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Abstract

Novel approaches for development of highly efficient thermoelectric materials capable of a
direct conversion of heat into electricity, are constantly investigated. TiNiSn based half
Heusler alloys exhibit a high thermoelectric potential for practical renewable power
generation applications. The main challenge on further enhancement of the thermoelectric
efficiency of these alloys lies in the reduction of the associated high lattice thermal
conductivity values without adversely affecting the electronic transport properties. The
current manuscript, theoretically investigates two possible routes for overcoming on this
limitation in TiNiSn alloys. On one hand, the influence of nano-grained structure of TiNiSn
on the electronic structure of the material is theoretically demonstrated. On the other hand,
the potential for thermal conductivity reduction with increasing the Ni fraction in the
intermetallic TiNiSn compound, via the formation of metallic TiNi,Sn nanoparticles is also
shown. Using the applied approach, a useful route for optimizing both the electronic and
thermal properties of half-Heusler TiNiSn, for practical thermoelectric applications, is

demonstrated.

1. Introduction

In the last decade, the energy crisis had been a growing concern of the world community,
due to overuse of fossil fuels and global warming. Significant efforts, applied all over the
world aimed to solve the problem of affordable, environmentally clean energy.
Thermoelectric energy based on a direct conversion of heat (or thermal gradient) into
electricity is one possible solution for this complex problem. The efficiency of a
thermoelectric material is proportional to the dimensionless figure of merit, Z7 and the
applied thermal gradient, highlighting the requirement of identifying highly efficient
thermoelectric materials possessing large Z7T values at any applications’ operating
temperatures. A number of new compounds have been investigated in the search for potential

thermoelectric materials, including the half-Heusler alloys [1], capable of operation at
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elevated (>500°C) temperatures with adequate chemical, structural and mechanical stability.
These materials are intermetallic alloys with the general formula MNiSn where M is a group
IV transition metal (M=Zr, Hf, T1).
The electronic structures and electrical transport properties of these alloys were previously
studied using ab initio calculations and the Boltzmann transport equation under the
constant relaxation time approximation for charge carriers [2]. Due to the simplicity of
alloying of MNiSn (M=Ti, Zr, Hf) based compounds by substituting of their constituents
by both iso-electronic and non-iso-electronic elements, new routes are constantly
considered for optimizing their electronic and thermal properties. The papers by H. Hohl et
al. [3] and by C. Uher et al. [4] were, seemingly, the first, demonstrating the beneficial
effect of alloying on the M sublattice and of doping on the Sn site. Hf alloying on the Ti
site and Sb doping on the Sn site lead to reduction of the lattice thermal conductivity and
enhancement of the power factor, respectively. The results of optimization of the high
temperature thermoelectric properties of TiNiSn by Hf alloying on the Ti site and Sb
doping on the Sn site were reported, for example, in [5]. It was also established that
changing the width of the band gap, controlling the number of charge carriers, increasing
the slope of the density of states (DOS) for electrons in the vicinity of the bottom of
conduction band, varying the scattering of electrons and phonons, etc. can be considered as
promising methods for enhancement of the thermoelectric performance of related alloys.
Ab-initio band structure calculations had been reported for analyzing the structural stability
[6], the chemical bonding and the formation energies of antisite defects [7,8], as well as the
elastic [9] and electronic properties [10-12] of Ni-containing MNiSn (M%Ti, Zr, or Hf)
compounds. Some efforts were directed to apply the concept of the valence electron
content (VEC) and the calculated electronic band structure to expose factors that according
to rigid-band considerations should determine the possible deviations from 1:1:1
stoichiometry and the direction of the stable solid-solution regions [13]. The results have
been used to predict the direction of equilibrium solid-solution regions for a number of
ternary phase diagrams that comprise half-Heusler phases. Fine features of the band
structure of HH alloys are still under debates, but as discussed in [14] they are ultimately
linked with the state of order in these compounds.

One of the current challenges is to reduce the relatively high thermal conductivity that is
evident in these materials [15]. Two main methods being investigated trying to resolve the
thermal conductivity issue and achieve higher power factor (the product of the square

Seebeck coefficient and the electrical conductivity), are based on reduction of the average
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grain size and electronically doping of the material, respectively. Most of the TiNiSn samples
for experimental studies are prepared by the arc melting method and homogenized by various
heat treatments, creating polycrystalline structures. The electronic properties of each sample
are determined by the duration of the heat treatment and its temperature. Recent extensive
investigation [16] of the microstructure in TiNiSn; . Sby series has established a significant
decrease of the lattice thermal conductivity with the reduction of the average grain diameter,
D, an effect which was found to be more pronounced for small (less than 10um) grain size.
The aim of the current research is two-fold. On one hand, the influence of nano-grained
structure of TiNiSn on the electronic structure of the material is theoretically demonstrated.
On the other hand, the potential for thermal conductivity reduction with increasing the Ni
fraction in the intermetallic TiNiSn compound, via the formation of metallic TiNi,Sn
nanoparticles is also shown. The first case was approached by comparative ab initio study of
both TiNiSn monocrystal and nano-grained polycrystalline half-Heusler (HH) alloys. In the
second case, the material's thermal conductivity variations based on calculated quasi-binary
TiNiSn-TiNi,Sn phase diagram, were estimated. The applied Density Functional Theory
(DFT) calculations shed light on the nature of bonding in the interfaces between adjacent
nano-grains for resolving the mechanisms affecting the electronic and thermal conductivity in
the material. Using the applied approach, a useful route for controlling the thermal
conductivity of HH TiNiSn by the introduction of embedded metallic TiNi,Sn nano-

inclusions, based on ab initio calculated thermodynamics phase diagram, is demonstrated.

2. Methodology

DFT using Full Potential method with Linearized Augmented Plane Waves (FP-LAPW)
formalism, as implemented in the WIEN2k code (Version 10.1) [17-19] was applied in all of
the calculations.

In this code the core states are treated as fully relativistic and the valence states are
considered using a scalar relativistic approach. The exchange-correlation potential was
calculated within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) [20]. The details of our calculations were as follows. The muffin-tin radii (R,,) were
taken equal to 1.9 Bohr for all of the atoms. For the basis-set size at each point, the cutoff
parameter R,,K,.. = 7 was used where K,,,, presents the magnitude of the largest K vector in
the wavefunction expansion. A maximal /, /., equal to 10 was taken in the expansion of the
radial wave functions inside the atomic sphere to represent the valence states. The cut-off

energy, separating core and valence states, was chosen as -6.0 Ryd for all of the atoms. This
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condition is necessary in order to minimize the leak of the electron core states into the
interstitial region. All of the integrations over the Brillouin zone (BZ) were performed using
TEMPS scheme implied in WIEN2k with the broadening parameter in Fermi energy
calculations equal to 0.002 that corresponds to ~40°C. It was found that k-mesh of 8x12x8
points, which corresponds to 216 k-points in the irreducible wedge of BZ, is sufficient to
achieve ~1-107 Ryd accuracy in the total energy for all of cases applied in the self-consistent
calculations.

For verification of the calculations' accuracy, the TiNiSn volume was optimized, as shown
in Fig. 1. Several elastic, thermodynamic (see Table 1), and electronic properties (Fig. 2 and
Table 2) of TiNiSn were calculated to justify the applicability of the FP-LAPW method. As
can be definitely seen, the calculated results are in a good agreement with previously reported
experimental and calculated data [22]. The currently calculated indirect I'-X energy gap
(0.45eV) is also in agreement with the previously reported 0.45eV [12, 23] and 0.468 eV [9]

values.
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Fig. 1. Total energy vs volume optimization for TiNiSn. The fitting curve according to

Murnaghan equation of states [21] is shown.

Table 1. Elastic and thermodynamic properties of TiNiSn

Property Current work | Experiment(*) and theory(**)
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Cell parameter, a (A) 5.953 5.933* [22], 5.84%* [24]
Bulk modulus, B (GPa) 128 121%* [25]

Shear modulus, G (GPa) 75.52 87.84%* [24]

Y oung modulus, E (GPa) 189.28 219.96** [24]

Poisson ratio 0.25 0.25%* [24]

Debye temperature, Op, (K) 415 417* [26], 335* [27]
Enthalpy of formation, AE (kJ/mole) -271.2 -159%** [25]
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Fig. 2. Calculated energy bands for TiNiSn.

Table 2. Energy gaps in E(k) for TiNiSn

A XZW K

Property

Current work

Other works

E,, [eV]

0.45

0.42 [251,0.47 [9],
0.45[12]




Physical Chemistry Chemical Physics

B 1.45 1.41 [25], 1.49 [9],
1.42 [12]

Erx 0.95 0.88 [25[, 0.97 [9],
0.95[12]

Erow 1.15 1.17 [25], 1.27 9],
1.15 [12]

All of the currently performed Density of states calculations for TiNiSn were also found to
be in a good agreement with those, reported in [25], where the DFT calculations were
performed with the Vienna ab initio simulation package (VASP) [28] and with the projector
augmented waves (PAW) technique [29,30].

Following the accuracy validation of the applied modeling approach, the comparative
analysis of nano-grained TiNiSn was approached. In this study, £5 36.9°[100] tilt grain
boundary (GB) in TiNiSn was considered between adjacent nano-grains of ~20 A, each.

The supercell model for nano-grain boundary in the TiNiSn structure, shown in Fig. 3, was

constructed using the GB Studio 3.0 software [31].

Fig. 3. Supercell top view, as was applied for modeling of the £5 36.9°[100] tilt grain
boundary in TiNiSn.

3. Results and Discussion
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A) Nano-grained TiNiSn

The reduced supercell with 116 non-equivalent atoms was considered in the following
analysis. The atoms positions in the vicinity of the GB were relaxed using the force
minimization technique as implied in WIEN 2k code. The calculations were continued until
the Hellman—Feynman forces became less than ~0.05 eV/A. The calculation results indicated
very small atoms displacements, with a decreasing order from the GB geometrical plane,
toward the grain's interior. For example, for Ni atoms in the GB, the absolute value of the
displacement does not exceed 3% of the lattice parameter. For all of the atoms, the
displacements decrease exponentially and may be already neglected at the distanced third
atomic layer from the GB. The calculated energy gain due to relaxation, was found to be
~1.5-107Ry for the chosen supercell.

Total density of states (DOS) calculations for electrons are presented in Fig.4. While
comparing the calculated results for mono-crystal and nano-grained TiNiSn, it may be seen
that in the latter case, the energy gap, E, becomes smaller, ~0.15eV, and Fermi energy, Ef is
shifted to the right. It crosses the additional states that appear due to the lattice broken

symmetry and due to the interface formation between the grains.
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Fig. 4. Total DOS for mono-crystal (a) and nano-grained (b) TiNiSn. Dashed vertical line

shows the position of Fermi energy, Er. The inset illustrates an enlarged region in the vicinity

of E,.

The appeared occupied states, for the nano-grained sample, are situated close to the bottom of
the conduction band and may be considered as the reason for the n-type conductivity in
TiNiSn polycrystalline material. The contribution of the states of Ti(3) and Ni(5) atoms in the
vicinity of the GB to the total DOS is shown in Fig. 5. The atoms numbers correspond to the
illustrated locations shown in Fig.3. The calculation results reveal that the most pronounced
contribution to the interfacial states is originated from the states of Ti and Ni atoms located in
the vicinity of the GB. Electrons of Ti(6) atom contributes similarly to Ti(3) local DOS,
while the electrons from the rest Ti and Ni atoms contribute much less to the total DOS. All
of the Sn electrons in the vicinity of the GB contribute negligible input to the total DOS.
Analysis of the partial DOS indicates that the main contribution to the local DOS originates

from d-states of the corresponding Ti and Ni atoms.
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Fig. 5. Comparison of the total DOS normalized per atom in the investigated supercell with
the local DOS for Ti and Ni in the vicinity of the GB. The total DOS for the supercell was
normalized by dividing the density of states by the number of non-equivalent atoms in the
supercell.

Additional information about the behavior of the charge carriers in the vicinity of the GB
may be gained by electron density calculations in this region.

For this purpose, differential electron density maps were calculated for an ideal TiNiSn
structure and for the polycrystalline material in the GB region, as can be shown in Fig. 6.
This electron density is determined as the difference between the sum of the electron
densities of the involved atoms and the electron density in the crystal structure obtained as
the result of the density re-distribution, calculated in a self-consistent procedure.

Fig. 6a shows the regular symmetric electrons distribution in the monocrystal, while
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Figs. 6b,c clearly demonstrate the charge transfer in the vicinity of the GB. The cross
section of the electron density in the (001) plane between adjacent grains (Fig.6b) is
characterized by significant increase and delocalization of electrons of Ti(6) atoms in
accordance with the formation of additional peaks in of the calculated DOS. In the GB
plane, the charge delocalization is even higher, showing an increase of the fraction of the
extra electrons in various directions. The yellow dotted arrows in Fig. 6¢ indicate the
possible channel of additional charge transfer, stimulating the n-type conductivity of the

nano-grained material.
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Fig. 6. Cross-sections of the differential electron density distribution in TiNiSn: a) regular
(0,0,1) plane in TiNiSn, b) (0,0,1) plane in the vicinity of GB in the polycrystalline TiNiSn, c)
the GB plane. The scale is in electrons/A”.

B) Nanoinclusions of TiNi;Sn in TiNiSn

Creating full-Heusler nanoinclusions in the half-Heusler matrix was first put in practice
in [32,33] based on the earlier study [34] who found that excess doping by Co or Ir on the

Ni sublattice leads to an occupation of the previously empty sites on this sublattice.
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Recently, DFT calculations were combined with statistical thermodynamics to construct the
quasi-binary phase diagram of the TiNiySn system with 0<x<2 [35]. It was
demonstrated that in the 1 < x < 2 atomic fraction range, for temperatures beyond T=0K,
a decomposition into half-Heusler (HH) TiNiSn compound and TiNi,.sSn Heusler alloy
with the small deficiency, d, on the Ni sub-lattice, occurs. This decomposition leads to the
formation of nano-inclusions of Heusler phase embedded in the TiNiSn matrix, for x
slightly larger than 1. Such decomposition was also experimentally verified (see for
example, [36,37]). Formation of nanoinclusions in stoichiometric TiNiSn HH phase is
considered as a promising approach for reduction of the thermal conductivity of
thermoelectric materials [36,38-40]. The calculated phase diagram not only bridges the gap
between the DFT calculations at T=0K and the behavior of the system at elevated
temperatures but also enables a better understanding of the expected thermal conductivity
tendencies in the system for varied Ni atomic fractions and temperatures. Keeping in mind
that the main thermal conductivity scattering mechanism is by short wavelength phonons in
the inclusions and considering the calculated quasi-binary phase diagram (see Fig. 7),
several qualitative conclusions may be formulated based on the lever rule for phase
diagrams. For TiNi;+,Sn alloy with small y values, the diagram predicts the decomposition
of the alloy into the primary TiNiSn compound and a small amount of TiNi, sSn secondary
phase (y=2xy-1). The secondary phase is expected to follow the morphology of nano-
inclusions embedded in the TiNiSn matrix. At constant temperature, increasing the y value
(for small ), leads to growth of the TiNi,Sn phase fraction. Assuming that the shape and
size of these separated TiNi,Sn inclusions remain the same (which is reasonable for small
deviations of y), the inclusions increased fraction will increase the scattering centers
amount for short wavelength phonons and the thermal conductivity will decrease.

When the temperature increases at constant xy, x,>x; (see Fig. 7). Applying the lever

x0—0.5 XO—O.S
x1—0.5 x2—0.5

rule will result in , leading to increased fraction of the TiNi,Sn

nanoparticles and consequently to the reduction of the thermal conductivity. Both of the

tendencies were observed experimentally [36].
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Fig. 7. Calculated quasi-binary TiNiSn-TiNi,Sn phase diagram with the atomic fraction of
Ni on the simple cubic sub-lattice sites immersed in the field of the NaCl-type sub-lattice of

TiSn background.

Additional quantitative information that allows an estimation of the influence of the Ni
content on the thermal conductivity might be obtained from the calculated phase diagram,
based on the thermoelectric formulation derived recently for embedded metallic nano-
inclusions inside a semiconducting matrix [41]. As can be seen from the calculated DOS

for TiNi,Sn (see Fig. 8), this phase is metallic without an energy gap in the vicinity of Ep.
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Fig. 8. Comparison of the DOS for TiNiSn and TiNi,Sn.
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As follows from the calculated phase diagram, for small xj, the Ti-Ni-Sn system
decomposes, and its morphology is characterized as a two-phase mixture of small well-
separated nanoparticles of metallic TiNi;Sn embedded in a TiNiSn semiconductor. It was
demonstrated in [41] that for weakly-doped semiconductors, ZT enhancement might be

primarily related to a decrease in the phonon thermal conductivity, K, expressed in eq. 1.
1
Kn=3C<vs>l=2C<v;>*t, (1)
where < / > is a mean free path for phonons, C - heat capacity of the matrix per unit

volume, < vy > - average sound velocity, and 7 - relaxation time, which in the current case

can be described according to eq. 2.
1 1

T=—— @)

T Tmatrix  Tinclusions

Our DFT calculated sound velocity, v, value for TiNiSn was found as 3630m/sec, while
the corresponding vg value in TiNi;Sn is 7511m/sec. Taking into account, the thermal
conductivity for TiNiSn, K,;=6W/(m-K) reported in [42] and the heat capacity from [43],
Tmari 18 Tound to be 1.76-10%sec. FOr Tineusions the expression derived in Refs. [44,45] in

the near-geometrical scattering regime gR=1 Ticnsions » presented in eq. 3, was employed.

. . 2
= nv,2eRY)[1 — @ +E 0 (3

. . 2
Tinclusions Y

where 7; is the inclusions concentration, n; = 3x/(4wR)’, x is the volume fraction of the
TiNi,Sn phase in the two-phase mixture, R is the inclusions radius, y = qR(vy/v; — 1),
and ¢ is the phonon wave vector. For Ti-Ni-Sn with the above velocities, eq. 4, can be

derived
1 3

Tinclusions - niUS (27TR2) - E%US (4)

with an accuracy of ~ 3%. With x = 0.048 for T=400K from the calculated phase diagram,

corresponding to the experimental data for TiNi;+,Sn for »=0.05 from [36] and average

TiNi>Sn nano-inclusions radius, R~1nm , Tiemsions=1.28-10"sec was obtained. Substitution

of the obtained Tyuniy and Ticrusions 1IN Eqs (2) and (1) gives Ky = 4.34W/(m-K) that
corresponds well with the experimental K, = 4.5+0.4 W/(m-K) data reported by [36].

4. Conclusions
The influence of the nano-grained structure on the electronic properties and the thermal
conductivity of TiNiSn based alloys was investigated in detail. The major findings of this

investigation are summarized as follows:
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1. Interfacial states formed in nano-grained TiNiSn play important role determining the
n-type conductivity of the material. The changes in the atoms bonding in the vicinity of the
grain boundaries (GB) lead to strong delocalization of the covalent bonds and stimulate the
electron transport along the interfaces between the grains.

2. The formation of dense TiNi,Sn nano-precipitates with small deficiency of Ni within
the HH TiNiSn matrix might be explained in terms of decomposition as was revealed by
the calculated phase diagram. This occurs when HH alloys are slightly enriched by Ni.

3. It is demonstrated that the calculated phase diagram might serve as a useful tool for
thermal conductivity prediction in two-phase HH TiNiSn and TiNi,Sn Heusler mixtures at
different temperatures, for slightly higher Ni concentrations than the stoichiometric for
TiNiSn. This finding might be useful in development of thermoelectric devices that are aimed
to operate at different temperature regimes.

Formation of interfacial states in nano-grained narrow band gap TiNiSn enables new
opportunities in engineering of novel beyond the state of the art thermoelectric materials,
for example by grains size modifications while applying the powder metallurgy technique
for synthesis of such materials.

Engineering of Heusler alloys following a decomposition into TiNi;Sn nanoinclusions
embedded within the TiNiSn semiconducting phase, was shown to be a promising route of
controlling the materials' thermal conductivity and thereby improving the thermoelectric
properties. Controlling the nanoprecipitates size and/or distribution by appropriate thermal
treatment, according to the calculated relevant phase diagram, combined with a more
complete morphological characterization might also be considered for thermoelectric

optimization of such alloys.
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