric properties from 300-800 K of arc-melted samples with composition 

Tix(Zr0.5Hf0.5)1-xNiCu0.025Sn. (a) shows S(T), (b) shows ρ(T), (c) show S2/ρ(T), (d) κ(T), (e) shows 

the combined κl(T) + κbi(T) and (f) shows zT. κ(T) data in this figure has been fitted from the raw 

data which can be viewed in Figure S3.14. The raw κ(T) for 0.5/POW/AM/HM/850 contains a 

hump between 500-700 K.  

Values of κ(T) shown in Figure 3.12d range from 2.9 to 4.0 W.m-1.K-1 across the entire 

temperature range. The behaviour of 0.5/POW/AM/HM/850 is much different than the 

other samples, with κ(T) constantly decreasing from 4.0 W.m-1.K-1 to 3.7 W.m-1.K-1, 

while all the other samples reach a minimum before increasing up to 800 K. The sample 
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0.5/PCS/AM/HM/900 has a stronger negative temperature dependence up to 500 K than 

the other samples. 

Subtracting κe(T) yields the combined contributions of κl(T) and κbi(T) shown in Figure 

3.12e. The increase at higher temperatures can be attributed to a significant κbi, which is 

absent for 0.5/POW/AM/HM/850 as seen by the linear temperature dependence on the 

logarithmic axes. Despite having identical nominal compositions, the x = 0.5 samples 

have different κl(310 K) between 2.7 and 3.3 W.m-1.K-1. For the remaining two samples 

0.7/POW/AM/BM/850 and 0.3/POW/AM/BM/850 have κl(310 K) of 2.95 W.m-1.K-1 and 

2.35 W.m-1.K-1 respectively, which is the reverse behaviour as might be expected from 

the Klemens modelling in Figure 3.4d. 

The resulting zT for each sample is shown in Figure 3.12f. The values for samples 

prepared from elemental powders are similar to those seen for 

SSS Ti0.5Zr0.25Hf0.25NiCu0.025Sn, with zT(800 K) between 0.65 and 0.75. The sample 

0.5/PCS/AM/HM/900 maintains a larger zT at all temperatures with zT(310 K) of 0.2 

which increases to a peak zT(710 K) of 0.87. This is due in part to a lower level of doping 

compared to the other samples leading to low κe while still having large S2/ρ. For all 

samples bipolar contributions to S(T) slow the increase of zT with increasing 

temperatures. For each sample, except for 0.5/POW/AM/HM/850, large κbi(T) further 

reduce zT. In the case of the best performing sample 0.5/PCS/AM/HM/900 one could 

extrapolate zT values in excess of 1 at temperatures lower than 800 K if the bipolar effects 

could be suppressed. 

3.4.4.2 – Comparison with Modelled Values 

One key descriptor of the Ti0.5Zr0.25Hf0.25NiCuySn system obtained from the SPB analysis 

performed in Section 3.3 was mDoS* = 4.1 me. Applying this value to the arc-melted 

samples returns calculated values for nH and μH shown in Table 3.8, using the SPB relation 

in Equation 1.53 and the basic model for σ in Equation 1.23. 

0.5/PCS/AM/HM/900 has the lowest calculated nH of 2.9 × 1020 cm-3 which corresponds 

to Cu = 0.014. This lower doping level was expected from the S(T) and ρ(T) as behaviour 

seen in Figure 3.12. The μH = 22 cm2.V-1.s-1 of this sample is much larger than the other 

two x = 0.5 samples which have μH ~ 15 cm2.V-1.s-1, much lower than the value of 

21 cm2.V-1.s-1 in Table 3.1. The annealed sample does have μH comparable to the SSS 

samples. 
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Table 3.8: 310 K experimental Seebeck coefficients (S310) and resistivities (ρ310) and calculated 

Hall properties nH and μH for Ti0.5Zr0.25Hf0.25NiCu0.025Sn samples using Equations 1.53 and 1.23, 

assuming mDoS* = 4.1 me. Also included is the ingot-cut sample with composition 

Ti0.5Zr0.25Hf0.25NiCu0.1Sn. 

 S310 

(μV.K-1) 

ρ310 

(μΩ.m) 

nH 

(× 1020 cm-3) 

μH 

(cm2.V-1.s-1) 

0.5/POW/AM/HM/850 -114 7.6 5.6 14.7 

0.5/POW/AM/BM/850 -126 8.9 4.6 15.2 

0.5/PCS/AM/HM/900 -155 9.8 2.9 22.0 

0.5/PCS/AM/IC/900 -115 5.8 5.5 19.6 

Ti0.5Zr0.25Hf0.25NiCu0.1Sn -72 3.5 12.6 14.1 

 

 

Figure 3.13: Tix(Zr0.5Hf0.5)1-xNiCu0.025Sn Klemens model at 310 K with the experimental κl values 

for the arc-melted samples. 0.3/POW/AM/BM/850 has κl = 2.35 W.m-1.K-1, much lower than the 

predicted value κl = 3.12 W.m-1.K-1. For reference a sample with composition TiNiCu0.025Sn from 

Chapter 4 is included. 

Figure 3.13 compares κl(310 K) for the arc-melted samples against the y = 0.025 Klemens 

model determined from fitting in Section 3.3. The x = 0.5 sample behaves as expected, 

albeit with a large spread of values. The x = 0.7 sample has κl(310 K) = 3.0 W.m-1.K-1 
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which lies exactly where expected. The most glaring deviation is for the x = 0.3 sample 

which has κl(310 K) = 2.4 W.m-1.K-1, roughly 25% lower than the expected value. With 

the information available, I have no explanation for this low value. There is no issue in 

the raw data (Figure S3.14). Cp(T) is slightly lower than the other samples, but this is 

expected due to the higher fraction of Zr and Hf. 

3.4.5 – Electronic Properties of Ingot-Cut vs Hot-Pressed 

Ti0.5Zr0.25Hf0.25NiCuySn 

The 0.5/PCS/AM/HM/900 sample above has a significantly reduced nH compared to the 

SSS sample in Section 3.3 and the other x = 0.5 samples prepared by arc-melting. During 

processing of this sample, a bar was successfully cut from the arc-melted ingot and 

annealed alongside the hot-pressed disk, for which the electronic properties are shown in 

Figure 3.14. 

The ingot-cut sample has a substantially lower S(T) and ρ(T) at all temperatures. 

Furthermore S(T) only begins to peak at 790 K for the ingot-cut material whereas the 

hot-pressed sample peaks at 700 K. The calculated nH = 5.5 × 1020 cm-3 for the ingot-cut 

material which is more in line with other samples. Evidently the additional grinding and 

hot-pressing steps before annealing lead to a lower observed doping level. 

The larger nH leads to the significantly reduced ρ(T) seen in Figure 3.14b, with 

ρ(310 K) = 5.8 μΩ.m compared to 9.8 μΩ.m for the hot-pressed sample. Both ρ(T) data 

have been fitted using the combination of extrinsic and intrinsic resistivity terms: 

 
𝜌(𝑇) = ([𝜌(0) + 𝐵𝑇1.5]−1 + [𝐴𝑒𝑥𝑝 (

𝐸𝑔

2𝑘𝐵𝑇
)]

−1

)

−1

 Equation 3.2 

The first term is the degenerate (metal-like) contribution with a residual resistivity ρ(0) 

and an acoustic phonon scattering temperature dependence BT1.5. The second term is the 

typical Arrhenius description of an intrinsic semiconductor with band gap Eg. The fitting 

parameters are shown in Table 3.9 and the fits shown in Figure 3.14b. ρ(T) for the 

ingot-cut bar is highly degenerate while the hot-pressed bar has significant intrinsic 

contributions at high temperatures, reducing ρ(800 K) from 15.6 μΩ.m to 13.2 μΩ.m. 

This ρ reduction at high temperatures is not beneficial, as it directly leads to a larger κe 

and is ultimately accompanied by decreased S and S2/ρ at high temperatures. 
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Figure 3.14: Temperature dependent electronic properties for Ti0.5Zr0.25Hf0.25NiCu0.25Sn for a bar 

cut directly from a melted ingot compared with a bar prepared by grinding down and hot-pressing 

the remainder of the ingot. Both bars were annealed and slow cooled. (a) shows S(T), (b) shows 

ρ(T), with the solid lines being fitted degenerate contributions (Equation 3.2). (c) shows S2/ρ(T). 
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One additional value obtained from ρ(T) fitting is ρ(0)/B, which quantifies the relative 

contributions of ρ(0) versus acoustic phonon scattering, and is independent of nH. As 

shown in Table 3.9 the values for both 0.5/PCS/AM/IC/900 and 0.5/PCS/AM/HM/900 

are roughly the same with ρ(0)/B ~2.3, which points to the differences between the 

samples being nH and the intrinsic contribution. By comparison an ingot-cut 

Ti0.5Zr0.25Hf0.25NiCu0.1Sn has ρ(0)/B = 3.2. 

Table 3.9: Fitting parameters used to fit ρ(T) (Equation 3.2) of 0.5/PCS/AM/IC/900, 

0.5/PCS/AM/HM/900 and the ingot-cut bar with composition Ti0.5Zr0.25Hf0.25NiCu0.1Sn. *For 

these samples the intrinsic contribution was insignificant. 

 ρ(0)  

(μΩ.m) 

B 

(× 10-4 μΩ.m.K-1.5) 

A    

(μΩ.m) 

Eg   

(eV) 

ρ(0)/B 

(× 104 K-1.5) 

0.5/PCS/AM/IC/900* 4.65 2.02 -- -- 2.30 

0.5/PCS/AM/HM/900 7.96 3.38 3.45 0.45 2.36 

y = 0.1, Ingot-Cut* 2.97 9.35 -- -- 3.18 

 

This assessment of ρ(T) poses an uncomfortable contradiction with the prevailing 

literature treatment of electronic transport in XNiSn phases. The mobility is usually 

described as being dominated by alloy scattering with μH ~ T-0.5 temperature dependence 

as discussed in Section 3.3.1, with a secondary contribution from acoustic phonon 

scattering with μH ~ T-1.5 encroaching at higher temperatures. From the model above, ρ(T) 

is dominated by the temperature independent ρ(0), with a secondary temperature 

dependent term due to acoustic phonon scattering. The presence of a significant ρ(0) for 

these materials has been observed for Ti0.5Zr0.5NiSn0.98Sb0.02, although the significance in 

relation to μH is not discussed.159  

One issue in the literature is the treatment of logarithmic scales. This is highlighted in 

Figure 3.15 which plots ρ(T) = ρ(0) + T1.5 with a range of ρ(0). With ρ(0) = 0 the data 

would be expected to be linear on logarithmic scales with a slope of 1.5. With increasing 

ρ(0) there is a large difference at low temperatures, but all lines eventually converge at 

high temperature as T1.5 >> ρ(0). At intermediate temperatures however the slope of ρ(T) 

on the logarithmic scales will be less than 1.5. For the largest ρ(0) shown, taking a linear 

fit of the curve between 600-1000 K gives a slope ~1. If only this temperature range were 
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considered, one might attribute this behaviour to a combination of alloy and acoustic 

phonon scattering. While this might be a reasonable conclusion for systems where ρ(0) is 

substantially lower than temperature dependent scattering, in the XNiSn systems ρ(0) is 

significant. 

 

Figure 3.15: Logarithmic plot of a range of ρ(T) functions with different ρ(0). The purple line by 

eye looks like a reasonable fit in the range where it is applied, but misrepresents the temperature 

dependence. 

3.5 – Discussion and Conclusion 

In the first part of this chapter the properties of the Ti0.5Zr0.25Hf0.25NiCuySn were 

examined through the SPB and Klemens-Callaway model, which both show good 

agreement with the experimental data. Both S(310 K) and μH(310 K) show good 

agreement with an acoustic phonon scattering and alloy scattering model, with Cu 

showing no detrimental effect on μH.  

Direct comparison of the samples prepared through SSS and arc-melting found a higher 

degree of homogenisation through SSS, with more distinct phase segregation in the 

arc-melted samples into Ti-rich and Zr/Hf-rich phases. Phase homogenisation was 
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increased with 18 hours spent at 1200 °C during annealing, although the sample 

containment at these temperatures led to oxidation of the sample. 

The effect of using powders vs pieces or hand-milling vs ball-milling for the 

Ti0.5Zr0.25Hf0.25NiCu0.025Sn samples was found to be minimal. The expectation was that 

ball-milling might reduce the grain size and ease homogenisation of the sample, but this 

was not observed in this work. A more extreme ball-milling procedure could be more 

effective, but this could lead to increased oxidation of the sample. The phase distributions 

of the x = 0.7, 0.5 and 0.3 arc-melted samples prepared from powders and pieces were 

visibly different, although there was no clear trend in these differences.  

The phase segregation for 0.5/POW/AM/HM/850 and 0.5/POW/AM/BM/850 was 

observed by SEM-EDX mapping, which revealed large Zr/Hf-rich grains surrounded by 

smaller Ti-rich grains. This behaviour is consistent with the temperatures below which 

each parent HH phase can form, with Zr/Hf-rich grains forming  before Ti-rich grains can 

form while the ingot is forming.166 

The thermoelectric properties of Ti0.5Zr0.25Hf0.25NiCu0.025Sn are not strongly affected 

using ball-milling versus hand-milling before hot-pressing and annealing. The largest zT 

of all samples was for 0.5/PCS/AM/HM/900, which reached zT = 0.83 at 710 K. For all 

samples the high temperature zT was suppressed due to intrinsic carrier contributions, 

leading to reduced S and significant κbi (except for 0.5/POW/AM/HM/850). Without 

these intrinsic contributions zT > 1 could have been achieved for 0.5/PCS/AM/HM/900 

as illustrated in Figure S3.15. 

Using Hall properties from Section 3.3, details about the arc-melted samples were 

calculated. 0.5/PCS/AM/HM/900 has the largest μH = 22 cm2.V-1.s-1, while the samples 

which are not annealed after hot-pressing have μH almost 40% worse. Unusually the nH 

for this sample is lower than the other y = 0.025 samples, while the ingot-cut sample 

0.5/PCS/AM/IC/900 maintains the high μH but has nH in line with the other samples. The 

hot-pressing and slow-cooling step appears to be beneficial, but the reason for this 

improvement is not known. This procedure is carried forwards into Chapter 4. For the 

most part κl for the arc-melted samples are consistent with the Callaway fits made in 

Section 3.3, apart from 0.3/POW/AM/BM/850 which has an unexpectedly low κl. 

The electronic properties of 0.5/PCS/AM/IC/900 and 0.5/PCS/AM/IC/900 were 

compared, with the hot-pressing step being the only difference which could be responsible 
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for the reduced nH. Analysis of ρ(T) shows that the intrinsic contribution is not present in 

the ingot-cut bar and that the extrinsic metal-like contribution only differ because of nH. 

These fits show that there is a large ρ(0) contribution to ρ(T), the significance of which is 

not noted in the literature. These results suggest that there is no significant temperature 

dependent alloy scattering contribution to ρ(T), with temperature dependence being 

dominated by acoustic phonon scattering and intrinsic carriers increasing nH. More 

compelling evidence of this behaviour is presented in Section 4.6.2. The exact nature of 

ρ(0) is not clear, but for metallic systems this term is associated with defects and 

impurities. 

This chapter provides predictions on the behaviour of κl within the ternary phase space 

diagram, which has informed the compositions to be investigated in Chapter 4 such as 

Ti0.7Hf0.3NiCuySn which has the lowest κl of all samples. The best synthetic protocol has 

been established, with annealing and slow-cooling of a hot-pressed pellet. Analysis of 

ρ(T) has been introduced, revealing the significant contribution of ρ(0). If this 

contribution could be eliminated, thermoelectric performance could be improved 

significantly.   
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Chapter 4 – Optimisation of Thermoelectric 

Performance in the [TiZrHf]NiCuySn Phase 

Diagram 

4.1 – Introduction 

From SPB and Callaway analysis in Chapter 3, we were able to gain some insight into 

the TiaZrbHfcNiCuySn system, the most significant being that the optimal Cu doping level 

for Ti0.5Zr0.25Hf0.25NiCuySn is 0.0125 < y < 0.025 at room temperature, that the weighted 

mobility of TiNiCuySn is larger than the other end members, and that the best predicted 

X-site ratio for reducing the κl is Ti0.7Hf0.3, largely due to the large mass disorder. 

Reproducing the sample Ti0.5Zr0.25Hf0.25NiCu0.025Sn using an arc-melting synthesis 

yielded an improved zT = 0.86 at 700 K, for a sample annealed and hot-pressed after 

annealing.  

This chapter will expand on XNiCuySn materials prepared through arc-melting, 

hot-pressing and slow cooling. The electronic properties of bars cut directly from the 

arc-melted ingot and full thermoelectronic properties of pieces hot-pressed from the 

ground ingot are presented and contrasted. The effect of these processing differences on 

phase composition and segregation is also compared using PXRD analysis. 

One group of samples presented is the unalloyed XNiCu0.25Sn (X = Ti, Zr and Hf) 

samples. An additional sample TiNiCu0.03Sn with slightly higher doping was prepared 

with the aim of suppressing bipolar effects in the material, which has a good zT of 0.83 

at 793 K. 

Samples with composition Ti0.7Zr0.3NiCu0.025Sn, Ti0.7Hf0.3NiCu0.025Sn and 

Ti0.3Hf0.7NiCu0.025Sn were also prepared, with the first two compositions predicted to 

have minimum κl in their respective binary solid solutions. Ti0.7Hf0.3NiCu0.0175Sn with 

slightly reduced doping was also prepared to compare the effect of the doping change on 

S2σ and bipolar behaviour. 

The temperature dependence of the electronic properties is modelled using SPB fitting of 

S(T) and the ρ(T) model presented in Chapter 3. For ingot-cut TiNiCu0.025Sn and 

Ti0.3Hf0.7NiCu0.025Sn low temperature ρ data are presented to validate the ρ model low 

temperature predictions. 
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4.2 – Experimental 

2-5 g XNiCu0.025Sn (X = Ti, Zr, Hf, Ti0.7Hf0.3, Ti0.3Hf0.7, and Ti0.7Zr0.3), TiNiCu0.03 and 

Ti0.7Hf0.3NiCu0.0175Sn samples were prepared from elemental pieces. The pieces were 

arc-melted together 2 to 3 times. For all samples except for ZrNiCu0.025Sn (due to internal 

cracks) bars were cut from the ingot suitable for LSR-3 measurement. For TiNiCu0.025Sn, 

ZrNiCu0.025Sn and HfNiCu0.025Sn the bars and remaining ingot pieces were annealed at 

900 °C for 7 days then cooled down to RT at a rate of 10 °C.hr-1. For Ti0.3Hf0.7NiCu0.025Sn 

this step was an 850 °C annealing for 108 hours, cooled with the furnace. For these four 

samples the ingot-cut bars were measured on the LSR-3. 

For all samples the ingot pieces (excluding bars) were hand ground and hot-pressed at 

950 °C for 20 minutes under 80 MPa pressure. The hot-pressed pellets were then annealed 

at 900 °C for 7 days and slow cooled at a rate of 10 °C.hr-1. 

Powder X-ray diffraction data were collected for between 10-100° with a total collection 

time of 7 hours. LSR-3 measurements were performed for ingot-cut bars and hot-pressed 

bars, in most instances between 30-510 °C. LFA-1000 measurements were performed on 

the hot-pressed disks between 30-690 °C, with the heat capacity values collected being 

used for calculation of the κ(T). PPMS ρ(T) data were collected for the ingot-cut bars of 

TiNiCu0.025Sn and Ti0.3Hf0.7NiCu0.025Sn from 300 K down to 2 K. 

4.3 – Structural Characterisation 

4.3.1 – X-ray Powder Diffraction Data for Hot-Pressed XNiCuySn Samples 

Table 4.1: Lattice parameters and weight percentages of the HH and FH phases determined by 

Rietveld of PXRD data for hot-pressed XNiCuySn samples.*Impurity phases observed but not 

included in refinement due to low fraction. 

 aHH (Å) HH Wt% Impurities 

TiNiCu0.025Sn 5.93663(7) 99+ TiNi2Sn < 1%* 

TiNiCu0.03Sn 5.93940(3) 97.5(1) TiNi2Sn = 2.5(1)% 

ZrNiCu0.025Sn 6.11431(3) 90.2(1) Ni3Sn2 = 6.3(1)%, ZrO = 3.5(1)% 

HfNiCu0.025Sn 6.08172(7) 99+ Ni3Sn2 < 1%* 
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This section discusses the phases present for each XNiCuySn sample made following the 

final hot-pressing step as determined by Rietveld refinement of PXRD data. Figure 4.1 

shows an example of Rietveld fitting performed for TiNiCu0.03Sn and Table 4.1 

summarises the key crystallographic information of each end member sample. 

Both TiNiCu0.025Sn and TiNiCu0.03Sn form a single HH phase with a very small amount 

of FH phase. The y = 0.03 HH phase has a slightly larger lattice parameter aHH = 5.939 Å 

compared to aHH = 5.937 Å for y = 0.025, and both are larger than literature values for 

TiNiSn (aHH = 5.930 Å).149 This is consistent with expansion of the unit cell due to the 

presence of interstitial Cu. 

 

Figure 4.1: PXRD data for the sample TiNiCu0.03Sn following hot-pressing and annealing, 

collected over 7 hours between 10-100°. The black curve is the measured pattern, the red curve 

is the pattern calculated from Rietveld refinement and the blue curve is the difference between 

them. The inset shows the {2 2 0} reflection of the HH phase, with a logarithmic intensity 

highlighting the presence of the FH phase.  

The ZrNiCu0.025Sn sample contains a single HH phase with aHH = 6.114 Å. However only 

90% of the sample is the HH phase, with the remaining 10% being Ni3Sn2 and ZrO 

impurities. 

HfNiCu0.025Sn also contains a single HH phase, with aHH = 6.082 Å. A small amount of 

Ni3Sn2 binary is also present but no oxide phase is detectable. 
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For each alloyed sample, the phase distribution is adequately described using two HH 

phases. The key phase properties are summarised in Table 4.2 and a full Rietveld 

refinement for Ti0.7Zr0.3NiCu0.025Sn is shown in Figure 4.2. 

 

Figure 4.2: PXRD data for the sample Ti0.7Zr0.3NiCu0.025Sn, collected over seven hours between 

10-100°. The black curve is the measured pattern, the red curve is the pattern calculated from 

Rietveld refinement and the blue curve is the difference between them. The inset shows the {2 2 0} 

reflection, highlighting the two phase nature of the sample. 

For each sample the smaller aHH phase contains a larger refined fraction of Ti on the 

X-site, which is consistent with a Vegard’s law description of a solid solution. The mean 

of the two phases aMean was calculated and compared with the Vegard average aVegard 

value in Table 4.1. Compared to the difference in aHH of the end members (for example 

between TiNiCu0.025 and ZrNiCu0.025 the difference is 0.178 Å), the phases are between 

2-5% larger than predicted by Vegard’s law. 
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Table 4.2: Crystallographic information on the phase segregated Ti1-xXxNiCu0.025Sn samples and Ti0.7Hf0.3NiCu0.0175Sn following hot-pressing and annealing, obtained 

from Rietveld analysis using two Half Heusler phases. The calculated averages are the weighted averages from each phase, while the Vegard lattice parameter aVegrad 

is calculated as the mean of the end member XNiCuySn values. *The ingot-cut data was modelled using three HH phases, the two largest HH phases have been 

averaged together as they have very similar aHH. 

 aHH1 (Å) Wt%HH1 TiHH1 aHH2 (Å) Wt%HH2 TiHH2 aMean (Å) aVegard (Å) Δ (Å) TiMean Δa (Å) 

Ti0.7Hf0.3NiCu0.0175Sn 5.96569(11) 55.2(2) 0.830(2) 5.99788(11) 44.8(2) 0.594(3) 5.9801 -- -- 0.724 0.0322 

Ingot-Cut* 5.95699(14) 36.8(8) 0.910(3) 6.00034* 63.2* 0.611* 5.984 -- -- 0.721 0.04335 

Ti0.7Hf0.3NiCu0.025Sn 5.96533(14) 42.2(3) 0.871(12) 5.99861(12) 57.3(3) 0.631(7) 5.9844 5.9779 +0.0065 0.733 0.0333 

Ingot-Cut 5.96434(13) 45.9(2) 0.861(2) 5.99879(9) 53.5(2) 0.561(4) 5.98288 5.9779 +0.0050 0.700 0.03445 

Ti0.7Zr0.3NiCu0.025Sn 5.98282(8) 67.1(2) 0.776(3) 6.01243(12) 32.9(2) 0.523(6) 5.9925 5.9900 +0.0025 0.693 0.0296 

Ingot-Cut 5.97627(14) 49.2(2) 0.888(4) 6.01351(12) 50.8(2) 0.644(5) 5.99519 5.9900 +0.00519 0.764 0.03724 

Ti0.3Hf0.7NiCu0.025Sn 6.02551(13) 40.9(3) 0.437(7) 6.05762(10) 59.1(3) 0.337(8) 6.0445 6.0374 +0.0071 0.378 0.0321 

Ingot-Cut 6.03274(37) 54.1(7) 0.498(5) 6.05864(10) 43.8(7) 0.159(13) 6.04433 6.0374 +0.0693 0.346 0.02590 
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The mean fractions of Ti in each sample are also calculated. For Ti0.7Zr0.3NiCu0.025Sn the 

agreement between this value of 0.693 with the nominal 0.7 fraction is remarkably good. 

For the Hf containing materials the Ti fraction is much larger than the nominal 

composition, at TiMean = 0.73 in Ti0.7Hf0.3NiCu0.025Sn, with the largest deviation 

TiMean = 0.38 for Ti0.3Hf0.7NiCu0.025Sn. This deviation is likely due to the refinement 

having difficulty dealing with the large X-ray scattering length difference between Ti and 

Hf, with aVegard being in reasonable agreement. 

Δa for the two phases are similar for each Ti/Hf sample with Δa = 0.032 Å, while Δa for 

Ti0.7Zr0.3NiCu0.025Sn is about the sames 0.030 Å. The phase segregation of the 

Ti1-xHfxNiCu0.025Sn samples is illustrated with respect to the Vegard predicted values in 

Figure 4.3. 

 

Figure 4.3: The normalised {2 2 0} PXRD reflections for hot-pressed and annealed samples in 

the Ti1-xHfxNiCu0.025Sn series (x = 0, 0.3, 0.7 and 1). The dashed lines mark the angles as 

predicted by Vegard’s law between the end members. 

4.3.2 – Processing Effects on Alloyed Samples 

The nature of phase segregation summarised in Table 4.2 points to consistent segregation 

around the nominal X-site composition. At different stages in the processing the phase 

distribution changes, as demonstrated in Figure 4.4 for Ti0.7Hf0.3NiCu0.025Sn, which 
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compares the diffraction patterns directly after arc-melting, directly after hot-pressing and 

after annealing. 

 

 

Figure 4.4: Normalised {2 2 0} PXRD reflections for Ti0.7Hf0.3NiCu0.025Sn at different processing 

stages. Black was measured directly after arc-melting (a) while red was measured after 

hot-pressing (b). Blue was measured following annealing of the ingot-cut sample (c), while green 

was measured following annealing of the hot-pressed sample(d). 

Directly following arc-melting (Figure 4.4a) the sample contains a large fraction of a 

Hf-rich HH (a = 6.045 Å) with some smaller fraction of HH phases containing more Ti, 

(alongside some FH, Ti6Sn5 and Sn). Either hot-pressing (Figure 4.4b) or annealing the 

ingot (Figure 4.4b) causes an increase of Ti in the HH phases, seen by the shifting of the 
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main HH peak to a higher angle (smaller lattice parameter). Annealing the hot-pressed 

pellet (Figure 4.4d) forces the reaction of the most Hf-rich regions and remaining impurity 

phases such as the FH phase seen at ~41.8 ° (6.1211 Å), leading to a more homogeneous 

HH phase. 

The phase distribution after annealing is slightly different depending on whether the ingot 

was annealed directly or ground down, hot-pressed then annealed, as demonstrated in 

Figure 4.5 for each alloyed composition. With the exception of Ti0.3Hf0.7NiCu0.025Sn, the 

main impact of hot-pressing is on the Ti-rich phase, for which the relative normalised 

intensity of the diffraction peak increases and shifts to higher aHH. 

This behaviour is ultimately related to the formation of the HH phase as discussed in 

Chapter 3, which confirmed Zr/Hf-rich phases form first. Grinding and hot-pressing 

redistributes the Ti-rich regions and allows for increased reaction with the Zr/Hf -rich 

regions. Between the Ti0.7Hf0.3NiCu0.0175Sn and Ti0.7Hf0.3NiCu0.025Sn samples the effect 

of hot-pressing is more significant in the y = 0.0175 sample, with only a slight change in 

aHH for the y = 0.025 sample. 

 

Figure 4.5: PXRD data showing the {2 2 0} reflection of annealed alloyed XNiCuySn samples. 

For each sample, the black curve is from an ingot-cut piece and the red curve is from the 

hot-pressed pellet. The data in plot (b) is the same as shown in Figure 4.4d. 
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4.4 –Thermoelectric Properties of Non-Alloyed samples 

This section presents the thermoelectric property data on unalloyed XNiCuySn 

(X = Ti, Zr and Hf) hot-pressed samples as shown in Figure 4.6. The properties of the 

ingot-cut bars are presented in Section 4.6. 

4.4.1 – Thermoelectric Data 

All unalloyed samples exhibit degenerate n-type behaviour, with each sample showing 

an increasingly negative S with increasing temperature, which noticeably slows for the 

2.5% Cu doped samples above 600 K (Figure 4.6a). Despite equal Cu doping, 

HfNiCu0.025Sn has a much larger S(T) at all temperatures, with TiNiCu0.025Sn being 

slightly larger than ZrNiCu0.025Sn. Compared to the SPB fits plotted alongside the 

experimental S(T) values, the Ti and Hf compositions begin to deviate significantly from 

500 K, while for Zr this deviation starts at a slightly higher temperature of 600 K.  

All ρ(T) show a metal-like temperature dependence below 600 K. Each of the 2.5% Cu 

doped samples shows varying levels of bipolar behaviour above this point, with ρ(T) 

above 600 K for HfNiCu0.25Sn showing a decreasing semiconductor temperature 

dependence, while TiNiCu0.025Sn and ZrNiCu0.025Sn show gradual plateauing. The larger 

S and ρ for HfNiCu0.025Sn can be largely attributed to an apparent lower doping level, 

possibly caused by a y < 0.015 solubility limit observed in unpublished work.193 

Compared to the 2.5% Cu samples, TiNiCu0.03Sn shows reduced bipolar contributions in 

S and ρ, as a consequence of a higher n-type carrier concentration. 

TiNiCu0.03Sn has by far the largest S2/ρ of all samples (Figure 4.6c), maintaining an 

impressive value of 5 mW.m-1.K-2 between 550 K and 750 K and peaking at 

5.2 mW.m-1.K-2 largely due to having such a low ρ compared to the only slightly less 

doped TiNiCu0.025Sn, which itself reaches a respectable 4.6 mW.m-1.K-2 around 680 K. 

ZrNiCu0.025Sn and HfNiCu0.025Sn have significantly lower S2/ρ(T), for the former simply 

because of a lower S and a higher ρ compared to TiNiCu0.025Sn, while HfNiCu0.025Sn has 

a large ρ. 
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Figure 4.6: Thermoelectric properties of unalloyed hot-pressed XNiCuySn samples. Plots (a), (b) 

and (c) display the S(T), ρ(T) and S2/ρ(T) respectively. The solid lines in (a) are SPB fits to low 

temperature values (calculated using Equations 1.52 and 1.53). Plot (d) shows κ(T). Plot (e) 

κl(T) + κbi(T). Finally plot (f) displays zT. 

For each sample κ decreases with temperature (Figure 4.6d), with ZrNiCu0.025Sn having 

the largest κ(300 K) = 9.2 W.m-1.K-1 due to its significantly larger κl, with HfNiCu0.025Sn 

being the next largest at 6.7 W.m-1.K-1 for the same reason. Due to the electronic 

contribution, TiNiCu0.03Sn has larger κ (5.8 W.m-1.K-1 at 300 K) than TiNiCu0.025Sn 

(5.7 W.m-1.K-1 at 300 K). Once κe  is subtracted, we find that κl (Figure 4.6e) for 

TiNiCu0.03Sn is smaller 4.5 W.m-1.K-1 vs 5 W.m-1.K-1 at 300 K, which could be attributed 

to phonon scattering by the additional interstitial Cu. ZrNiCu0.025Sn and HfNiCu0.025Sn 
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have lattice contributions of 8.5 W.m-1.K-1 and 6.4 W.m-1.K-1 at RT respectively. As will 

be addressed later, the κ - κe shows a slight positive temperature dependence over 700 K 

for TiNiCu0.025Sn and HfNiCu0.025Sn, indicative of a bipolar contribution. 

In terms of zT, the Ti based materials are superior, with large S2/ρ(T) and low κl(T) 

combining to give a largest zT value of 0.83 at 800 K for TiNiCu0.03Sn. The zT of 

TiNiCu0.025Sn is only slightly lower than the 3% Cu sample at most temperatures, with a 

significant divergence only occurring above 700 K due an apparent bipolar decrease in 

S(T). The zT still reaches 0.75 at 800 K. ZrNiCu0.025Sn has the lowest zT = 0.53 at 800 K, 

primarily due to its much larger κl(T), but still shows increasing zT at 800 K due to weaker 

bipolar effects in S(T). HfNiCu0.025Sn has a peak zT = 0.6 at 800 K due to the strong 

bipolar behaviour of the sample, likely arising from the lower apparent doping in the 

sample. 

4.4.2 – Bipolar Behaviour 

The ρ(T) data for each sample has been fitted according to the model introduced in 

Chapter 3 (Equation 3.2), which includes a term with metal-like temperature dependence 

and a term with an Arrhenius semiconductor-like temperature dependence. These fits are 

shown in Figure 4.7. 

Compared to the fitted metal-like behaviour shown by the dashed line each sample has 

substantial bipolar contribution at high temperature, except for TiNiCu0.03Sn which shows 

highly degenerate metal-like behaviour even up to 800 K. The fitting parameters are 

presented in Table 4.1, which also lists the expected mDoS* and and nH, determined from 

unpublished data.193 For the y = 0.025 samples the fitting returns band gap (Eg) values of 

a similar magnitude to those predicted by DFT.194 For TiNiCu0.03Sn the full ρ(T) range 

can be fitted using only the extrinsic carrier contribution. 

ρ(T) of TiNiCu0.03Sn is unusual, with ρ(0) being roughly half that of TiNiCu0.025Sn despite 

having only 20% more doping. This is also reflected in the calculated hall concentration 

of 7.91 × 1020 cm-3. It would appear that TiNiCu0.03Sn has been overdoped, by some 

unknown source. 
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Figure 4.7: ρ(T) of unalloyed hot-pressed XNiCuySn samples. The solid line through the data is 

the total modelled ρ while the dashed line is the metal-like contribution due to the extrinsic dopant 

carriers, obtained from fitting using Equation 3.2.  

The final column of Table 4.3 contains the ratio of ρ(0) with respect to B, quantifying the 

residual contribution to ρ. These values show that the HfNiCu0.025 has residual 

contribution twice as large as the other compositions. The residual contribution is roughly 

25% larger in TiNiCu0.025Sn compared to TiNiCu0.03Sn, which is partially the cause of 

the large difference in S2/ρ. 
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Table 4.3: Model fitting parameters for hot-pressed unalloyed XNiCuySn end member samples. m*DoS were obtained from previous Hall measurements. nH was 

calculated from experimental S values using the SPB model. Fitting uses Equation 3.2, where A and Eg describe the intrinsic bipolar behaviour while ρ(0) and B 

describe the extrinsic dopant carrier bahviour. 

Sample Pred. 

m*DoS (me) 

Calc. nH 

(×1020 cm-3) 

A (μΩ.m) Eg (eV) ρ(0) (μΩ.m) B (×10-4 μΩ.m.K-1.5) ρ(0)/B (×104 K1.5) 

TiNiCu0.025Sn 5.3 4.99 2.645 ±0.167 0.407 ±0.013 6.236 ±0.004 2.511 ±0.058 2.483 

TiNiCu0.03Sn 5.3 7.91 -- -- 3.472 ±0.006 1.697 ±0.005 2.046 

ZrNiCu0.025Sn 3.2 2.84 5.912 ±0.196 0.257 ±0.011 6.704 ±0.070 3.401 ±0.141 1.971 

HfNiCu0.025Sn 3.2 1.51 1.773 ±0.069 0.509 ±0.007 12.628 ±0.039 2.886 ±0.051 4.376 
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4.5 – Thermoelectric Properties of Alloyed XNiCuySn 

4.5.1 – Thermoelectric Data 

In this section the thermoelectric properties of hot-pressed samples with binary X-site 

alloying are presented, with compositions Ti0.7Hf0.3NiCu0.0175Sn, Ti0.7Hf0.3NiCu0.025Sn, 

Ti0.3Hf0.7NiCu0.025Sn and Ti0.7Zr0.3NiCu0.025Sn. The thermoelectric properties are shown 

in Figure 4.8, with all samples being degenerate n-type materials. 

Like the unalloyed end members discussed in the previous section, each sample follows 

the SPB predicted values until around 500 K with increasingly negative S, and at higher 

temperatures beginning to plateau as shown in Figure 4.8a. The S(T) data presented have 

been smoothed, which in the case of Ti0.7Zr0.3NiCu0.025Sn removes a kink in S(T) at 

around 650 K which will be discussed later. 

Comparing Ti0.7Hf0.3NiCuySn (y = 0.0175 and 0.025), the Cu = 0.0175 sample has larger 

S(T) and ρ(T) at all temperatures consistent with the lower nominal doping. For all 

samples ρ has a positive metal-like temperature dependence, with the general correlation 

of larger ρ with larger S. The exception to this is Ti0.3Hf0.7NiCu0.025Sn which has a larger 

ρ(T) than suggested by S(T), which may be linked to the large proportion of Hf compared 

to the other samples. Despite having similar nominal doping to the other samples, 

Ti0.7Zr0.3NiCu0.025Sn has much lower ρ than the Hf based samples. 

The remarkably low ρ in Ti0.7Zr0.3NiCu0.025Sn gives it the largest S2/ρ of all samples, 

peaking at 4.7 mW.m-1.K-1 near 623 K, at which point the kink in S(T) leads to a sharp 

decrease at higher temperatures. For the Ti0.7Hf0.3NiCuySn samples the y = 0.0175 sample 

maintains a larger S2/ρ until 650 K at which point S2/ρ for the Cu = 0.025 sample becomes 

larger in part due to a larger bipolar decrease in S in the less doped sample. Both samples 

have peak S2/ρ ~ 4.1 mW.m-1.K-1 at different temperatures, 550 K and 680 K for 1.75% 

and 2.5% Cu respectively. The Hf-rich composition has a significantly lower S2/ρ than 

the other samples, which suggests that Hf is detrimental to the electronic performance. 
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Figure 4.8: Thermoelectric properties of alloyed hot-pressed XNiCuySn samples. Plots (a), (b) 

and (c) display the S(T), ρ(T) and S2/ρ(T) respectively. The solid lines in (a) are SPB fits to low 

temperature values. Plot (d) shows κ(T). Plot (e) shows κl(T) + κbi(T). Finally plot (f) displays zT. 

The most significant differences in property behaviour can be seen for κ shown in Figure 

4.8d, where Ti0.7Zr0.3NiCu0.025Sn starts with κ ~ 4.7 W.m-1.K-1 at RT which decreases 

continuously to 3.4 W.m-1.K-1 at 793 K. For the Hf containing samples 

κ ~ 3.3-3.7 W.m-1.K-1 at RT decreasing to a minimum between 2.9-3.3 W.m-1.K-1 at 

550-650 K, finally increasing to 3.3-3.7 W.m-1.K-1 at 793 K. At 793 K all samples have a 

roughly similar κ. 
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Subtracting κe (Figure 4.8e) shows that the Hf containing samples have a significant κbi, 

where Ti0.7Zr0.3NiCu0.025Sn does not. It is this absence of κbi which gives the Zr containing 

sample κ as low as the Hf containing samples at 793 K. One unexpected point is that κl 

for Ti0.7Hf0.3NiCu0.0175Sn is lower than the higher doped sample by ~ 0.2-0.3 W.m-1.K-1 

across the whole temperature range, where one might expect the reverse due to increased 

phonon scattering by Cu, as observed for the TiNiCuySn (y = 0.025 and 0.03) samples 

covered in the previous section. 

κl(310 K) in the TixHf1-xNiCu0.025Sn series behaves largely as expected by the Klemens 

modelling performed in Chapter 3, as illustrated in Figure 4.9. The good agreement 

between this model and these arc-melted samples show that the processing route used has 

no observable effect on κl.  

 

Figure 4.9: Klemens model (solid line) from Chapter 3 compared to κl(310 K) for arc-melted 

TixHf1-xNiCu0.025 samples. The dashed line is the average of the end members κl
p, the expected 

value without point defect scattering. 

The combination of a large S2/ρ and κbi = 0 at high temperatures gives 

Ti0.7Zr0.3NiCu0.025Sn the largest zT, approaching 1 at 793 K. This is not a clean verdict on 

which sample has the best thermoelectric performance, however. Between 343-703 K, 

Ti0.7Hf0.3NiCu0.0175Sn has significantly larger zT = 0.3-0.9, with the bipolar behaviour 

ultimately leading to lower performance at 793 K. These larger intermediate zT values 

are due to the lower κ up to 703 K. The Hf-rich Ti0.3Hf0.7NiCu0.025Sn sample has the 

lowest zT owing to its lower S2/ρ values. 
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4.5.2 – Bipolar Behaviour 

Fitting of ρ(T) using Equation 3.2 for the alloyed samples is shown in Figure 4.10. While 

there appears to be some deviation from pure degenerate behaviour above 600 K, the 

magnitude of the intrinsic carrier contribution is much lower than for the end members 

shown in Figure 4.7. The fit parameters are shown in Table 4.4, for which the errors of 

the bipolar fitting parameters A and Eg are large due to the low bipolar contribution even 

at high temperature. It is unusual that the S(T) values show a large deviation from the SPB 

model values while ρ(T) is only slightly affected by bipolar contributions. 

 

Figure 4.10: ρ(T) of alloyed hot-pressed X1-xYxNiCuySn samples. The solid line through the data 

is the total modelled ρ while the dashed line is the metal-like contribution due to the extrinsic 

dopant carriers, obtained using Equation 3.2. 

Compared to the unalloyed samples, ρ(T) have much more degenerate temperature 

dependences, with much smaller bipolar contributions at higher temperature, which is 

reflected in the high/unrealistic fitted band gaps. Both Ti0.7Zr0.3NiCu0.025Sn and 

Ti0.7Hf0.3NiCu0.025Sn have calculated Hall concentrations close to that of TiNiCu0.025Sn 

(~5 × 1020 cm-3), which could simply be attributed to a higher retention of Cu in Ti-rich 

phases. In this respect, the lower value for Ti0.3Hf0.7NiCu0.025Sn of 3.24 × 1020 cm-3 is to 

be expected. 

Comparing the ratio of the metal-like parameters, the most Hf-rich sample has the largest 

relative residual contribution which is consistent with HfNiCu0.025Sn having the largest 

residual contribution in the end members. For the other alloyed samples the ratio is similar 

to that of the TiNiCuySn and ZrNiCuySn end members. 
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The raw data for Ti0.7Zr0.3NiCu0.025Sn showed a kink in S(T) slightly over 600 K. The raw 

data for separate measurement of S(T) up to 900 K are shown in Figure 4.11, including 

scans with increasing and decreasing temperature. Not only does S(T) sharply deviate 

from the SPB predicted behaviour above 600 K, there is a significant gap at higher 

temperatures between data measured with increasing temperature and decreasing 

temperature. This discrepancy may point to some dynamic effect in this specific sample, 

although it is not possible to say what this might be. Once the sample is cooled below 

650 K the effect is reversed.  

 

Figure 4.11: S(T) data for Ti0.7Zr0.3NiCu0.025Sn, measured in 2 cycles between 300-900 K, with 

the solid line being the fitted SPB predicted temperature dependence based on low temperature 

data (Calculated using Equations 1.52 and 1.53). The black data points are measurements taken 

when the temperature was increasing, red denotes measurements taken when the temperature 

was decreasing, with a divergence in values above 650 K. 
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Table 4.4: Model fitting parameters using Equation 3.2 for hot-pressed alloyed XNiCuySn end member samples. m*DoS were obtained from previous Hall measurements. 

nH was calculated from experimental S values using the SPB model. Fitting parameters A and Eg describe the intrinsic bipolar behavior while ρ(0) and B describe the 

extrinsic dopant carrier behavior. In these samples any bipolar contribution is small, leading to unreliable fitting values A and Eg. 

Sample Pred. m*DoS 

(me) 

Calc. nH 

(×1020 cm-3) 

A (μΩ.m) Eg (eV) ρ(0) (μΩ.m) B (×10-4 

μΩ.m.K-1.5) 

ρ(0)/B 

(×104 K1.5) 

Ti0.7Hf0.3NiCu0.0175Sn 4.7 3.66 0.213 ±0.035 0.936 ±0.024 7.012 ±0.009 3.174 ±0.010 2.209 

Ti0.7Hf0.3NiCu0.025Sn 4.7 4.68 0.192 ±0.038 0.948 ±0.028 6.295 ±0.007 2.666 ±0.008 2.361 

Ti0.3Hf0.7NiCu0.025Sn 3.8 3.24 0.061 ±0.012 1.131 ±0.027 8.385 ±0.007 2.563 ±0.008 3.272 

Ti0.7Zr0.3NiCu0.025Sn 3.2 4.92 1.26E-3 ±0.978E-3 1.712 ±0.111 4.740 ±0.006 2.352 ±0.006 2.015 
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While all the alloyed samples show more degenerate ρ(T), the κbi(T) behaviour is more 

varied. To attempt to separate κ(T) and κbi(T), the following model was fitted to the 

experimental data presented in Figure 4.6e and Figure 4.8e: 

 
𝜅𝑙 + 𝜅𝑏𝑖 = 𝐶𝑇𝑛 + 𝐴𝑒

-𝐸𝑔

2𝑘𝐵𝑇 Equation 4.1 

Where the left-hand term approximates the κl contribution and the right-hand term 

approximates κbi. For theoretical Umklapp scattering n = -1 and for alloy scattering 

n = -0.5.44,195 Given the assumptions made about κl the Eg values obtained should not be 

treated with high confidence. The fitting parameters are contained in Table 4.5.  

Looking at the κl contribution first, the temperature dependence as quantified by n is very 

similar for the non-alloyed samples, with n ~ -0.65 for each sample. For the Ti/Hf alloyed 

samples the temperature dependence is weaker, although not particularly consistent. 

Interestingly the temperature dependence of the Ti0.7Zr0.3NiCu0.025Sn sample is about the 

same as the non-alloyed samples. 

The best way to compare the κbi contributions is to look at the calculated values at 800 K. 

There are not many strong trends in these values, although the largest contributions are 

observed in the Ti0.7Hf0.3 samples. The next largest κbi(800 K) is for TiNiCu0.025Sn, so 

there could be a link between Ti content and larger κbi.  

TiNiCu0.03Sn which has been shown to have an unusually low ρ(T) has a significantly 

reduced κbi(800 K), approximately 35% lower than the less doped TiNiCu0.025Sn. By 

contrast Ti0.7Hf0.3NiCu0.0175Sn has κbi(800 K) 11% lower than Ti0.7Hf0.3NiCu0.025Sn 

suggesting that there may be more to reducing κbi(T) than simply increasing the doping, 

at least for the alloyed materials.  
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Table 4.5: Fitting parameters used to fit κl + κbi for Cu doped HH phases presented in this chapter, using Equation 4.1. 

Composition C (W.m-1.K-1) n A (W.m-1.K-1) Eg (eV) κbi(800 K) (W.m-1.K-1) 

TiNiCu0.025Sn 216.768 ±5.481 -0.655 ±0.004 134.220 ±7.079 0.749 ±0.009 0.586 

TiNiCu0.03Sn 174.879 ±2.207 -0.639 ±0.002 81.439 ±8.852 0.742 ±0.039 0.377 

ZrNiCu0.025Sn 364.736 ±23.746 -0.654 ±0.010 673.226 ±198.112 1.035 ±0.047 0.372 

HfNiCu0.025Sn 245.034 ±64.140 -0.645 ±0.041 3968 ±2632 1.259 ±0.106 0.349 

Ti0.7Hf0.3NiCu0.0175Sn 36.924 ±0.367 -0.455 ±0.002 166.399 ±5.339 0.759 ±0.005 0.676 

Ti0.7Hf0.3NiCu0.025Sn 73.580 ±1.646 -0.551 ±0.004 261.880 ±6.923 0.806 ±0.004 0.760 

Ti0.3Hf0.7NiCu0.025Sn 66.259 ±2.870 -0.534 ±0.007 132.659 ±8.765 0.772 ±0.011 0.492 

Ti0.7Zr0.3NiCu0.025Sn 146.125 ±8.978 -0.641 ±0.010 0.567 ±0.335 0.311 ±0.124 0.059 



112 

 

4.6 – Ingot-cut Bars 

4.6.1 – Electronic Properties 

In this section the electronic properties of ingot-cut bars will be examined and are 

presented in Figure 4.12. 

 

Figure 4.12: Electronic properties of ingot-cut bars for the unalloyed (a-c) and alloyed (d-f) 

samples. ZrNiCu0.025Sn is absent as cracks in the ingot prevented the cutting of a full bar.  

A general trend between the hot-pressed (Figure 4.6) and ingot-cut (Figure 4.8) samples 

is that the ingot-cut bars are more heavily doped than the hot-pressed bars, with lower 
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S(T) and reduced ρ(T). One exception to this behaviour was TiNiCu0.03Sn, which in fact 

become slightly more degenerate when hot-pressed. 

Much like the hot-pressed samples, S(T) for the ingot-cut bars (Figure 4.12a and Figure 

4.12d) has a strong positive temperature dependence, gradually plateauing above 700 K. 

One unusual behaviour is for the TiNiCu0.025Sn and TiNiCu0.03Sn samples, where the 

Cu = 0.03 has larger S at all temperatures despite higher nominal doping. 

This unusual behaviour continues to ρ(T) (Figure 4.12b and Figure 4.12e) where each 

TiNiCuySn sample is effectively identical. Aside from this point, ρ(T) for each sample is 

very metal-like, with only HfNiCu0.025Sn exhibiting an apparent significant bipolar 

contribution. As for the hot-pressed samples, Ti0.7Zr0.3NiCu0.025Sn has a substantially 

lower ρ at all temperatures than the other alloyed samples. 

TiNiCu0.03Sn has very large S2/ρ with a peak value of 5.5 mW.m-1.K-2 at 643 K, especially 

compared to TiNiCu0.025Sn which only achieves a maximum value of  4.4 W.m-1.K-2 at 

643 K, despite only a slight compositional difference. These values are similar to the 

hot-pressed samples, whereas ingot-cut HfNiCu0.025Sn has larger overall S2/ρ relative to 

the hot-pressed values, reaching 4.25 mW.m-1.K-2 at 793 K while the hot-pressed bar 

peaks at 3.7 mW.m-1.K-2 at 683 K. 

S2/ρ for each Ti-rich alloyed composition (Figure 4.12f) are very similar between 

343-553 K increasing from 2.8-3.0 mW.m-1.K-2 to 4.2-4.3 mW.m-1.K-2. Above this 

temperature Ti0.7Zr0.3NiCu0.025Sn plateaus at 4.5 mW.m-1.K-2 up to 793 K and across the 

whole temperature range is similar to the hot-pressed sample. In the case of 

Ti0.7HfNiCu0.0175Sn and Ti0.7Hf0.3NiCu0.025Sn S2/ρ decreases to 4.0 mW.m-1.K-2 at 793 K 

due to a stronger plateauing of S at high temperatures compared to Ti0.7Zr0.3NiCu0.025Sn. 

For both compositions the ingot-cut S2/ρ are larger overall compared to the hot-pressed 

samples. 

Ti0.3Hf0.7NiCu0.025Sn has a significantly lower S2/ρ than the other alloyed compositions, 

which can be attributed to larger ρ(0) contribution observed in more Hf-rich compositions 

(Table 4.4 and Table 4.6), with ρ(0)/B > 3.0. Another big difference between the 

electronic properties is the weaker temperature dependence of ρ(T), a characteristic which 

can also be seen for the hot-pressed sample (Figure 4.8b) a consequence again of the high 

Hf content. 
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For the Ti0.3Hf0.7NiCu0.025Sn sample, ρ(T) for an ingot-cut bar is shown in Figure 4.13 

following the initial annealing at 850 °C for 108 hours, then cooled in the turned off 

furnace. Additionally, ρ(T) for the same bar following annealed at 900 °C for 7 days 

cooled at a rate of 10 °C.hr-1 is shown. 

Both ρ(T) are broadly quite similar, with the main difference being at high temperatures 

as the ρ after the initial annealing has a stronger apparent bipolar contribution. The fitting 

values are presented in Table 4.6, with Eg = 0.55 eV after the first annealing, but after the 

seconding annealing the bipolar contribution becomes so small the bipolar parameters are 

unreliable. 

 

Figure 4.13: comparison of ρ(T) for the ingot-cut bar of Ti0.3Hf0.7NiCu0.025Sn following rapid oven 

cooling and controlled 10 °C.hr-1 cooling. 

4.6.2 – Low Temperature ρ 

ρ for two ingot-cut bars were measured down to 2 K from 300 K, TiNiCu0.025Sn and 

Ti0.3Hf0.7NiCu0.025Sn after the first annealing when cooled with the turned off furnace. 

The combined ρ(T) between 2-800 K are shown in Figure 4.14 with the metal-like ρ(T) 

fitted to the 300-800 K to test the predictive value of the model to lower temperatures. 
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By eye the low temperature data matches well with the predicted fit from high 

temperatures. This temperature dependence of μ ~ T-1.5 is at odds with some existing 

literature, for example the main electron scattering mechanism in ZrNiSn1-xSbx is stated 

as alloy scattering with μ ~ T-0.5.196 While some alloy contribution may lie within the 

residual term, a temperature dependence of μ ~ T-0.5 does not match with the low 

temperature behaviour of the samples measured. Significant grain boundary effects seen 

in Mg2Si197 and NbFeSb113 samples are not needed to explain the low temperature ρ(T). 

The ρ(0) + BT1.5 model used describes the low temperature behaviour adequately. 

 

Figure 4.14: Combined LSR-3 and PPMS ρ(T) datasets for Ingot-Cut bars of Ti0.3Hf0.7NiCu0.025Sn 

(a) and TiNiCu0.025Sn (b), between 2-800 K. The solid lines show the degenerate component of 

the fitted ρ(T) at high temperatures using Equation 3.2, illustrating the prediction quality of the 

fits down to 2 K. 
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.  

Table 4.6: ρ(T) fitting parameters A, Eg, ρ(0) and B for ingot-cut bars, using Equation 3.2. 

Composition A (μΩ.m) Eg (eV) ρ(0) (μΩ.m) B (×10-4 μΩ.m.K-1.5) ρ(0)/B (×104 K1.5) 

TiNiCu0.025Sn 0.019 ±0.015 1.278 ±0.114 3.957 ±0.010 1.983 ±0.010 1.995 

TiNiCu0.03Sn 0.014 ±0.017 1.380 ±0.174 3.957 ±0.009 1.906 ±0.009 2.076 

HfNiCu0.025Sn 2.250 ±0.060 0.435 ±0.006 8.187 ±0.014 1.156 ±0.022 7.082 

Ti0.7Hf0.3NiCu0.0175Sn 0.089 ±0.027 1.096 ±0.044 5.757 ±0.007 2.545 ±0.007 2.262 

Ti0.7Hf0.3NiCu0.025Sn 0.013 ±0.015 1.397 ±0.171 4.995 ±0.012 2.180 ±0.011 2.291 

Ti0.3Hf0.7NiCu0.025Sn (Furnace) 1.684 ±0.062 0.545 ±0.006 5.779 ±0.004 1.615 ±0.006 3.578 

Ti0.3Hf0.7NiCu0.025Sn (10 °C.hr-1) 0.061 ±0.038 1.141 ±0.090 5.717 ±0.010 1.569 ±0.010 3.644 

Ti0.7Zr0.3NiCu0.025Sn -- -- 3.694 ±0.015 1.840 ±0.011 2.007 
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4.7 – Discussion and Conclusion 

The objective of this chapter was to investigate samples predicted to have the best 

thermoelectric properties by SPB and Callaway modelling. PXRD analysis confirmed the 

successful formation of the HH phases, albeit with significant phase segregation in the 

alloyed samples. The processing of the material was found to impact on the formation of 

the Ti-rich phases in these alloyed samples, with hot-pressing assisting crystallisation. 

Analysis of thermoelectric data confirmed the expected behaviours such as the trends in 

κl(T) and the uptake of Cu to the interstitial site by TiNiCuySn, ZrNiCuySn and 

HfNiCuySn. Significant bipolar behaviour for each of these systems was found, with 

suppression of the S(T) and a large κbi(T) limiting zT for each sample at high temperatures. 

For TINiCu0.03Sn zT exceeded 0.8 at 800 K, which is a remarkably large value for a 

sample without X-site alloying. 

κl(T) of the alloyed samples were found to decrease relative to the non-alloyed samples, 

and for the TixHf1-xNiCu0.025Sn series this decrease was largely consistent with the 

Callaway fitting performed in Chapter 3. Once again bipolar effects were observed for 

each sample, except for Ti0.7Zr0.3NiCu0.025Sn, which showed no κbi(T). This sample also 

showed some divergence in S(T) when heated over 600 K, pointing to some kinetic 

behaviour in the sample. Despite this high temperature anomaly, the Ti0.7Zr0.3NiCu0.025Sn 

sample reached zT = 0.97 at 793 K, which is the largest zT achieved for a Cu doped 

XNiSn material. The overall performance of Ti0.7Hf0.3NiCu0.0175Sn is arguably better, 

having larger zT at lower temperatures in large part to lower κl. 

Samples containing large amounts of Hf appear to have large ρ(0)/B values, while Ti-rich 

compositions have a fairly consistent ρ(0)/B ~ 2 × 104 K1.5, which holds true in the 

Ti0.7Hf0.3 samples. The κbi(800 K) values in Ti-rich samples are larger (~0.5 W.m-1.K-1) 

than the ZrNiCu0.025Sn and HfNiCu0.025Sn end members (~0.3 W.m-1.K-1). The exception 

as stated is for Ti0.7Zr0.3NiCu0.025Sn, although the absence of κbi(T) has not been 

explained. Future work could examine compositions between TiNiCuySn and 

Ti0.7Hf0.3NiCuySn, which may allow for improvement in S2/ρ(T) with only minor increase 

in κl(T) by reducing the Hf alloying. 

Electronic data for ingot-cut bars generally showed a higher degeneracy than the 

hot-pressed samples, but still exhibited bipolar effects at higher temperatures. For the 

ingot-cut bar of Ti0.3Hf0.7NiCu0.025Sn, slow cooling was found to alleviate some of the 
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bipolar behaviour in the ρ(T) at high temperatures, without having a significant effect on 

the extrinsic contribution. 

PPMS ρ(T) data down to 2 K combined with high temperature data was able to confirm 

the temperature dependence of TiNiCu0.025Sn and Ti0.3Hf0.7NiCu0.025Sn being dominated 

by acoustic phonon scattering with temperature independent ρ(0) accounting for the 

majority of scattering. At high temperatures many samples showed a decrease in ρ(T), 

which for the less degenerately doped sample could be confidently attributed to bipolar 

conduction. 
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Chapter 5 – Control of Interstitial Nickel in 

XNiSn Half-Heuslers 

5.1 – Introduction 

One key feature of XNiSn (X = Ti, Zr and Hf) thermoelectric materials is the interstitial 

site. The effect of interstitial Cu doping for degenerate n-type behaviour has been 

examined in Chapters 3 and 4. The filling of the interstitial site by Ni is a characteristic 

frequently discussed in the literature and is generally considered to be detrimental to 

thermoelectric performance.145,149 The existence of interstitial Ni in stoichiometric 

samples arises from the Gibbs free energy (ΔG) gained from configurational entropy, 

where the fraction of interstitial Ni is expected to vary with temperature as: 

 𝑛𝑖

𝑁
= 𝐴𝑒

-𝛥𝐺
𝑘𝑏𝑇 Equation 5.1 

Which takes a similar form to the ΔG dependence of Frenkel and Schottky defect 

formation, differing as the interstitial does not form a defect pair. The interstitial 

occupancy is expected to increase at higher temperatures. In the XNi2Sn Full-Heusler 

phase a similar effect occurs with the formation of Ni vacancies .146 

Low percentages of interstitial Ni are often cited as having a large impact on the intrinsic 

characteristics, with in-gap states reducing the empirical Arrhenius calculated band gap 

to 0.1–0.2 eV,145 compared to DFT predicted values of Eg ~ 0.5 eV.198 Point defect 

scattering caused by these interstitials are also believed to significantly alter electron and 

phonon transport.148,149 One notable attempt to eliminate Ni interstitials saw some success 

by using a nominal composition of TiNi0.92Sn.145 Some work on the ZrNi1+xSn system has 

examined the effect of quenching, finding higher fractions of Ni on the interstitial site for 

samples quenched from higher temperatures.142 

In this chapter, the behaviour of the Ni interstitial is examined. Neutron powder 

diffraction data of ZrNi1+xSn (x = 0, 0.1 and 0.2) are presented, for samples after melting 

and after annealing at 900 °C. X-ray powder diffraction data for 

XNi1.5Sn (X = Ti, Zr and Hf) samples are also examined, quenched from annealing 

temperatures of 1100 °C, 900 °C and 700 °C to examine the high temperature behaviour 

of Ni interstitials in the HH phase and Ni vacancies in the FH phase. 
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From the HfNi1.5Sn study, a large fraction of interstitial Ni was found to be trapped 

following the 700 °C annealing. Based on this observation, a HfNi1.1Sn sample was 

prepared and the resulting structural and electronic properties were compared to a 

stoichiometric HfNiSn sample. 

5.2 – Experimental 

10g samples with composition ZrNi1+xSn (x = 0, 0.1 and 0.2) were prepared by 

arc-melting of elemental pieces twice. Each sample was split into two 5g batches, one of 

which was annealed at 900 °C for 7 days, while the other batch underwent no further heat 

treatment. The batches were then ground down to a fine powder, for which neutron 

powder diffraction data were collected for a total of 250 μA beam current. 

3g samples with composition XNi1.5Sn (X = Ti, Zr and Hf) were prepared by arc-melting 

of elemental pieces 2-3 times. After collecting PXRD data, each sample was split into 

three ~1g batches. Each batch was then annealed at a different temperature for 5 days, 

either 1100 °C, 900 °C or 700 °C. At the end of the 5 days annealing, each batch was 

quenched in ice water. PXRD data was collected for each sample. 

The protocol for HfNi1.1Sn was informed by the experimental results for HfNi1.5Sn. 3g of 

elemental pieces were arc-melted twice, and a bar was cut from the ingot. The ingot was 

then annealed at 700 °C for 7 days and cooled at a rate of 20 °C.hr-1. PPMS and LSR-3 

data were collected for this ingot-cut bar, however hot-pressing was not attempted due to 

the instability of interstitial Ni observed above 900 °C for the HH phase in the HfNi1.5Sn 

study. The HfNiSn sample used for comparison was prepared in the same way, but with 

a 900 °C annealing temperature and cooled at a rate of 10 °C.hr-1. 

5.3 – Structural Characterisation of ZrNi1+xSn (x = 0, 0.1 and 0.2) 

For reference, XNi1+xSn will be used to describe nominal compositions of the HH 

samples. XNi1+ySn will be used to describe the HH phases formed with interstitial Ni. 

XNi1-zSn will be used to describe FH phases formed with Ni vacancies. 

5.3.1 – Neutron Powder Diffraction Data 

Rietveld refinements of the NPD data for ZrNi1+xSn (x = 0, 0.1 and 0.2) can be found in 

the appendix Figure S5.1-3. Key information from each Rietveld refinement is contained 

in Table 5.1; this includes the lattice parameters and weight percentages of the HH and 

FH phases and the refined interstitial Ni occupancies. Figure 5.1 shows the most intense 
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HH and FH peak from Bank 4. Each sample contains a majority of HH phases, both 

immediately after arc-melting and after annealing at 900 °C, and at least 1% of FH can 

be detected for x = 0.1 and 0.2 but a FH phase is absent for the x = 0 sample. 

For x = 0, the two phases formed directly from the melt are, a HH phase constituting 

96.6 wt% with the remainder being 3.4 wt% of the binary phase Zr5Sn4. No FH phase is 

detected, with the excess Ni implied by the presence of a Zr/Sn binary entering the 

HH interstitial site with a refined occupancy of 6.6%. During annealing, most of the 

Zr5Sn4 reacts with the HH phase, which makes up 99.3% of the final sample, with 0.3% 

Zr5Sn4 and 0.4% FH. The reaction with Zr5Sn4 leads to a lower fitted interstitial 

concentration of 3.2%. As can be seen in the inset of Figure 5.1b, a small amount of FH 

has formed, which could occur if a region of HH had no Zr5Sn4 nearby to react with, 

reflecting the reduced solubility of interstitial Ni at 900 °C compared to directly after 

arc-melting, leading to the formation of FH domains observable by diffraction. After 

annealing, the lattice parameter increases very slightly from 6.116 Å to 6.117 Å, which 

goes against the expected contraction with the removal of interstitial Ni. 

For x = 0.1 the melted sample contains 98.2 wt% HH and 1.8 wt% FH. Rietveld 

refinement shows unassigned peaks with very low intensity. The refined interstitial 

occupancy of the HH phase is 11.6%, quite close to the nominal composition. During 

annealing, the HH fraction decreases to 89.1 wt% due to phase segregation and formation 

of 10.9 wt% FH domains visible by diffraction. The interstitial occupancy of the HH 

phase decreases to 4.0% following annealing, accompanied by a contracted lattice 

parameter of 6.112 Å, down from 6.133 Å. Expansion of the FH phase from 

6.229 Å to 6.273 Å suggests that Ni vacancies present directly after melting are filled 

following annealing. 

For x = 0.2, the melted sample contains 93 wt% HH and 7 wt% FH. The interstitial 

occupancy of the HH phase is 17.6%, slightly lower than the nominal composition. 

Following annealing, the HH phase contracts from 6.142 Å to 6.110 Å, while the FH 

phase expands from 6.254 Å to 6.273 Å. The interstitial Ni of the HH phase has 

segregated to form an increased fraction of the FH phase, with the interstitial occupancy 

decreasing to 3.8%. 
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Figure 5.1: Normalized Bank 4 neutron powder diffraction intensities of ZrNi(1+x)Sn 

(x = 0, 0.1 and 0.2) before (a) and after (b) annealing at 900 °C. After annealing the peak 

position of the ZrNi1+ySn  phases in each sample converge, along with an increase in the amount 

the ZrNi2-zSn FH phase. The inset shows the same peaks on a logarithmic scale, highlighting the 

emergence of a 0.3 wt% FH phase in the x = 0 sample following annealing. 

In all investigated samples, the HH phase contains interstitials directly after melting, even 

in the case of ZrNiSn which has around 6.6% occupancy, confirming that the presence of 

interstitials close to the melting temperature is preferential even at the expense of forming 

Zr5Sn4. While both the x = 0.1 and x = 0.2 samples contain increasing interstitial 
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fractions, the increasing amounts of FH phase from 1.8 wt% to 7.0 wt% points to a limit 

in solubility of interstitial Ni even directly after melting. The very low aFH = 6.229 Å for 

the x = 0.1 FH phase before annealing compared to aFH = 6.254 Å for x = 0.2 is of note, 

suggesting the relative vacancy concentration is a reflection of the excess Ni present in 

the sample rather than a thermodynamic value. 

Annealing each sample forces segregation into HH and FH phases, with all HH phases 

reaching a similar lattice parameter (6.111 Å) and refined interstitial occupancy (3-4%). 

The FH phase also reaches a similar lattice parameter (6.273 Å) with a refined 

composition of ZrNi1.96Sn. A more subtle feature of the HH phase for the annealed 

samples is a decrease in the lattice parameter as x increases (Table 5.1), which is most 

visually clear in Figure 5.1b, while there is no strong trend in the interstitial Ni occupancy. 

Assuming these lattice parameters correlate strongly with interstitial Ni, it would mean 

the higher nominal Ni samples have less interstitial Ni after annealing. This may be due 

to the higher concentration of a FH phase for interstitial Ni to diffuse into, rather than 

spontaneously nucleating and growing a FH domain inside of a large HH grain. 

5.3.2 – SEM Analysis 

SEM images for ZrNiSn and ZrNi1.2Sn directly after arc-melting are presented in Figure 

5.2 and Figure 5.3 respectively. The scale bars are 400 μm and 300 μm, so the images are 

on a comparable length scale. The distribution of Zr, Ni and Sn are largely homogenous 

for both samples at the measurement resolution used. In both samples, small oxide rich 

regions match up with imperfections on the material surface, and otherwise the samples 

are oxide free. 
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Table 5.1: Overview of refined unit cell parameters from Rietveld analysis of Neutron Powder diffraction data for ZrNi1+xSn (x = 0, 0.1 and 0.2). 

 aHH (Å) HH wt% Interstitial Ni % aHH (Å) FH wt% Zr5Sn4 wt% 

ZrNiSn (Pre. Anneal) 6.11573(2) 96.6(6) 6.6(1) -- -- 3.4(6) 

ZrNiSn (Post Anneal) 6.11726(2) 99.3(12) 3.2(1) -- -- 0.7(12) 

ZrNi1.1Sn (Pre. Anneal) 6.13282(2) 97.1(5) 11.6(1) 6.22889(362) 2.9(5) -- 

ZrNi1.1Sn (Post Anneal) 6.11206(2) 89.1(3) 4.0(1) 6.27337(14) 10.9(3) -- 

ZrNi1.2Sn (Pre. Anneal) 6.14191(3) 93.0(6) 17.6(2) 6.25355(56) 7.0(6) -- 

ZrNi1.2Sn (Post Anneal) 6.11014(2) 78.1(3) 3.8(1) 6.27248(7) 21.9(3) -- 
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Figure 5.2: SEM images for the composition ZrNiSn after arc-melting. (a) shows the Energy 

Dispersive X-ray Spectroscopy (EDS) image and (b) shows the relative grain orientations 

obtained for Electron Backscattered Diffraction (EBSD) IPFZ analysis. Plots (c-f) show the EDS 

images specific to Zr, Ni, Sn and O respectively. 

The most striking difference between the SEM images is in the IPFZ images. For ZrNiSn 

the crystallites are almost on a mm length scale. At the top right of Figure 5.2b, the 

crystallites are elongated. 

The IPFZ image for ZrNi1.2Sn shown in Figure 5.3 reveals a different microstructure, with 

all the crystallites measured having a long thin shape. One might consider that the 

difference in microstructure may be linked to the HH/FH phase segregation observed by 

neutron diffraction in the ZrNi1.2Sn after melting. 

The compositions of the sample were also measured by EDS analysis, with the percentage 

of each element shown in Table 5.2. While the Ni fraction appears to have been 

underestimated by the EDS analysis, with measured compositions Zr1.01Ni0.90Sn and 

Zr1.00Ni1.11Sn, the increase in nominal Ni is successfully recorded. 

Table 5.2: EDS values for arc-melted ZrNiSn and ZrNi1.2Sn. The EDS compositions are obtained 

from the atomic percentages stated. 

 EDS Composition Zr% Ni% Sn% 

ZrNiSn Zr1.01Ni0.90Sn 34.8(39) 31.0(28) 34.2(30) 

ZrNi1.2Sn Zr1.00Ni1.11Sn 32.5(39) 35.6(27) 31.9(30) 
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Figure 5.3: SEM images for the composition ZrNi1.2Sn after arc-melting. (a) shows the Energy 

Dispersive X-ray Spectroscopy (EDS) image and (b) shows the relative grain orientations 

obtained for Electron Backscattered Diffraction (EBSD) IPFZ analysis. Plots (c-f) show the EDS 

images specific to Zr, Ni, Sn and O respectively. 

5.4 – X-ray Powder Diffraction Data of XNi1.5Sn (X = Ti, Zr and Hf) 

Nominally XNi1.5Sn samples would be expected to consist of an equal 1:1 mixture of HH 

XNiSn and FH XNi2Sn at 0 K. Phase stability calculations in the literature have 

established that at increasing temperatures the concentration of interstitial Ni in the HH 

phase (XNi1+ySn) and Ni vacancies in the FH phase (XNi2-zSn) increases, up to the 

melting or decomposition temperature of the HH phase.146 From Rietveld refinement of 

PXRD data, one would expect to see an expansion of the HH unit cell and a contraction 

of the FH unit cell with an increase in interstitials/vacancies respectively. Ideally Ni can 

be exchanged between the HH and FH phases by diffusion with enough energy. By rapid 

quenching from elevated temperatures (1100 °C, 900 °C and 700 °C) each phase should 

be trapped in a metastable state representative of the interstitial/vacancy character of that 

temperature. 

5.4.1 – TiNi1.5Sn 

Figure 5.4 shows the PXRD pattern for the {2 2 0} reflections of the FH and HH phases 

formed. At each temperature TiNi1.5Sn contains some amount of FH and HH phase, the 

notable exception being the 1100 °C quenched sample which contains effectively no HH 

phase. It is worth mentioning that the ampoule containing this sample was penetrated with 

water during the quench, which may have allowed for more rapid quenching. The 
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arc-melted sample by comparison contains some HH phase due to the lack of rapid 

quenching. Below information on the HH and FH phases obtained from Rietveld 

refinement will be covered separately, which can be found in Table 5.3. 

The diffraction peak for the HH phase from the melt is not sharp or symmetric, a 

consequence of the HH phase only being able to form below its decomposition 

temperature just below 1100 °C.146 A reasonable fit was achieved by using two HH 

phases with refined lattice parameters 5.974 Å and 5.953 Å. After annealing and 

quenching from 900 °C a single HH phase with a shorter aHH = 5.942 Å is observed, and 

at 700 °C aHH contracts further to 5.931 Å. The diffraction peaks for the 900 °C and 

700 °C samples are sharp and symmetric, indicating large homogenous crystal growth. 

aHH for the 700 °C sample is close to the value expected for stoichiometric TiNiSn. 

 

Figure 5.4: Room temperature normalised {2 2 0} PXRD reflection of the HH (higher angle) and 

FH (lower angle) phases for TiNi1.5Sn directly after melting and after annealing and quenching 

from 1100 °C, 900 °C and 700 °C. An arc-melted TiNiSn sample is also included for comparison.  
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Table 5.3: Crystallographic information from Rietveld refinement of TiNi1.5Sn samples quenched 

from different temperatures. ai is the lattice parameter of phase i, Ni interstitial is the percentage 

of the HH interstitial site by Ni and Ni occupancy is the percentage occupancy of the FH Ni site. 

TiNi1.5Sn aHH (Å) Ni interstitial (%) aFH (Å) Ni occupancy (%) 

Melt 5.9744/5.9527 31.1/6.4 6.0677 87.4 

1100 °C -- -- 6.0664 89.4 

900 °C 5.9423 4.1 6.0788 93.2 

700 °C 5.9305 3.5 6.0921 98.0 

 

A FH phase forms at each temperature with sharp diffraction peaks. After melting and at 

1100 °C aFH are similar at 6.068 Å and 6.066 Å respectively. From 1100 °C down to 

700 °C there is a clear increase in aFH from 6.066 Å to 6.079 Å to 6.092 Å. While not too 

much weight will be placed on the refined site occupancies in this section, the refined Ni 

vacancies in the FH phase show a clear decrease with increasing aFH (Table 5.3). 

There are a couple of interesting points to be discussed on the peak shapes of the FH 

phases. The refined aFH after melting and at 1100 °C are similar, but upon closer 

inspection of Figure 5.4 it is clear that the diffraction peak for the sample after melting 

has a tail at lower angle. This asymmetry corresponds to some slight distribution of higher 

aFH FH domains. The origin of this tail can be linked to the presence of the HH phase, 

which can be thought of as vacancies diffusing out of the FH phase to form TiNi1+ySn, 

leaving behind a FH domain with less vacancies. This FH peak asymmetry is observed 

only for the sample cooled directly from the melt, highlighting the success of the 

quenching technique to capture the high temperature characteristics. 

The other detail on the FH peak shapes is highlighted in Figure 5.5, which compares the 

peak shapes of the samples quenched from 1100 °C, 900 °C and 700 °C. While all peaks 

are symmetric, the sample annealed at 700 °C has a significantly broader peak. The 

Pseudo-Voigt fitting parameters in Table 5.4 show that the FWHM is twice as large for 

the 700 °C at 0.286 ° compared to 1100 °C with 0.141 °. 
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Table 5.4: Parameters for Pseudo-Voigt fitting of the raw normalised {2 2 0} FH diffraction peaks 

in TiNi1.5Sn samples. Parameters are y0 – baseline value, xc – peak center, A – curve area, 

FWHM – Full width half maximum and mu – Gaussian/Lorentzian weighting parameter. 

 y0 xc (°) A FWHM (°) mu 

1100 °C 0.01024 42.19502 0.24173 0.14064 1.17985 

900 °C 0.01197 42.05651 0.25445 0.15374 1.1356 

700 °C 0.00451 41.9755 0.48816 0.28554 1.22722 

 

 

Figure 5.5: Normalised FH {2 2 0} diffraction peaks  centred on 0° for TiNi1.5Sn quenched from 

1100 °C, 900 °C and 700 °C. 

Figure 5.6 plots aHH and aFH obtained from Rietveld refinement and the temperatures the 

samples were annealed at and quenched from, with the melt temperature assumed to be 

1453 K, the decomposition temperature of TiNiSn.169 The lattice parameter values are 

used instead of refined interstitial and vacancy fractions due to the low accuracy afforded 

by PXRD with respect to site occupancies. On the other hand, a strong positive correlation 
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between interstitial occupancy and the lattice parameter can be assumed. The fitted values 

for aHH and aFH can be found in Table 5.3. Attempts to fit the temperature dependence 

using the lattice parameter (and implicitly the interstitial and vacancy concentration) use 

Equation 5.2: 

 
𝑎(𝑇) = 𝑎(0) + 𝐴𝑒𝑥𝑝 (

-𝛥𝐻

𝑘𝐵𝑇
) Equation 5.2 

Where a(T) is the lattice parameter as a function of quenching temperature (due to 

interstitial Ni/Ni vacancies, not thermal expansion), a(0) is the expected defect free lattice 

parameter, A and ΔH are adjustable fitting parameters with units of Å and energy 

respectively. The fitted parameters can be found in Table 5.7. Typically the samples from 

after melting have not used for fitting, due to their unusual peak shapes. 

 

Figure 5.6: Rietveld refined lattice parameters of HH and FH phases in TiNi1.5Sn. The lines model 

the lattice parameter using Equation 5.2. 

Given the relatively low decomposition temperature of TiNiSn only the data points from 

700 °C and 900 °C are used to fit the HH phase temperature dependence. The HH fit 

suggests that the interstitial concentration has a very strong temperature dependence, 

approaching TiNi1.5Sn at the decomposition temperature of 1453 K. The observed 

temperature dependence of the vacancy concentration in the FH phase is significantly 

weaker. 
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Table 5.5: Parameters used to model the temperature dependence of the lattice parameters 

dependent on interstitial Ni in XNi1+ySn and Ni vacancy in XNi2-zSn observed for XNi1.5Sn 

(X = Ti, Zr and Hf). Where ai(0) is the theoretical lattice parameter of the defect free phase i, Ai 

is a pre-exponential factor and Ei is an energy barrier to defect formation.  

 aHH(0) (Å) AHH (Å) EHH (eV) aFH(0) (Å) AFH (Å) EFH (eV) 

TiNi1.5Sn 5.9270 40 0.8 6.0940 -0.95 0.42 

ZrNi1.5Sn 6.1100 2 0.65 6.2793 -1.55 0.5 

HfNi1.5Sn 6.0764 0.9 0.6 6.2444 -2.9 0.65 

5.4.2 – ZrNi1.5Sn 

Normalised {2 2 0} PXRD peaks in Figure 5.7 show that all annealing temperatures yield 

a comparable amount of HH and FH phase. Crystallographic data obtained from Rietveld 

refinement can be found in Table 5.6. The presence of a well crystallised HH phase when 

cooled from the melt highlights that both FH and HH phases form directly from the melt, 

rather than the HH phase forming at lower temperatures as is the case for TiNiSn. The 

extent of phase segregation after melting is significantly lower than for the annealed 

samples. The diffraction peaks when cooled from the melt are much broader than the 

annealed samples and are somewhat asymmetric. The shapes of the peaks likely arise due 

to a distribution of phases, which as for TiNi1.5Sn may be attributed to some reaction 

occurring while cooling. 

Table 5.6: Crystallographic information from Rietveld refinement of ZrNi1.5Sn samples quenched 

from different temperatures. ai is the lattice parameter of phase I, Ni interstitial is the percentage 

of the HH interstitial site occupied by Ni and Ni occupancy is the percentage occupancy of the 

FH Ni site. 

ZrNi1.5Sn aHH (Å) Ni interstitial (%) aFH (Å) Ni occupancy (%) 

Melt 6.14723* 13.5* 6.25149* 90.0* 

1100 °C 6.11835(4) 1.2(4) 6.25688(5) 87.6(3) 

900 °C 6.11360(6) 0.8(3) 6.26931(6) 92.3(2) 

700 °C 6.11715(13) 2.0(3) 6.27485(13) 96.0(3) 
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Figure 5.7: Room temperature normalised {2 2 0} PXRD reflection of the HH (higher angle) and 

FH (lower angle) phases for ZrNi1.5Sn directly after melting and after annealing and quenching 

from 1100 °C, 900 °C and 700 °C. 

 

Figure 5.8: Normalised HH {2 2 0} diffraction peaks  centred on 0° for ZrNi1.5Sn quenched from 

1100 °C, 900 °C and 700 °C.  
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For the HH phase, there is a large aHH contraction from the melt (6.147 Å when refined 

with a single HH phase) to 1100 °C (6.118 Å) to 900 °C (6.114 Å). Annealing and 

quenching from 700 °C however yields a HH phase with aHH = 6.117 Å, slightly larger 

than the 900 °C sample. Assuming a direct correlation between aHH and interstitial Ni, 

this would mean that annealing at 700 °C less interstitial Ni is forced out than at 900 °C 

– the opposite of the thermodynamic prediction. This could be explained by some kinetic 

barrier to removing the last few percent of interstitial Ni.  This is supported by the reported 

dissolution of FH nanostructures above 794 °C.147 One additional feature is that the 

FWHM of the HH peaks increases with lower annealing/quenching temperature, shown 

in Figure 5.8, and the Pseudo-Voigt fitting information is displayed in Table 5.7. This 

behaviour is identical to that observed for the TiNi2-zSn phases.  

Table 5.7: Parameters for Pseudo-Voigt fitting of the raw normalized {2 2 0} HH diffraction 

peaks in ZrNi1.5Sn samples. Parameters are y0 – baseline value, xc – peak center, A – curve area, 

w – FWHM and mu – Gaussian/Lorentzian weighting parameter. 

 y0 xc A w mu 

1100 °C 0.00643 41.78618 0.12771 0.08938 0.79379 

900 °C 0.02067 41.8227 0.16366 0.11845 0.74741 

700 °C 0.10828 41.79922 0.1968 0.19052 0.35726 

 

The FH phases show a decrease in aFH with increasing annealing temperature, from 

6.275 Å at 700 °C to 6.269 Å at 900 °C to 6.257 Å at 1100 °C, consistent with the 

expected trend. The FH phase formed when cooling from the melt does not have a 

significantly smaller aFH, which when refined as a single phase is 6.256 Å. Referring back 

to the ZrNi1+xSn system, the FH phases formed after melting  have aFH of 6.229 Å 

(x = 0.1) and 6.254 Å (x = 0.2) respectively. The value of ~6.25 Å may reflect 

temperature control of the vacancy concentration, with excess Ni readily available. The 

larger vacancy concentration suggested by aFH ~ 6.23 Å may reflect the lower amount of 

Ni available in the x = 0.1 sample, with the excess Ni occupying the HH interstitial site. 

aHH and aFH are plotted against the annealing temperature in Figure 5.9. The fit of aHH(T) 

highlights the deviation of the HH ZrNi1+ySn phase at 700 °C. Compared to TiNi1.5Sn, 
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the predicted temperature dependence of aHH is much weaker, while aFH has a similar 

temperature dependence to TiNi2-zSn. 

 

Figure 5.9: Rietveld refined lattice parameters of HH and FH phases in ZrNi1.5Sn. The lines model 

the lattice parameter using Equation 5.2. 

5.4.3 – HfNi1.5Sn 

PXRD diffraction data shows that HfNi1.5Sn contains a comparable amount of FH and 

HH phase in addition to a few percent of Hf2Ni2Sn visible in Figure 5.10 as a shoulder on 

the FH peak at ~40.6°. The behaviour when cooled melting is similar to the ZrNi1.5Sn 

case, with low separation between the HH and FH phases and a non-symmetric HH peak, 

which in this case can be reasonably described as two HH phases by Rietveld refinement, 

for which the refined unit cell parameters are shown in Table 5.8. 

The two HH phases present in the melted ingot have refined aHH = 6.121 Å and 

aHH = 6.101 Å. For the samples annealed at 1100 °C and 900 °C, the HH phases have 

smaller aHH = 6.082 Å and aHH = 6.079 Å respectively, consistent with a contraction due 

to a thermodynamic decrease in interstitial Ni. Both HH phases have similar peak shapes 

and are very close to the stoichiometric HfNiSn sample shown for reference (6.084 Å). 

Much like ZrNi1.5Sn, the 700 °C HH phase has a larger aHH = 6.093 Å than predicted by 

thermodynamic interstitial Ni behaviour, larger than even the 1100 °C HH phase. The 

700 °C HH phase has a broad non-symmetric peak shape, indicating a distribution of 
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phases rather than a single HH phase, an unusual difference from the ZrNi1.5Sn analogue. 

This could point to a difference in the ability of the HfNi1+xSn to eject or accommodate 

excess Ni. 

 

Figure 5.10: Room temperature normalised {2 2 0} PXRD reflection of the HH (higher angle) 

and FH (lower angle) phases for HfNi1.5Sn directly after melting and after annealing and 

quenching from 1100 °C, 900 °C and 700 °C. Samples with composition HfNiSn and HfNi1.1Sn 

are included for comparison.  

To describe the FH diffraction peak of the melted ingot, two FH phases are used which 

have refined aFH = 6.219 Å and aFH = 6.237 Å. Annealing at 1100 °C yields a FH phase 

with aFH = 6.233 Å and annealing at 900 °C (aFH = 6.240 Å) and 700 °C (aFH = 6.243 Å) 

leads to further expansion, consistent with decreasing vacancy fractions at lower 

temperatures. 

Figure 5.11 plots aHH and aFH against the annealing temperature, which has similar 

temperature dependence to the ZrNi1.5Sn system, with the FH vacancies again exhibiting 

a larger temperature dependence than HH interstitials, and again the FH follows expected 

behaviour down to 700 °C, while the interstitials are trapped in HfNi1+ySn at 700 °C. 
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Table 5.8: Crystallographic information from Rietveld refinement of HfNi1.5Sn samples annealed 

and quenched from different temperatures. ai is the lattice parameter of phase i, Ni interstitial is 

the percentage of the HH interstitial site by Ni and Ni occupancy is the percentage occupancy of 

the FH Ni site. *These values are the average of two very similar phases. 

HfNi1.5Sn aHH (Å) Ni interstitial (%) aFH (Å) Ni occupancy (%) 

Melt 6.10912* 16.2* 6.23298* 98.9* 

1100 °C 6.08233(4) 5.7(4) 6.23248(7) 97.3(3) 

900 °C 6.07896(10) 1.6(5) 6.24042(13) 101.3(4) 

700 °C 6.09338(18) 11.9(4) 6.24305(21) 104.4(4) 

 

 

Figure 5.11: Rietveld refined lattice parameters of HH and FH phases in HfNi1.5Sn. The lines 

model the lattice parameter using Equation 5.2. 

The energy barrier EHH for interstitial Ni formation is largest for TiNiSn as shown in 

Table 5.5, with the stronger temperature dependence being a consequence of a larger 

pre-exponential term AHH. The pre-exponential term however is ultimately dependent on 

the entropy, which given the effectively identical nature of the XNiSn lattice should be 

the same for each material if only configurational entropy is considered. There would 

need to be some additional entropy contribution to explain the significantly different 

behaviour in the TiNiSn system. As it is, the validity of the model cannot be confirmed 
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without further data points. Literature calculations suggest that ZrNiSn has the lowest 

EHH, while TiNiSn and HfNiSn have similar values.146 

For the FH phases it is HfNi2Sn which has the largest EFH, while TiNi2Sn and ZrNi2Sn 

have similar lower energy barriers to vacancy formation. The calculated behaviour 

suggests that TiNi2Sn and HfNi2Sn should have larger EFH than ZrNi2Sn.146 

5.5 – HfNi1+xSn (x = 0 and 0.1) 

5.5.1 – X-ray Powder Diffraction Data 

Looking at the HH phases in the XNi1.5Sn phase diagrams above shows two ways to 

control the interstitial Ni concentration. Thermodynamic control allows for the interstitial 

Ni concentration to be increased at higher temperatures, which is effective at temperatures 

equal to and above 900 °C. Kinetic control means that Ni remains trapped on the 

interstitial site as long as temperatures remain below a threshold value, allowing for 

interstitial Ni concentrations to be larger than their thermodynamic maximum value. This 

kinetic threshold occurs between 700-900 °C for the Zr and Hf systems. 

Of all the XNi1.5Sn systems studied above, HfNi1+xSn showed the most promise for 

trapping a high concentration of interstitial Ni through kinetic control with an annealing 

temperature of 700 °C. The TiNi1+xSn system does not show evidence of kinetic trapping 

at 700 °C, so although high interstitial Ni concentrations reached at 900 °C and above, 

interstitial Ni cannot be trapped beyond the thermodynamic value. ZrNi1+xSn shows some 

kinetically trapped interstitial Ni at 700 °C, but at a lower concentration than for 

HfNi1+xSn. 

Based on the above criteria, HfNi1.1Sn was chosen to study the effect of deliberate 

interstitial Ni on the electronic properties relative to stoichiometric HfNiSn. As described 

in Section 5.2, the sample was arc-melted, then annealed at 700 °C in order to trap 

interstitial Ni without inducing phase segregation, yielding a HH phase with a large 

interstitial Ni concentration. The restriction to annealing temperatures below 800 °C does 

not allow for hot-pressing, which usually requires a pressing temperature > 850 °C to 

obtain sufficiently dense pellets. 

Rietveld refinements of the PXRD patterns for HfNiSn and HfNi1.1Sn are shown in Figure 

5.12. The 700 °C annealed HfNi1.1Sn sample contains a single HH phase (89.9%), in 

addition to a significant amount of Hf2Ni2Sn impurity (10.1%) and a small fraction of FH 
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phase not explicitly fitted. The HH phase has aHH = 6.095 Å, larger than the HfNiSn 

sample prepared for comparison which has aHH = 6.084 Å, showing that interstitial Ni 

was trapped in HfNi1.1Sn. 

 

Figure 5.12: PXRD patterns for (a) HfNiSn and (b) HfNi1.1Sn, annealed at 900 °C and 700° 

respectively. Both samples contain Hf2Ni2Sn and HfNi2Sn, with (a) containing some level of 

binary Hf5Sn4. The inserts are logarithmic intensities between 28°-44°, clarifying the presence of 

the impurities.  
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Table 5.9: Lattice parameters, HH weight percentages and refined interstitial Ni obtained from 

Rietveld refinement for annealed ingot-cut HfNiSn and HfNi1.1Sn samples. 

 aHH (Å) HH Wt% Interstitial Ni % 

HfNiSn 6.08221(2) 93.5(1) 0.5(2) 

HfNi1.1Sn 6.09566(6) 89.9(1) 8.1(4) 

 

5.5.2 – Electronic Properties 

Both HfNiSn and HfNi1.1Sn have negative S(T) as shown in Figure 5.13a, confirming 

n-type behaviour as usually observed in undoped XNiSn samples. At all temperatures 

HfNiSn has a larger S and the maximum S(600 K) = -215 μV.K-1 lies at a lower 

temperature than for HfNi1.1Sn which is S(725 K) = -180 μV.K-1, pointing to a lower 

amount of electron doping. Using the Goldsmid-Sharp equation (Eg = 2e|Smax|Tmax) gives 

a comparable Eg = 0.26 eV for both samples.199 

ρ(T) for both samples show a regular semiconducting temperature dependence, consistent 

with absence of significant extrinsic carrier doping. HfNi1.1Sn has a lower ρ(T), 

particularly at lower temperatures, pointing to a higher level of n-type doping, which is 

consistent with the behaviour of S(T). Weak n-type doping in both samples is confirmed 

by ρ(T) as plotted in Figure 5.13b,  which would be linear for an Arrhenius band gap 

semiconductor. ρ(T) is suppressed at lower T due to extrinsic carriers. 

With regards to S2/ρ, below 430 K HfNi1.1Sn benefits from a reduced ρ(T). Above 430 K 

however the much lower S(T) gives HfNi1.1Sn a lower S2/ρ, reaching 2.6 mW.m-1.K-2 at 

793 K compared to HfNiSn which achieves 3.25 mW.m-1.K-2. This 20% reduction in S2/ρ 

is a significant reduction in the electronic performance which would require a significant 

reduction in κl to match the overall thermoelectric performance. Unfortunately the 

< 700 °C requirement of this synthesis route currently prevents the direct measurement 

of κl. 
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Figure 5.13: High temperature thermoelectric properties of HfNiSn and HfNi1.1Sn ingot-cut bars 

after annealing. (a) shows S(T) (b) shows ρ(T) with a (1/T) temperature scaling and a logarithmic 

ρ scaling. (c) shows S2/ρ(T). 

From the ρ(T) data above 300 K it is clear that neither HfNiSn nor HfNi1.1Sn has pure 

Arrhenius behaviour and that HfNi1.1Sn has a larger extent of n-type doping. The ρ(T) 

down to 2 K is shown in Figure 5.14 and shows that both compositions have some regions 

of metal-like positive temperature dependence below 200 K, consistent with extrinsic 
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degenerate behaviour. In the case of HfNiSn, this degenerate region exists from 2-160 K 

with intrinsic conduction dominating at higher temperatures. 

The behaviour of HfNi1.1Sn is slightly different, with an ρ(T) in the range of 25-100 K 

with intrinsic conduction dominating over 100 K. Below 25 K, the temperature 

dependence is semiconductor like, which could point to an ionisation regime not seen in 

HfNiSn. 

 

Figure 5.14: ρ(T) of HfNiSn and HfNi1.1Sn from 2 K to 800 K. The discontinuities around 180 K 

and 30 K for HfNiSn are artefacts of the measurement. The fitting parameters shown were 

obtained from fitting the experimental data for HfNiSn using Equation 3.2, and the fit is shown 

by the solid line. 

One unusual detail when comparing these samples is the crossover temperature from 

extrinsic to intrinsic behaviour, 160 K for HfNiSn and 100 K for HfNi1.1Sn. Theoretically 

when doping a semiconducting system this crossover is pushed to higher temperatures 

with increased doping, with the extrinsic charge carriers outnumbering the intrinsic 

carriers created due to thermal activation. This behaviour is observed for the S(T), but the 

opposite is observed in ρ(T). 

It is quite likely that this unusual behaviour comes from the HfNi1.1Sn sample, rather than 

HfNiSn, which can be adequately described by the ρ(T) model used in Chapter 3 

(Equation 3.2) as shown in Figure 5.14, which suggests a band gap around 0.17 eV, 

somewhat smaller than the Goldsmid-Sharp value. This model does not work for 
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HfNi1.1Sn, in part due to the ionisation term but more significantly due a difficulty in 

fitting both the low curvature high temperature region and the high curvature at the 

degenerate bipolar crossover. Attempting to fit the data down to 50 K gives a poor fit with 

a band gap around 0.20 eV. Attempts to add an additional term accounting for ionisation 

did not significantly improve the fit.  

5.6 – Discussion and Conclusion 

The results in this chapter give information on the interstitial site of the XNiSn HH phase. 

The powder neutron diffraction data for ZrNi1+xSn shows that the interstitial site can be 

at least 18% occupied by Ni from the melt, with even stoichiometric ZrNiSn incorporating 

6%, leaving Zr5Sn4 as a biproduct. These interstitial occupancies are metastable at room 

temperature, with a prolonged annealing at 900 °C bringing the refined occupancy down 

to 3%, irrespective of the excess Ni available in the system. 

Having established that interstitials can be trapped in a metastable state directly from the 

melt, annealing and quenching XNi1.5Sn allowed for crude investigation of the phase 

segregation at 700 °C, 900 °C and 1100 °C. For each XNi1.5Sn composition, higher 

temperatures give higher interstitial concentrations in the HH phase and higher vacancy 

concentrations in the FH phase. The most notable exception is following quenching from 

700 °C for ZrNi1+ySn and HfNi1+ySn, where large interstitial Ni concentrations than 

expected from the thermodynamic model are possible. For HfNi1+ySn this interstitial level 

is higher than after annealing and quenching from 1100 °C. 

Having established that arc-melted HfNiSn can incorporate a significant fraction of 

interstitial Ni if not heated over 700 °C, a sample of HfNi1.1Sn was prepared, with a highly 

crystalline HH phase forming directly from the melt, albeit with a significant fraction of 

Hf2Ni2Sn impurity which did not react during the 700 °C annealing step. This HfNi1.1Sn 

phase was more n-type doped than stoichiometric HfNiSn, but with a roughly 16% lower 

S2/ρ(T). Given the requirement to keep the sample below 700 °C rules out hot-pressing as 

a synthetic step, the potential effect of the interstitials on κ was not established. PPMS 

data confirmed a lower ρ at all temperatures for HfNi1.1Sn, with a small ionisation 

dependent region below 20 K not seen for HfNiSn, possibly due to the high interstitial 

concentration. 

Each study confirms some known behaviour of the Ni interstitial. The Ni interstitial is 

stabilised at higher temperatures, along with Ni vacancies in the FH phase. Full 
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depopulation of the interstitial site is very difficult, due to a combination of kinetic and 

thermodynamic behaviour. Interstitial Ni n-type dopes materials without pushing 

degenerate behaviour above room temperature and reduces the observed Arrhenius band 

gap. 
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Chapter 6 – Thermoelectric and Magnetic 

Properties of the [Ti1-xVx][FexCo1-x]Sb System 

6.1 – Introduction 

NbFeSb and ZrCoSb based p-type compositions have shown high thermoelectric 

performance in the literature.133,200 By contrast the isoelectronic compositions VFeSb and 

TiCoSb have less impressive thermoelectric performance, but using first row transition 

metals makes them more commercially appealing. VFeSb and TiCoSb are both n-type 

when pure but can be doped to be either n-type or p-type.119,201 

The motivation for studying the [Ti1-xVx][FeyCo1-y]Sb system was to investigate the 

potential for band structure engineering of p-type materials. Figure 6.1 shows simplified 

representations of the band structures of the parent phases VFeSb and TiCoSb from DFT 

studies.116,128 A solid solution between the two phases (x = y) may allow for band 

convergence of the L and Γ point valence band maxima. Unpublished data previously 

collected within the group found instances of unexpectedly large S(T) in one sample, 

which prompted this investigation into of the possibility of an enhancement of S due to 

band convergence. 

 

Figure 6.1: Basic descriptions of the band structures of VFeSb and TiCoSb, and the potential 

energy convergence of the Γ and L-point  valence band maxima at some point in the solid solution 

Ti1-xVxFeyCo1-ySb. 

One additional consideration for the samples presented in this chapter was magnetism. 

For thermoelectric applications there have been suggestions that magnetic effects can be 

used to increase performance, such as the interaction of charge carriers with magnetic 

Mn2+ ions in CuGa1-xMnxTe2 or similar effects in Cu1+xFe1-xS2.
202,203 More generally 

magnetism in semiconductors has a range of potential applications30,204. 
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In this chapter the crystal structure and thermoelectric properties of samples in the 

[Ti1-xVx][FeyCo1-y]Sb system prepared by arc-melting are presented. Initially, a number 

of p-type samples (y > x) were prepared to probe the thermoelectric properties, which 

were later investigated for their magnetic properties. Also presented are a series of n-type 

samples (y < x). These were prepared to compare against the electronic properties of the 

p-type materials which had proved to be unusual. 

6.2 – Experimental 

All samples in this chapter were prepared by arc-melting elemental pieces, with an 

additional 3% of Sb included to account for vaporisation and a total sample mass of 

3 or 5 g. Where possible bars were cut directly from the arc-melted ingot. Samples were 

then annealed at 850 °C, in most cases for 7 days. For some samples the powders were 

ground down and hot-pressed into pellets at 80 MPa and 950 °C for 20 minutes. 

Samples with composition TiFeyCo1-ySb (x = 0 and y = 0.05, 0.10, 0.15 and 0.2) were 

prepared and PXRD data were collected on the annealed ingot. This was done to observe 

the change in aHH with Fe substitution. 

All [Ti1-xVx][FeyCo1-y]Sb samples prepared are summarised in Table 6.1. For some 

samples the ingot pieces were ground and hot-pressed for collection of thermoelectric 

data. For several compositions pieces of the arc-melted ingot moved in the presence of 

iron tweezers and would spin when placed on a stirrer plate, showing some bulk 

ferromagnetism is present in those samples. A selection was measured using 

AC magnetometry. 
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Table 6.1: Overview of [Ti1-xVx][FeyCo1-y]Sb samples prepared. x and y are the fractions of V and 

Fe in the material. The nominal expected doping due to this alloying is either p-type or n-type, 

and the electron counts are stated, with 18 electrons being nominally undoped. The subsequent 

columns show which samples have an LSR-3 data set (TE), PPMS + Magnetoresistance data 

(MR) and AC Magnetometry data (AC). Certain samples (HP) were hot-pressed and a full set of 

thermoelectric properties were collected. 

x y Nominal Doping Electron Count TE MR AC HP 

0.20 0.30 p 17.90  ✓ ✓  

0.30 0.45 p 17.85 ✓ ✓ ✓ ✓ 

0.20 0.45 p 17.75 ✓ ✓   

0.30 0.55 p 17.75     

0.30 0.20 n 18.10     

0.40 0.30 n 18.10 ✓ ✓ ✓ ✓ 

0.30 0.15 n 18.15  ✓ ✓ ✓ 

0.50 0.30 n 18.20 ✓ ✓   

0.30 0.30 -- 18.00 ✓ ✓ ✓ ✓ 
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Figure 6.2: Phase space explored in this chapter. Between the semiconducting 18 electron phases 

TiCoSb and VFeSb semiconducting behaviour should be expected. A relative excess of V or Co 

should electron dope the sample into n-type behaviour. A relative excess of Ti or Fe should hole 

dope the samples into p-type behaviour. 

SEM data were collected for the p-type composition Ti0.7V0.3Fe0.45Co0.55Sb and 

Ti0.6V0.4Fe0.3Co0.7Sb for annealed ingot-cut pieces. 

6.3 – X-Ray Powder Diffraction Data 

The samples in this chapter exist in the phase space between four compositions: TiFeSb, 

TiCoSb, VFeSb and VCoSb (which in the literature has been confirmed to be closer to 

V0.87CoSb).135 This phase space is visualised in Figure 6.2. ‘TiFeSb’ is more complicated 

and has been described as having a range of compositions between Ti1+xFe1.33-xSb, with 

aHH ranging between 5.94-6.01 Å.205 For simplicity an earlier reported value 

aHH = 5.957 Å is used.206 The HH phases formed should as a first approximation be 

expected to have aHH which is an average of the stoichiometric compositions. These 

literature values are shown in Table 6.2. 

Table 6.2: Literature lattice parameters of TiFeSb, TiCoSb, VFeSb and ‘VCoSb’ 

Composition Lattice Parameter (Å) 

TiFeSb206 5.957 

TiCoSb206 5.884 

VFeSb206 5.826 

VCoSb206 5.796 
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6.3.1 – TiFeyCo1-ySb Series 

X-ray powder diffraction data for samples prepared with composition TiFeyCo1-ySb 

(y = 0.05, 0.1, 0.15 and 0.2) are shown in Figure 6.3, focussing on the {0 2 2} diffraction 

peak of the HH phase. To model the peaks using Rietveld refinement two HH phases 

were used, for which the lattice parameters are shown in Figure 6.3. At y = 0.05 the main 

diffraction peak is sharp and symmetric corresponding to a lattice parameter of 5.885 Å 

which, referring to Table 6.2, is a good match for TiCoSb. There is a secondary diffraction 

peak at higher angle, which is repeated next to each HH peak, suggesting it is also a HH 

with lattice parameter 5.862 Å, which is unexpected as it would be smaller than both 

TiCoSb and TiFeSb. 

With an increasing Fe concentration, the lattice parameter of the main HH phase increases 

slightly to aHH1 = 5.891 Å for x = 0.2. The more significant change with increasing Fe 

concentration is the emergence of a broad tail corresponding to larger aHH for 

x = 0.15 and 0.2, which is expected from larger TiFeSb phases. This tail is modelled in 

the Rietveld refinement and included in the average lattice parameter aavg, as shown in 

Table 6.3, and plotted in the inset of  Figure 6.3. aavg weakly correlates with a Vegard’s 

law solid solution between TiCoSb-TiFeSb using the end member aHH values from Table 

6.2. The best description for this tail is a distribution of HH phase with a range of Fe 

concentrations, pointing to poor mixing of Fe and Co. 
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Figure 6.3: PXRD data highlighting the { 0 2 2 } HH diffraction peaks of samples with 

composition TiFeyCo1-ySb. The inset plots aavg of the HH phases as shown in Table 6.3, with a 

Vegard’s law line according to the end member aHH values in Table 6.2. 

Table 6.3: Lattice parameters and weight percentages of the HH phases obtained by Rietveld 

refinement of samples TiFeyCo1-ySb (x = 0.05, 0.1, 0.15 and 0.2). 

x aHH1 (Å) Wt%1 aHH2 (Å) Wt%2 aHH3 (Å) Wt%3 aavg (Å) 

0.05 5.88625(10) 93.5(3) -- -- 5.86534(30) 6.5(3) 5.88625 

0.10 5.88903(7) 100(0) -- --   5.88903 

0.15 5.88717(6) 41.4(5) 5.89821(23) 58.6(5)   5.89364 

0.20 5.88984(11) 33.0(7) 5.90640(28) 67.0(7) -- -- 5.90094 

 

6.3.2 – [Ti1-xVx][FeyCo1-y]Sb Samples 

With the peak shapes for the TiFeyCo1-ySb in mind, the {0 2 2} diffraction peaks for 

p-type doped Ti1-xVxFeyCo1-ySb samples are presented in Figure 6.4. For samples 

Ti0.8V0.2Fe0.45Co0.55Sb (red) and Ti0.8V0.2Fe0.3Co0.7Sb (green) the majority HH phases 

have lattice parameters of 5.915 Å and 5.922 Å, respectively, with a sharper diffraction 

peak in both samples for a minority HH phase with lattice parameter of 5.89 Å, which 

roughly corresponds to TiCoSb. 
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Substitution of Fe for Co has the effect of expanding the unit cell, while substitution of V 

for Ti should contract the unit cell. In the case of Ti0.7V0.3Fe0.45Co0.55Sb (black), a 

TiCoSb-based phase is the majority phase with aHH = 5.89 Å. The Ti0.7V0.3Fe0.55Co0.45Sb 

can be described as a single HH phase with aHH = 5.90 Å, but given the odd peak shape, 

is probably a mixture of two phases with very similar lattice parameters. 

 

Figure 6.4: PXRD data showing the {2 2 0} HH reflection for ingot-cut, p-type doped 

Ti1-xVxFeyCo1-ySb samples. 

A comparison of the annealed n-type samples from the melt and after hot-pressing are 

shown in Figure 6.5. The samples cut from the melt after annealing are all very similar, 

and can be effectively described as a TiCoSb-based majority peak close to 5.883 Å and 

some minority HH phase with a smaller lattice parameter, which can be attributed to an 

excess of V in the sample relative to Fe. 
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Table 6.4: Lattice parameters and weight percentages of HH phases present in p-type Ti1-xVxFeyCo1-ySb samples after arc-melting and annealing, obtained from 

Rietveld refinement. 

Composition aHH1 (Å) HH1 wt% aHH2 (Å) HH2 wt% aHH3 (Å) HH3 wt% aavg (Å) 

Ti0.7V0.3Fe0.45Co0.55Sb 5.88833(19) 83.8(15) -- -- 5.86937(73) 16.2(15) 5.88526 

Ti0.8V0.2Fe0.45Co0.55Sb 5.89008(22) 38.3(8) 5.91516(25) 54.4(8) 5.86634(50) 7.4(8) 5.90786 

Ti0.7V0.3Fe0.55Co0.45Sb 5.89852 93.4 -- -- 5.87052 6.6 5.89667 

Ti0.8V0.2Fe0.3Co0.7Sb 5.89124(10) 27.5(7) 5.92248(36) 72.5(7) -- -- 5.91389 

 

Table 6.5: Lattice parameters and weight percentages of the two HH phases present in n-type Ti1-xVxFeyCo1-ySb samples after arc-melting and annealing, obtained 

from Rietveld refinement. 

Composition aHH1 (Å) HH1 wt% aHH2 (Å) HH2 wt% aavg (Å) 

Ti0.7V0.3Fe0.15Co0.85Sb 5.88334(7) 69.1(5) 5.85302(28) 30.9(5) 5.87440 

Ti0.7V0.3Fe0.3Co0.7Sb 5.88340(7) 59.8(5) 5.85558(25) 40.2(5) 5.87222 

Ti0.6V0.4Fe0.3Co0.7Sb 5.87988(4) 62.6(4) 5.84083(13) 37.4(4) 5.86528 
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Table 6.6: Lattice parameters and weight percentages of the two HH phases present in n-type Ti1-xVxFeyCo1-ySb samples after hot-pressing and annealing. 

Composition aHH1 (Å) HH1 wt% aHH2 (Å) HH2 wt% aHH3 (Å) HH3 wt% aavg (Å) 

Ti0.7V0.3Fe0.15Co0.85Sb 5.88274(8) 33.8(9) 5.86773(28) 66.2(9) -- -- 5.87280 

Ti0.7V0.3Fe0.3Co0.7Sb 5.88434(8) 45.5(7) 5.86873(16) 45.2(7) 5.83225(52) 9.2(4) 5.86661 

Ti0.6V0.4Fe0.3Co0.7Sb 5.88156(9) 45.7(11) 5.86073(18) 43.3(12) 5.83009(67) 11.0(8) 5.86689 
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Figure 6.5: PXRD data showing the {2 2 0} HH reflection for n-type doped Ti1-xVxFeyCo1-ySb 

samples for (a) ingot-cut samples and (b) subsequently hot-pressed samples. The inset in plot (b) 

shows a higher angle peak for the Ti0.6V0.4Fe0.3Co0.7Sb, highlighting the 3 HH phases present 

The effect of grinding and hot-pressing is the appearance of an intermediate phase 

between 5.86 Å < aHH < 5.87 Å. The smaller HH phase is pushed to a lower aHH ~ 5.83 Å. 

In the case of Ti0.7V0.3Fe0.55Co0.45Sb, the Rietveld refinement is unable to separate the two 

phases, although the presence of three HH phases can be observed more clearly in the 

high angle diffraction peak highlighted in the inset of Figure 6.5b. The broader phase 

distributions points to gradual homogenisation of the sample. 
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6.4 – SEM Data of Ti0.7V0.3Fe0.45Co0.55Sb and Ti0.6V0.4Fe0.3Co0.7Sb 

The SEM-EDX images for Ti0.7V0.3Fe0.45Co0.55Sb in Figure 6.6 show the sample is highly 

segregated in terms of Ti/V and Fe/Co, while Sb is distributed evenly throughout the 

sample. The atomic percentages for both regions show the compositions of both regions 

are consistent with HH phases. The first phase has an EDX composition 

[Ti0.95V0.05]0.99[Fe0.09Co0.91]0.98Sb, which is very close to TiCoSb with only minor 

substitution by V and Fe. The presence of this TiCoSb based phase is consistent with 

PXRD. 

 

Figure 6.6: SEM-EDX images for an ingot-cut piece of Ti0.7V0.3Fe0.45Co0.55Sb after annealing. 

The PXRD pattern for this sample (Figure 6.4) does not suggest the presence of the 

secondary phase revealed by SEM-EDX data analysis, which has an EDX composition 

of [Ti0.45V0.55]1.09[Fe0.80Co0.20]1.13Sb. A pure 1:1:1 HH phase [Ti0.45V0.55][Fe0.8Co0.2]Sb 

would be expected to have aVegard = 5.835 Å, which is not observed by PXRD (Figure 

6.4). Assuming the Sb deficiency suggested by the EDX composition is accurate, the 

excess metals could occupy the interstitial site causing aHH expansion. Agreement with 

the PXRD data in Figure 6.4 would require expansion of the secondary phase to 

serendipitously match aHH = 5.888 Å for the TiCoSb phase. 
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Table 6.7: SEX-EDX atomic percentages for ingot-cut Ti0.7V0.3Fe0.45Co0.55Sb. The total EDX 

composition assumes a HH based structure, where Ti/V occupy the X-site and Fe/Co occupy the 

Y-site, with Sb fixed as fully occupying the Z-site. 

 EDX Composition Ti V Fe Co Sb 

Area 1 [Ti0.95V0.05]0.99[Fe0.09Co0.91]0.98Sb 27.7 1.4 2.6 26.1 29.4 

Area 2 [Ti0.45V0.55]1.09[Fe0.80Co0.20]1.13Sb 12.9 15.6 23.7 5.8 26.2 

The larger alloying of Ti/V compared to Fe/Co in the secondary phase is consistent with 

the starting composition and the assumption that as much TiCoSb forms as possible. In 

this sample Co is the limiting element, with Ti being left behind for the second HH phase, 

leading to: 

𝑇𝑖0.7𝑉0.3𝐹𝑒0.45𝐶𝑜0.55𝑆𝑏
 
→ 0.55 𝑇𝑖𝐶𝑜𝑆𝑏 + 0.45 𝑇𝑖0.45𝑉0.55𝐹𝑒𝑆𝑏 

The microstructure of Ti0.6V0.4Fe0.3Co0.7Sb shown in Figure 6.7 looks different compared 

to Figure 6.6. Here we observe regular triangular regions which represent one HH region, 

with the remainder of the space consisting of a second HH phase and small Fe-rich 

regions. The EDX composition of each region are shown in Table 6.8. The triangular 

regions have an EDX composition [Ti0.83V0.17]1.01[Fe0.85Co0.15]1.08Sb, which would 

correspond to aVegard ~ 5.881 Å, which is close to the main diffraction peak in Figure 6.5a 

which has aHH = 5.880 Å. The triangular shape of these regions suggest that this TiCoSb 

based phase crystallised from arc-melting and these large crystallites survived annealing. 

Table 6.8: SEM-EDX atomic percentages for ingot-cut Ti0.6V0.4Fe0.3Co0.7Sb. 

 EDX Composition Ti V Fe Co Sb 

Area 1 [Ti0.83V0.17]1.01[Fe0.85Co0.15]1.08Sb 27.0 5.7 5.4 29.6 32.4 

Area 2 [Ti0.13V0.87]1.08[Fe0.60Co0.40]1.11Sb 3.6 24.5 17.5 11.5 26.1 

Area 3 V3.23Fe5.30Sb -- 33.9 55.6 -- 10.5 

 



156 

 

 

Figure 6.7: SEM-EDX images for an ingot-cut piece of Ti0.6V0.4Fe0.3Co0.7Sb after annealing. 

The second HH phase in this sample has an EDX composition 

[Ti0.13V0.87]1.08[Fe0.60Co0.40]1.11Sb, which appears to be relatively Sb deficient. In this 

sample there is more Fe/Co alloying than Ti/V alloying. Assuming preferential formation 

of the TiCoSb based phase, the limiting element in this sample is Ti, with large amounts 

of Co available for the second HH phase. The composition [Ti0.15V0.85][Fe0.60Co0.40]Sb 

would be predicted to have aVegard = 5.838 Å. The PXRD pattern for this sample (Figure 

6.5a) points to some HH like phases with aHH > 5.830 Å, which is a reasonable match for 

the secondary phase. 

There is a third distinct Fe-rich region in this sample with EDX composition V3.23Fe5.30Sb, 

identified in Figure S6.2. The large Fe content in these materials could mean these regions 

are magnetic, and if found present in all samples could be responsible for some of the 

magnetic behaviour observed in this chapter. 

In many respects the two samples are similar according to SEM-EDX analysis, with both 

samples containing a TiCoSb based phase and a second HH phase forming from the 

remaining elements available. The second HH in both cases are slightly Sb deficient, 

which is unexpected since the samples were made with 3% excess Sb. 

The big difference is in the microstructure of the TiCoSb based phase formed in each 

sample. The difference may be related to the arc-melting procedure and where in the ingot 

the SEM image was taken from. [Ti0.7V0.5][Fe0.45Co0.55]Sb had a total sample mass of 5 g, 

while [Ti0.6V0.4][Fe0.3Co0.7]Sb was 3 g. It is easier to fully melt a smaller ingot. The other 
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difference is that the region imaged for [Ti0.7V0.5][Fe0.45Co0.55]Sb was close to the interior 

of the large ingot, while the [Ti0.6V0.4][Fe0.3Co0.7]Sb ingot piece came from closer to the 

top surface of the final ingot which is more molten during melting. These factors may 

have allowed for large TiCoSb based crystallites to only be observed for 

[Ti0.6V0.4][Fe0.3Co0.7]Sb. That being said some triangular geometries can be seen in Figure 

6.6. 

6.5 – Thermoelectric Properties and Low Temperature ρ(T) 

The electronic properties of the samples made are separated into two groups. The first 

group are p-type, which all exhibit a non-degenerate ρ(T). The second group are n-type, 

displaying highly degenerate ρ(T). 

6.5.1 – p-type samples 

The electronic properties of p-type [Ti0.7V0.3][Fe0.45Co0.55]Sb, [Ti0.8V0.2][Fe0.45Co0.55]Sb 

and [Ti0.7V0.3][Fe0.55Co0.45]Sb are shown in Figure 6.8, with nominal HH electron counts 

of 17.85 e-, 17.75 e- and 17.75 e- respectively. The measured bars were obtained by 

cutting directly from the arc-melted ingot. 

Figure 6.8a shows that S(T) for all samples are positive, confirming that each sample has 

a majority of p-type carriers. At 350 K S is ~220 μ.K-1 for the 17.85 e- sample and around 

160 μV.K-1 for both 17.75 e- samples, showing that higher nominal p-type doping 

decreases S(T). The S(T) curve for the 17.85 e- sample is typical of a transition from 

extrinsic to intrinsic behaviour, increasing to 620 K with peak S = 290 μV.K-1 before 

decreasing to 970 K. For the 17.75 e- samples, the peak S(T) values are reached between 

600-700 K, however the decrease in S(T) up to 970 K is much slower. 

ρ(T) for all three samples have a decreasing temperature dependence at all temperatures 

(Figure 6.8b), which is typically associated with conventional semiconducting behaviour. 

Given the large nominal doping concentrations this is unexpected, as highly doped 

samples should have a metal-like increasing temperature dependence. The 

17.85 e- sample has the largest ρ(350 K) = 94 μΩ.m, which may be a consequence of a 

lower hole concentration. 

As shown in Figure 6.8c, S2/ρ of the 17.85 e- sample is larger than the other samples up 

to 950 K due to its significantly larger S(T), with a 350 K value of ~0.5 mW.m-1.K-1, 

peaking at 1.4 mW.m-1.K-2 at 800 K. S2/ρ(T) for the 17.75 e- samples continue to increase 
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up to 970 K, with [Ti0.8V0.2][Fe0.45Co0.55]Sb surpassing the 17.85 e- sample at 950 K, 

reaching S2/ρ(970 K) = 1.35 mW.m-1.K-2. 

 

Figure 6.8: Electronic properties of [Ti0.7V0.3][Fe0.45Co0.55]Sb,  [Ti0.8V0.2][Fe0.45Co0.55]Sb and 

[Ti0.7V0.3][Fe0.55Co0.45]Sb between 300-1000 K. Plot (a) shows S(T), (b) shows ρ(T) and (c) shows 

S2/ρ(T). 
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The ρ(T) between 2-1000 K for the 17.85 e- [Ti0.7V0.3][Fe0.45Co0.55]Sb sample and the 

17.75 e- [Ti0.8V0.2][Fe0.45Co0.55]Sb sample are shown in Figure 6.9. This shows a rapid 

increase as the temperature decreases down to 2 K. Below 80 K ρ of the more doped 

17.75 e- sample is larger, which would suggest there is not a particular link between the 

ρ and the nominal carrier doping. The inset in Figure 6.9 plots the PPMS data on 

logarithmic scales, demonstrating ρ(T) is continuous down to 2 K. 

 

Figure 6.9: Combined PPMS and LSR-3 ρ(T) data for [Ti0.7V0.3][Fe0.45Co0.55]Sb and 

[Ti0.8V0.2][Fe0.45Co0.55]Sb between 2-1000 K. The inset shows the PPMS data in the range 2-300 K 

on a double logarithmic scale.  

The apparent insulating behaviour down to 2 K is unusual for low Eg semiconductors, as 

one should expect that at low temperatures ρ(T) should be suppressed by extrinsic or 

impurity carriers. The temperature dependence of both samples is not described by a 

standard Arrhenius model. 

The presence of a band gap is not the only cause of insulating behaviour. The 

Variable-Range Hopping (VRH) model is used to describe the movement of charge 

carriers between localised sites near the band edge, modelled in three dimensional 

systems by:29,207 
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𝜌 = 𝐴𝑒

(
𝑇
𝑇0

)
−0.25

 Equation 6.1 

Both samples are plotted using log10(ρ) and T-0.25 axes in Figure 6.10. This shows that 

both samples behave with a VRH temperature dependence between 80-300 K. The linear 

guides show a reasonably good agreement between 100-300 K, although the inset 

suggests a slight curvature by eye. Below the 100 K experimental data diverge 

significantly from the VRH temperature dependence, which is not apparent from Figure 

6.9. 

 

Figure 6.10: PPMS ρ(T) data for Ti0.7V0.3Fe0.45Co0.55Sb and Ti0.8V0.2Fe0.45Co0.55Sb plotted against 

temperature with T-0.25 scaling with linear guide lines. The inset highlights the near linear 

behaviour between 50-300 K, suggesting VRH character consistent with Equation 6.1. 

With some evidence of charge carrier hopping between localised states, the insulating 

behaviour of these materials may arise due to Anderson localisation because of the high 

disorder on the Ti/V and Fe/Co sites. As will be seen below the n-type materials are 

metal-like, apparently not affected by disorder in the same way. While a fully delocalised 

band description should put the Fermi energy far into the valence band, Anderson 

localisation considers a mobility edge as illustrated in Figure 6.11. If the level of doping 

does not push the energy past the mobility edge the charge carriers remain localised. 
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Figure 6.11: Illustration of Anderson localisation. In the case of a p-type material the states above 

the mobility edge (Em) are localised while states below Em are delocalised. If the Fermi energy 

(Ef) lies above Em then the carriers are localised and the material is insulating. 

One final point on the thermoelectric properties is relates to stability depending on 

processing route. The properties above were measured on ingot-cut bars. For the 

17.85 e- Ti0.7V0.3Fe0.45Co0.55Sb sample a bar was also prepared by hot-pressing. Figure 

6.12 displays the ρ(T) and S(T) for both bars, including three sequential measurements 

between 300-1000 K. The ingot-cut bar is quite stable on cycling, while the hot-pressed 

bar appears to be unstable above 800 K. 
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Figure 6.12: Electronic properties for composition Ti0.7V0.3Fe0.45Co0.55Sb, for a bar cut directly 

from the ingot (black) and a bar obtained from hot-pressing (red). The measurements started at 

300 K, heated to 970 K, decreased to 350 K and measured up to 970 K once more. (a) shows S(T), 

(b) shows ρ(T) and (c) shows S2/ρ(T) of each sample. 

6.5.2 – n-type samples 

The thermoelectric properties of the four n-type samples are presented in Figure 6.13. 

These are [Ti0.7V0.3][Fe0.3Co0.7]Sb, [Ti0.6V0.4][Fe0.3Co0.7]Sb, [Ti0.5V0.5][Fe0.3Co0.7]Sb and 
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[Ti0.7V0.3][Fe0.15Co0.85]Sb with nominal VEC = 18e-, 18.1e-, 18.2e- and 18.15e- 

respectively). As a reminder the properties of [Ti0.5V0.5][Fe0.3Co0.7]Sb (18.2e-) were 

obtained from an ingot-cut bar, while the properties of the other samples were collected 

using a hot-pressed pellet, which allowed for κ(T) measurement. 

Each sample has negative S(T), confirming electrons are the majority carriers. For the 

three n-type doped samples S(T) is close to linear, which is consistent with highly 

degenerate behaviour. Given the low S < 80 μV.K-1 at 350 K and the lack of a bipolar 

decrease at higher temperatures, it would seem these samples are quite highly doped. 

Despite different nominal doping, the 18.15 e- and 18.2 e- samples have near identical 

S(T), suggesting a susbstitution limit may have been reached. 

By contrast, the nominally undoped sample has S(T) consistent with a semiconducting 

sample, peaking at 620 K with S = -79 μV.K-1. This sample is unusual, as despite the 

semiconductor-like behaviour of  S(T), since the behaviour of ρ(T) is metal-like. The 

magnitude of S(T) is also very low for a semiconductor with S(350 K) = -53 μV.K-1. This 

behaviour in a nominally undoped samples is unexplained. 

The relative magntiudes of ρ(T) for the n-type compositions match with the nominal 

doping, with the 18.1 e- sample having the largest ρ(350 K) ~55 μΩ.m compared to 

~10 μΩ.m for the 18.2 e- composition. Each sample has a highly linear increasing 

temperature dependence, consistent with metal-like behaviour, with no no indication of 

minority carrier contributions. 

The large ρ(T) and low S(T) of the undoped sample leads to very low S2/ρ(T) values, 

peaking at 0.08 mW.m-1.K-2 at 600 K. Among the n-type compositions the 18.2e- sample 

has S2/ρ(T) almost double that of the others reaching 1 mW.m-1.K-2 at 790 K. Unlike the 

other samples this sample was ingot-cut, so the low ρ(T) may be due to a difference in μH 

rather than a substantially larger nH. Hall measurements of the hot-pressed samples were 

attempted but reliable values were not obtained. The other two doped samples have 

similar S2/ρ(T) reaching 0.5-0.6 mW.m-1.K-2 at 790 K. 
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Figure 6.13: Thermoelectric properties of several n-type Ti1-xVxFeyCo1-ySb samples 

(x = 0.4 y = 0.3, x = 0.5 y = 0.3, x = 0.3 y = 0.3 and x = 0.3 y = 0.15) between 300-800 K. (a) 

shows S(T), (b) shows ρ(T) (c) shows S2/ρ(T). The x = 0.5 y = 0.3 sample is not present in plots 

(d-f). (d) κ(T) while (e) shows κl(T). zT is shown in plot (f). 

The κl(T) for the undoped, 18.1 e- and 18.15 e- samples are shown in Figure 6.13e. These 

are only slightly smaller than κ(T) due to the large ρ(T). The undoped sample is different 

from the others, with a stronger temperature dependence than the doped samples and an 

overall higher κl with a 350 K value of 9 W.m-1.K-1. The κ(T) of the doped samples are 

effectively linear, both decreasing by only 1.5 W.m-1.K-1 from 350 K to 800 K. There is 

no upturn at high temperature to suggest any κbi contribution. 
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zT of all samples are low, remaining under 0.1. As such these materials have no potential 

for thermoelectric application. The doped samples perform significantly better than the 

undoped sample, with Ti0.7V0.3Fe0.15Co0.85Sb approaching a zT of 0.09 at 800 K, with the 

temperature dependence suggesting a continued increase at higher temperatures so long 

as the sample is stable, which is ultimately due to ρ(T) having a weak temperature 

dependence. 

ρ(T) data for the undoped and n-type samples down to 2 K are shown in Figure 6.14. 

While the doped samples have a linear temperature dependence, the undoped sample has 

~Ta with a > 1. The undoped and 18.15 e- samples have a small upturn in ρ when cooled 

below 30 K and 10 K respectively. Such behaviour in metallic samples can be attributed 

to electron localisation effects. Given that the samples are 1/3 ferromagnetic elements the 

Kondo effect could be an explanation for this behaviour. 

 

Figure 6.14: ρ(T) of n-type Ti1-xVxFeyCo1-ySb (x = 0.4; y = 0.3, x = 0.5; y = 0.3, x = 0.3; y = 0.3 

and x = 0.3; y = 0.15) between 2-300 K. Probe connections for x = 0.5 y = 0.3 failed below 50 K. 

Plot (a) shows all samples across the full temperature range, while plot (b) zooms in on the 

behaviour between 2-100 K for the x = 0.3; y = 0.3 and x = 0.3; y = 0.15 samples, highlighting 

the upturn in ρ(T) below 30 K. 

Given the Ta (a > 1) temperature dependence of the undoped sample above 40 K, the ρ(T) 

model used in Chapters 3 and 4 has been applied as shown in Figure 6.15, fitted using 

only the data above 300 K. The red model curve predicts the lower temperature data 

reasonably well, with a strong deviation at below 100 K in part due to the localisation 

effect mentioned above. The fitted Eg = 0.22 eV is not an unreasonable value for a HH 

material but is larger than the Goldsmid-Sharp value of 0.1 eV calculated from the S(T) 

data. Interestingly the ρ(0)/B = 4.32 × 103 K1.5, which is at least five times smaller than 

the XNiCuySn samples discussed in Chapters 3 and 4, which goes to highlight how 

significant ρ(0) is for those samples. 
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Figure 6.15: ρ(T) of the Ti0.7V0.3Fe0.3Co0.7Sb sample in the temperature range 2-800 K. The red 

curve is the fitted ρ(T) behaviour as described in the text using Equation 3.2.  

6.6 – Magnetoresistance Data of p-type Samples 

For all samples, the magnetic field (H) was applied perpendicular to the applied current. 

As a reminder, we will define the magnetoresistance as: 

 
𝑀𝑅 =

𝜌(𝐻) − 𝜌(0)

𝜌(0)
 Equation 6.2 

At 2 K the highly metallic n-type samples show no significant magnetoresistance outside 

of the measurement noise which ranges from ±2% of the average value. 

 At 2 K, all three p-type samples show negative MR at all fields up to 9 T, where the 

compositions Ti0.8V0.2Fe0.3Co0.7Sb (17.9e-), Ti0.8V0.2Fe0.45Co0.55Sb (17.75e-) and  

Ti0.7V0.3Fe0.45Co0.55Sb (17.85e-) reach values of -5.7%, -3.8% and -1.7% respectively, as 

shown in Figure 6.16a.  

In Figure 6.16b the magnetoresistance values have been scaled to compare the field 

dependences, showing that each sample has the same field dependence from 0 to ±4 T. 

At higher fields the magnetoresistance of the 17.75e- sample shows an upturn, with a 

similar effect ocurring  at ±8 T for the 17.85e- sample. 
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Figure 6.16: Magnetoresistance as a function of applied magnetic field perpendicular to the 

applied current at 2 K for samples with composition Ti1-xVxFeyCo1-ySb (x = 0.2 y = 0.45, 

x = 0.2 y = 0.3 and x = 0.3 y = 0.45). Panel (a) shows the MR. Panel (b) shows scaled MR 

relative to the x = 0.2 y = 0.3 sample. For x = 0.2 y = 0.3, only data at positive field were 

recorded, the negative field values are mirrored for ease of visualisation. 

For Ti0.7V0.3Fe0.45Co0.55Sb (17.85e-), additional MR data were collected at a range of 

temperatures (5 K, 10 K, 30 K, 50 K and 100 K), which are plotted in Figure 6.17 

together with the 2 K data. At 100 K and 50 K, no significant MR is observed. At 30 K, 

10 K and 5 K the magnetoresistance is positive, and the field dependence appears to be 

generally parabolic. This B2 dependence is generally consistent with expected behaviour 

in semiconductors, due to the regular Lorentz MR.208 At some point between 2-5 K, there 

is a switch from positive to negative MR. 

A closer examination of the B2 dependence is shown in Figure 6.18 for the 5 K, 10 K and 

30 K meausurements. The expected linear behaviour of the square root of the MR is 

observed for the 30 K measurement. As the temperature decreases to 10 K and 5 K, the 

field dependence increasingly deviates from this behaviour. For the dataset at 5 K with 

less signal noise, the behaviour at low field between 0 to ±1 T is approximately linear, as 

is higher field behaviour between ±4 to ±9 T. Based solely on the low field behaviour, 

the MR appears to increase with decreasing temperature. 
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Figure 6.17: Percentage magnetoresistance values at various temperatures (2 K, 5 K, 10 K, 30 K, 

50 K and 100 K) for the composition Ti0.7V0.3Fe0.45Co0.55Sb. 

 

Figure 6.18: Square root of the magnetoresistance plotted against applied field for 

Ti0.7V0.3Fe0.45Co0.55Sb at 5 K, 10 K and 30 K, demonstrating increasing α H2 behaviour with 

increasing temperature. 
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The deviation from Lorentz behaviour with decreasing temperature appears to ultimately 

lead to an inversion of the magnetoresistance at 2 K, suggesting the effect is present but 

minor between 5-30 K and only dominates the magnetoresistance at some point below 

5 K. Negative magnetoresistance is sometimes attributed to ferromagnetism, which could 

point to magnetic interactions having an increasing effect with decreasing temperatures. 

6.7 – Magnetometry Data 

Magnetisation M(H) field loops are shown in Figure 6.19 for both p-type and n-type 

samples at 300 K and 10 K. All plots aside from Figure 6.19b are characteristic of small 

ferromagnetic domain superparamagnetic behaviour, approaching a saturation limit at 

high field consistent with ferromagnetic particles, while also having close to zero 

hysteresis within the looping due to the low coercivity of very small grains. The exception 

is for Ti0.8V0.2Fe0.3Co0.7Sb, with a near linear dependence indicating a strong 

paramagnetic contribution in this sample with some magnetic minority phase. With this 

paramagnetic presence in mind, the other samples do not quite reach a saturation limit at 

higher fields, which may be due to some paramagnetic contribution within the sample. 

For both of the metallic n-type samples (Figure 6.19d and Figure 6.19e) the saturation 

moment in significantly lower at 300 K than at 10 K, suggesting a lower  FM ordering 

temperature. 

For all samples it is possible that the magnetic ordering arises due to only a few percent 

of magnetic phase, be it a HH or FH phase, or even small amounts of unreacted elemental 

Fe or Co. Such behaviour has been noted in an investigation of Ti-Fe-Sb based Heuslers, 

which found that small domain ferromagnetism was observed in ‘TiFe2Sb’ due to the 

precipitation of Fe rich domains in a paramagnetic TiFe1.5Sb matrix.209 The SEM-EDX 

images from Section 6.4 observed small Fe-rich regions (Figure 6.7), which could also 

contribute to M. 
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Figure 6.19: Hysteresis field loops between ±20 kOe (±2 T) measuring the magnetic moment of 

samples with composition Ti1-xVxFeyCo1-ySb, at 300 K (black) and 10 K (blue). Plots (a) and (b) 

with hollow symbols are p-type samples with composition Ti0.7V0.3Fe0.45Co0.55Sb and 

Ti0.8V0.2Fe0.3Co0.7Sb. Plots (c-e) with solid symbols are n-type with composition 

Ti0.7V0.3Fe0.3Co0.7Sb, Ti0.7V0.3Fe0.15Co0.85Sb and Ti0.6V0.4Fe0.3Co0.7Sb. 

AC magnetometry is able to probe the dynamic magnetic behaviour inherent to 

superparamagnetic samples. The imaginary susceptibility χ” and its derivative are shown 

in Figure 6.20 for the Ti0.7V0.3Fe0.45Co0.55Sb composition. The peak in the imaginary 

susceptibility (better visualised as 
𝑑𝜒′′

𝑑𝑇
= 0 in Figure 6.20b) corresponds to the blocking 

temperature TB of the superparamagnetic sample:210 
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𝑇𝐵 =

𝛥𝐸

𝑙𝑛 (
𝜏
𝜏0

) 𝑘𝐵

 Equation 6.3 

Where ΔE is the energy barrier to reversing the domain spin in a grain, τ is the 

measurement time (the reciprocal of the applied frequency) and τ0 is dependent on the 

material. In a physical sense TB is the temperature above which the collection of small 

ferromagnetic grains acts as a paramagnet, with TB increasing with the AC field as there 

is less time for the magnetisation of the grain to be flipped. For the sample measured here 

ΔE = 0.109 eV and τ0 = 1.35 ns. 

 

Figure 6.20: The imaginary susceptibility χ” (a) and its derivative (b) between 10-300 K for the 

composition Ti0.7V0.3Fe0.45Co0.55Sb at alternating applied fields with frequency 2 Hz, 5 Hz, 10 Hz 

and 50 Hz. 

6.8 – Discussion and Conclusion 

The Ti1-xVxFeyCo1-ySb samples presented in this chapter are phase segregated, with a 

highly crystalline TiCoSb phase and a secondary HH phase with a broader diffraction 

peak. aHH of the TiCoSb phase does not change much across the samples presented, with 

the secondary phases reflecting the alloying elements used. Through X-ray powder 

diffraction, it was found that p-type samples contain a secondary phase with aHH closer 

to an expanded TiFeSb based phase, and n-type samples have secondary phases with aHH 

closer to smaller VFeSb/VCoSb phases. SEM-EDX analysis confirms the segregation 

behaviour, with minimal alloying in the TiCoSb phase and significant alloying occurring 

in the second HH phase depending on whether Ti or Co is left over. When Ti is left over 

the second HH phase is most simply described as [TiV]FeSb, while left over Co yields a 

V[FeCo]Sb composition. The percentage of Sb in these samples is lower than the TiCoSb 
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phases formed, suggesting the secondary phase is not a stoichiometric HH. The presence 

of Fe-rich regions may be responsible for some magnetism in these samples. 

From a thermoelectric standpoint these materials are mediocre at best, but the properties 

are interesting. p-type samples do not become degenerately doped, with large positive 

S(T) and an insulator-like ρ(T) behaviour. One possible explanation for this could be 

localisation of holes due to disorder from Fe/Co, which is supported by agreement 

between ρ(T) and Variable Range Hopping.  By contrast n-type doping leads to metal-like 

ρ(T) and negative S(T) of a significantly lower magnitude, indicating successful doping. 

In these samples it would appear that holes are localised, but electrons travel freely, which 

could reflect a more dispersive conduction band. Across both p-type and n-type samples, 

S2/ρ(T) reaches no more than 1.4 mW.m-1.K-2, κl(T) are no lower than 5 W.m-1.K-1 and zT 

is no larger than 0.09. At a more fundamental level ρ(T) for the n-type samples were large 

despite having metal-like S(T), which points to low μ for the samples prepared. Low μ 

and large κl combine to make these materials poor thermoelectric properties. The original 

objective of band engineering through an arc-melting route is unrealistic, given the highly 

phase segregated nature of each sample presented. 

The magnetic properties of the materials are complicated and are unlikely to arise due to 

a single phase. The field loops shown in Figure 6.19 are consistent with small domain 

ferromagnetism. This small domain ferromagnetism is found to be consistent with 

superparamagnetic behaviour using AC susceptibility measurement. It is unclear whether 

this ferromagnetism arises due to the HH matrix as has been suggested for Ti1-xFexCoSb, 

or whether it is due to magnetic impurities such as Fe as proposed for magnetism observed 

in Ti-Fe-Sb phases.209,211 Negative MR in p-type samples at 2 K could be due to some 

ferromagnetic interaction, which for Ti0.7V0.3Fe0.45Co0.55Sb is no longer present from 5 K 

and above. ρ(T) for n-type samples show very weak localisation effects below 30 K, 

which is unsurprising given the presence of Co and Fe in the materials. 

The broad conclusion from this chapter is that the highly phase segregated behaviour 

makes assigning structural characteristics to the electronic and magnetic properties 

difficult. While in Chapters 3 and 4 X-site segregation does not appear to have a 

significant impact on the properties, assigning specific properties to the TiCoSb phase, 

the secondary Heulser phase or even low concentrations of ferromagnetic impurities is 

not realistic. Given that future work with these materials would focus primarily on 

magnetic properties, a more appropriate synthetic protocol needs to be established in 
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order to form a single homogenous phase with minimal impurities. Arc-melting may not 

be appropriate if further processing cannot eliminate the phase segregation observed in 

the samples presented. 
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Chapter 7 – Conclusions 

The main objective of this thesis was to establish whether an arc-melting route could be 

used to improve the performance of XNiCuySn materials, and to understand the 

thermoelectric properties using property modelling for individual samples and the whole 

phase diagram. Over the course of this work synthetic protocol was optimised, and the 

effects of processing on the sample composition and thermoelectric properties were 

examined. Given the importance of interstitial Ni on the thermoelectric properties of this 

family of HH phases, the behaviour of interstitial Ni was also explored. The 

[Ti1-xVx][FeyCo1-y]Sb phase diagram was also investigated, initially to determine whether 

band convergence could be used to improve the electronic properties. 

7.1 – Conclusions 

In Chapter 3 it was established that the Ti0.5Zr0.25Hf0.25NiCuySn series at 310 K behaves 

well within the standard SPB model with mDoS* = 4.1 me, and based on literature 

treatment of μH(310 K) the doping dependence was considered to be limited by acoustic 

phonon scattering and X-site alloying with no strong Cu scattering. When compared to 

the XNiCuySn end members the reduction in κl is largely consistent with 

Klemens-Callaway modelling, and extrapolation across the ternary phase diagram shows 

Ti0.7Hf0.3NiCuySn should have the strongest κl reduction. Comparing arc-melting and 

solid-state synthesis (SSS) routes revealed a much higher degree of phase segregation in 

the arc-melted samples. Through SEM analysis this is segregation is linked to the 

preferential formation of Zr/Hf-rich HH phases directly from the melt, while Ti-rich 

phases form at lower temperatures. Near full homogenisation was achieved in SSS 

Ti0.5Zr0.25Hf0.25NiCu0.025Sn when the annealing temperature was increased to 1200 °C for 

18 hours. In arc-melted Ti0.5Zr0.25Hf0.25NiCu0.025Sn, a peak zT(710 K) of 0.87 was 

achieved, but the high temperature performance was suppressed by the large κbi and 

bipolar reduction in S(T). ρ(T) analysis found extrinsic carrier contributions at high 

temperatures, but also suggested the presence of a large ρ(0) contribution to the resistivity. 

With this ρ(0) contribution in mind, it was suggested that the metal-like temperature 

dependence of ρ(T) was purely due to acoustic phonon scattering, with no significant 

alloying contribution. 

Continuing Chapter 4, the κl minima in the Ti/Zr and Ti/Hf X-site solid solutions were 

examined. All alloyed samples were phase segregated into Ti-rich and Zr/Hf-rich HH 



175 

 

phases, with aavg of each sample corresponding closely Vegard value. Comparing the 

PXRD patterns for the ingot-cut and hot-pressed samples, the extra grinding and 

hot-pressing step promotes reaction of the Ti-rich HH phases in the sample. From the end 

members, TiNiCu0.03Sn had large S2/ρ values contributing to a very large zT(800 K) of 

0.83, which is impressive given the lack of alloying and is an improvement over 

Ti0.975Ta0.025Ni0.92Sn.150 . Alloying reduced κl as intended, in good agreement with the 

Callaway predictions established in Chapter 3. The resulting zT values suffer from 

significant bipolar contributions in S(T) and κbi at high temperatures, preventing zT from 

exceeding 1. The largest zT was found in Ti0.7Zr0.3NiCu0.025Sn because there was no 

observable κbi contribution, although the reason for this has not been established. One 

general observation was that ingot-cut bars were generally more doped than those which 

were hot-pressed, which suggests that Cu is expelled from the interstitial site as a 

consequence of grinding and hot-pressing. For ingot-cut bars of TiNiCu0.025Sn and 

Ti0.3Hf0.7NiCu0.025Sn the large ρ(0) expected from Chapter 3 were confirmed. The largest 

issue in these samples was the large bipolar effects. Cu-doping has the potential to match 

or exceed the performance of XNiSn1-xSbx compositions, although high temperature 

bipolar effects remain a barrier to zT > 1. 

In Chapter 5 the nature of interstitial Ni was examined in arc-melted samples. In the 

ZrNi1+xSn system large fractions of Ni up to 18% were confirmed to fill the interstitial 

site directly after arc-melting. Annealing at 900 °C then drives segregation into HH and 

FH phases. The nature of phase segregation was examined through XNi1.5Sn annealed 

and quenched from various temperatures, which showed that interstitial Ni can be trapped 

in the interstitial site of ZrNi1+xSn and HfNi1+xSn if annealed at 700 °C. HfNi1.1Sn was 

prepared with less promising electronic properties than HfNiSn, although the effect on 

κ(T) could not explored due to the <700 °C limitation preventing hot-pressing on the 

HfNi1.1Sn sample. 

Chapter 6 examined the properties of arc-melted samples in the [Ti1-xVx][FeyCo1-y]Sb 

system. SEM-EDX images established that the phase segregation in these samples arises 

due to TiCoSb formation, with the second HH phase forming later. The p-type samples 

had large S(T) and ρ(T) apparently consistent with semiconducting behaviour in spite of 

the large nominal hole concentrations, which may be due to Anderson localisation 

because of the disorder in the materials. Such localisation was not seen for the n-type 

samples which had metallic S(T) and ρ(T). p-type samples have a negative MR at 2 K 

which may indicate magnetic effects, although MR becomes positive from 5 K and above, 
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consistent with standard Lorentz magnetoresistance. From AC magnetometry 

measurements the magnetic behaviour can be characterised as superparamagnetic, as seen 

by the M vs H loops and the change in Tb determined from χ”, although the behaviour 

could be attributed to small concentrations of magnetic Heusler or Fe/Co domains. The 

thermoelectric performance in these materials is ultimately poor, and any potential 

increase in S due to band convergence was not observed. 

7.2 – Future Work 

The synthetic protocol established in Chapter 3 and carried forwards into Chapter 4 

yielded Cu doped thermoelectric materials with good properties, but often with 

detrimental bipolar effects at high temperatures. Future work to determine the exact 

nature of this bipolar contribution – and elimination thereof – is required to establish 

Cu doping as being equal to or superior to Sb doping of XNiSn Half-Heusler 

thermoelectric materials. 

One clue presented in this work is the Ti0.7Zr0.3NiCu0.025Sn composition, which as 

discussed in Chapter 4 has no large κbi(T) contribution, which contributes to the large zT 

at high temperatures. This behaviour does seem to be linked to Zr substitution, as shown 

in Figure S4.3e, which shows that the similar Ti0.7Zr0.3NiCu0.04Sn composition is also 

absent of a κbi(T) upturn at high temperatures. 

The best performing XNiCuySn samples are collected in Figure 7.1, which displays the 

fundamental thermoelectric parameters for the best performing compositions in this thesis 

(μw, κl, zT and zTavg). TiNiCu0.03Sn has the largest μw(T) of all the samples as shown in 

Figure 7.1a, and the impressive performance of this composition is due to good electronic 

properties. Whilst Ti0.7Hf0.3NiCu0.0175Sn does not have a comparatively large μw(T), the 

strength of this composition arises from the low κl(T) values at low temperature achieved 

using X-site alloying as shown in Figure 7.1b. The high temperature performance is 

marred by the κbi(T) contribution, which is not present for Ti0.7Zr0.3NiCu0.025Sn which has 

the largest zT at 800 K, shown in Figure 7.1c. Ultimately the best overall performance is 

quantified by zTavg, which reached 0.7 for Ti0.7Hf0.3NiCu0.0175Sn between 340 K and 

790 K as shown in Figure 7.1d. 



177 

 

 

Figure 7.1: summary of the best performing XNiCuySn samples in this thesis. (a) shows μw(T) 

calculated using Equation 1.55. (b) shows κl(T) + κbi(T) and (c) shows zT. (d) compares the 

average zT between 340 K and 790 K. 

Figure 7.1 gives some insight into the key points to follow for this materials system. 

Ti-rich compositions will allow for the best electronic properties – specifically S2/ρ(T) – 

to be achieved. Alloying with Hf is the best way to suppress κl(T), which is expected as 

discussed in Chapter 3, but the κbi(T) contributions remain detrimental to zT. For future 

work it will be vital to establish whether this contribution is inevitable. Determining the 

reason behind the apparent absence of κbi(T) in Zr alloyed samples could be critical to this 

question. Ultimately in terms of raw performance the Ti/Hf system has more promise for 

improvement. A lower Hf fraction may lead to some improvement in the electronic 

properties without causing a significant increase in κl. The cost of Hf remains a concern 

for potential commercial use. 

Another characteristic which needs further exploration is that of ρ(0), which represents a 

significant limiter on μ in the XNiCuySn system. Chapter 4 and Table S4.1 suggest that 

ρ(0)/B in this system are characteristic of the X-site alloying, with the lowest 

ρ(0)/B ~ 2 × 104 K1.5 found in Ti-rich and Zr-rich compositions, although for Ti0.7Hf0.3 

compositions are only slightly worse with ρ(0)/B ~ 2.3 × 104 K1.5. This large ρ(0) only 

seems to be significant in the XNiSn family and suppression may depend on interstitial Ni 

manipulation. As an example, ingot-cut TiNiCu0.025Sn presented in Chapter 4 has 
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ρ(300 K) ~ 5.0 μΩ.m and ρ(700 K) ~ 7.6 μΩ.m, while Nb0.95Ti0.05FeSb has 

ρ(300 K) ~ 2.9 μΩ.m and ρ(700 K) ~ 10.4 μΩ.m, which highlights much weaker 

temperature dependence and larger ρ(0) for TiNiCu0.025Sn (although the Nb0.95Ti0.05FeSb 

composition is more accurately described with a T2 dependence).113 

In this respect expanding on the investigations made in Chapter 5 will be important. 

Investigation of the ZrNi1+xSn system showed that annealing arc-melted samples forces 

interstitial Ni out of the HH phase. The temperature dependent behaviour of interstitial Ni 

established from the XNi1.5Sn investigations pointed to slow cooling as a means of 

minimising interstitial Ni. An in-depth investigation of the effect of cooling rate on 

interstitial Ni would be useful to confirm this hypothesis and determine the required 

cooling rate to have a significant effect, both structurally and in terms of the 

thermoelectric properties. This could provide an alternative or complimentary technique 

to compositional Ni deficiency. 

Future work on the [Ti1-xVx][FeyCo1-y]Sb system is unlikely to lead to the discovery of a 

new high performance thermoelectric material, no matter how much the system is 

tinkered with. While evidence for valence band convergence was not found in this thesis, 

the phase segregated nature of these samples makes a definite statement on the absence 

of this effect impossible. Future work should focus on finding a synthesis route which 

leads to formation of a single homogenous HH phase, which may be difficult to achieve 

through arc-melting. This would allow for more quantitative analysis of the 

thermoelectric properties, in particular the insulating behaviour observed in p-type doped 

samples. 

Overall, the n-type XNiCuySn system has zT values which are comparable to the best 

XNiSn based samples reported in the literature, and have the potential for improvement 

bipolar effects at high temperatures can be removed.   
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Appendices 

Collections of supplemental figures for the experimental chapters 3, 4, 5 and 6. Plots of 

Rietveld refinements not contained in the main thesis will be included here. For full 

thermoelectric data sets the calculated κe(T), the directly measured α(T) and indirectly 

measured Cp(T) are shown. 

Appendix I – Chapter 3 

 

Figure S3.1: Thermoelectric properties of SSS Ti0.5Zr0.25Hf0.25NiCuySn.47 



II 

 

 

Figure S3.2: Assumed linear reduction in κl 320 K for SSS Ti0.5Zr0.25Hf0.25NiCuySn. 

 

Figure S3.3: S2σ310 K for the SSS Ti0.5Zr0.25Hf0.25NiCuySn series (y = 0, 0.0125, 0.025, 0.0375, 

0.05 and 0.075). 



III 

 

 

Figure S3.4: Linear fit of the nH vs Cu doping in SSS Ti0.5Zr0.25Hf0.25NiCuySn samples.47 

 

Figure S3.5: Rietveld refinement of neutron powder diffraction data for sample 

0.3/PCS/AM/BM/850 using a two HH phase model. The inset zooms in on the {2 2 0} peak. 



IV 

 

 

Figure S3.6: PXRD data for the sample with code 0.5/POW/AM/BM/850. 

 

Figure S3.7: PXRD data for the sample with code 0.5/POW/AM/HM/850. 



V 

 

 

Figure S3.8: PXRD data for the sample with code 0.5/POW/SSS/HM/1200. 

 

Figure S3.9: PXRD data for the sample with code 0.5/PCS/AM/BM/850. 



VI 

 

 

Figure S3.10: PXRD data for the sample with code 0.5/POW/SSS/HM/850. 

 

Figure S3.11: PXRD data for the sample with code 0.7/PCS/AM/BM/850. 



VII 

 

 

Figure S3.12: PXRD data for the sample with code 0.3/POW/AM/BM/850. The Rietveld uses 11 

HH phases to fit the data, with the average lattice parameter (aavg) and Ti fraction on the X-site 

(Tiavg) stated. 

 

Figure S3.13: PXRD data for the sample with code 0.5/PCS/AM/BM/900. 



VIII 

 

 

Figure S3.14: Additional thermoelectric properties of Ti1-x(Zr0.5Hf0.5)xNiCu0.025Sn samples, the κe, 

the α(T) and the Cp(T). For 0.5/POW/AM/HM/850 Cp values for a different sample with the same 

composition was used. 



IX 

 

 

Figure S3.15: Illustration of the potential zT range for 0.5/PCS/AM/HM/900 without intrinsic 

contributions to the thermoelectric properties, which could reach zT = 1.15-1.35 at 800 K. 
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Appendix II – Chapter 4 

 

Figure S4.1: Supplemental thermoelectric information for XNiCuySn samples, κe(T), α(T) Cp(T) 

and the raw κ(T). 

 

 

Figure S4.2: Supplemental thermoelectric information for X1-xYxNiCuySn samples κe(T), α(T) 

Cp(T) and the raw κ(T). 



XI 

 

Ti0.7Zr0.3NiCu0.04Sn and Ti0.7Hf0.3NiCu0.04Sn Samples 

These samples have not been included in the main text (in part due to low zT). There are 

a couple of useful points about these samples compared to the samples included in the 

main discussion. Firstly as shown in Figure S4.3, there is no upturn due to κbi(T) for 

Ti0.7Zr0.3NiCu0.04Sn, but there is a κbi contribution for Ti0.7Hf0.3NiCu0.04Sn, which 

matched with the observations for Cu = 0.025 in the main text. Secondly the ρ(0)/B values 

for each sample match well with their respective Cu = 0.025 relatives. 

 

Figure S4.3: Thermoelectric properties of Ti0.7Zr0.3NiCu0.04Sn and Ti0.7Hf0.3NiCu0.04Sn samples.
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Table S4.1: Resistivity fitting parameters of Ti0.7Zr0.3NiCu0.04Sn and Ti0.7Hf0.3NiCu0.04Sn samples. Note that ρ(0)/B values are similar to the corresponding 

Cu = 0.025 samples in the main text. 

Composition A (μΩ.m) Eg (eV) ρ(0) (μΩ.m) B (×10-4 μΩ.m.K-1.5) ρ(0)/B (×104 K1.5) 

Ti0.7Zr0.3NiCu0.04Sn 3.025 ±0.411 0.390 ±0.026 4.105 ±0.033 2.101 ±0.053 1.954 

Ti0.7Hf0.3NiCu0.04Sn 0.107 ±0.060 1.053 ±0.081 4.792 ±0.010 2.045 ±0.011 2.343 

 

 



XIII 

 

 

Appendix III – Chapter 5

 
Figure S5.1: Rietveld refinements of Bank 4 Power Neutron Diffraction data for arc-melted 

ZrNiSn before (a) and after (b) annealing. 
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Figure S5.2: Rietveld refinements of Bank 4 Power Neutron Diffraction data for arc-melted 

ZrNi1.1Sn before (a) and after (b) annealing. 
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Figure S5.3: Rietveld refinements of Bank 4 Power Neutron Diffraction data for arc-melted 

ZrNi1.2Sn before (a) and after (b) annealing.  



XVI 

 

Appendix IV – Chapter 6 

 

Figure S6.1: Surface of an arc-melted ingot with composition [Ti0.8V0.2][Fe0.3Co0.7]Sb after the 

initial melting of the elemental pieces. 

 

Figure S6.2: Zoomed in SEM-EDX images for [Ti0.6V0.4][Fe0.3Co0.7]Sb 
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Figure S6.3: Supplemental electronic data for n-type [Ti1-xVx][FeyCo1-y]Sb samples. (a) is the 

electronic thermal conductivity κe, (b) is the thermal diffusivity α, (c) is the heat capacity Cp and 

(d) is the raw thermal conductivity (d). 
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