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ABSTRACT

Half-Heusler thermoelectric materials are potential candidates for high thermoelectric
efficiency. We report high-pressure thermoelectric, structural property measurements, density
functional theory calculations on the half-Heusler material TiNiSn, and an increase of 15% in the
relative dimensionless figure of merit, ZT, around 3 GPa. Thermal and electrical properties were
measured utilizing a specialized sample cell assembly designed for the Paris-Edinburgh large-
volume press to a maximum pressure of 3.5 GPa. High-pressure structural measurements
performed up to 50 GPa in a diamond-anvil cell indicated the emergence of a new high-pressure
phase around 20 GPa. A first principles structure search performed using an ab initio random
structure search approach identified the high-pressure phase as an orthorhombic type, in good

agreement with the experimental results.
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As global energy production continually increases, it becomes of ever-increasing
importance to research, identify, synthesize, and characterize materials that can provide a
renewable and reliable source of energy and waste heat recovery.' One such class of materials
are thermoelectric materials, which enable the conversion of heat energy via a thermal gradient
into electrical energy without a reliance on moving parts. Thermoelectric materials have long
provided industrial energy solutions for specific applications, such as power through radio-
isotope thermoelectric generators used by NASA on several space-faring missions.” Although
these materials have the potential to provide a reliable method of energy production and
reduction of waste heat energy, their practical application is highly dependent on their efficiency.

This efficiency is defined through a dimensionless figure of merit (ZT):

2
ZT = 221 (1)

K
where a, o, T, « are the Seebeck coefficient, electrical conductivity, absolute temperature, and
the thermal conductivity, respectively. A larger value for ZT indicates a material with a greater
thermoelectric efficiency. As Equation 1 implies, a larger efficiency (at a constant temperature)
strongly depends on having a large Seebeck coefficient, a high electrical conductivity, and a low
thermal conductivity.

Several classes of thermoelectric materials are of high-interest such as

10,11 11,12

half-Heusler compoundsf‘9 filled skutterdites, nano-structured alloys, binary

131 and others.”"” Of particular interest among these classes of materials are the

chalcogenides,
half-Heusler compounds due to their typically high Seebeck coefficient and generally good

electrical conductivity.”™ However, these materials tend to have fairly large thermal



conductivity, which according to Equation 1, would decrease ZT in these materials. Research has
been dedicated to identifying methods to reduce the thermal conductivity of these materials
while ideally retaining or increasing the Seebeck coefficient and electrical conductivity. The
MNiSn family of half-Heusler alloys has been extensively studied with the goal set to increase
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their ZT value. These materials exhibit a very high Seebeck coefficient at room temperature

conditions, reaching values of over -200 p,V/K.lg'24

Bhattacharya et al. have reported an increase
in the power factor (G‘OLZ) with a small amount of Sb doping at the Sn site of TiNiSn through a
large decrease in the electrical resistivity despite a decrease in the Seebeck coefficient.'” Other
studies have showed a strong effect on the thermoelectric properties during the synthesis process
when performing spark plasma sintering (SPS) at various temperatures.”’ Kurosaki et al.
performed SPS on (ZrysHfo4)07Tio3NiSn at 973 K, 1173 K, and 1373 K and observed optimal
thermoelectric efficiency in the sample prepared at 1173 K.*' Even though a decrease was
reported in the power factor, a decrease of 70% in the thermal conductivity leads to a ZT value
of 0.43 at 760 K.*' Similar to other half-Heusler compounds, MNiSn exhibits large thermal
conductivity and without proper reduction of these large values, their applicability to devices is
limited.

To further optimize the thermoelectric efficiency of these materials, continued effort is
required to identify and characterize new phases and understand the transport behavior in a
variety of conditions (i.e., temperature, pressure). Both pressure and temperature can
significantly alter the thermal, electrical and structural properties of materials and specifically
have a positive effect on thermoelectric efficiency in several studies.”’ PbTe and other

chalcogenides have shown large changes in electrical resistivity and power factor with

application of modest pressures.” Recently, Baker er al. studied the thermoelectric behavior of



SnTe at high-pressure conditions and observed a significant increase in Seebeck coefficient over
the pressure range studied. Due to potential access to high-pressure phases and unique behavior
of materials under high-pressure conditions, studying the electrical, thermal and structural
properties of TiNiSn as a function of pressure is important.

The high-pressure structural and thermoelectric behavior of TiNiSn has not been investigated
experimentally. For the importance of pressure as a method for tuning the transport properties of
materials and identifying new phases of materials with potentially favorable thermoelectric
properties, it is imperative to study this material at high P-T conditions. Theoretical studies have
been conducted by Wang et al. and Hermet et al. and predicted values for the bulk modulus of
TiNiSn utilizing the Birch-Murnaghan equation of state (BM-EOS) as a model.'® In a
comparison study of the full-Heusler TiNi,Sn and half-Heusler TiNiSn, Hermet et al. compared
the mechanical and structural properties of these materials based on the Young’s, shear moduli
and the bulk modulus for these materials.’® To this date, there are no theoretical or experimental
studies of the high-pressure thermoelectric and structural behavior of TiNiSn.

In this letter, we report the synthesis, high-pressure powder X-ray diffraction (HPXRD), high-
pressure electrical and thermal measurements, density functional theory (DFT) calculations on
TiNiSn, and an onset of a pressure-induced structural phase transition around 20 GPa to an
orthorhombic structure described by space group Cmcm (No. 63). In the high-pressure electrical
and thermal experiments, we have measured the electrical resistance, Seebeck coefficient,
relative change in the thermal conductivity, and relative changes to the dimensionless figure of
merit, ZT, of TiNiSn up to 3.5 GPa. A significant enhancement of the thermoelectric efficiency

over this pressure range was observed.



The refined structural unit cell parameters for the cubic phase for TiNiSn are a = b = ¢ = 5.933
(1) A as determined by a Rietveld refinement performed on ambient pressure XRD data, Figure

S1, which agrees well with the literature values.”*”'

This value is also in good agreement with
the Generalized Gradient Approximation (GGA) calculations performed as part of this study.
Atomic positions for all atom locations in the unit cell for the ambient cubic crystal structure

described by the F-43m space group (No. 216) are fixed due to symmetry conditions. Figure 1

depicts the evolution of the XRD patterns with increasing pressure.
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Figure 1. The evolution of XRD patterns with pressure increase for TiNiSn.

The expected shift to higher angles with increasing pressure is clearly visible over the entire

pressure range. Below 20 GPa, the sample remains in the cubic structure and displays no



significant changes in the XRD patterns. Around 20 GPa, we have observed changes in the
diffraction patterns. Low intensity peaks start to emerge around two theta angles 5.4°, 6.7°, 8.5°
and 11.1°. The splitting of the diffraction peak around 8.5° is visible as a doublet since the
diffraction line corresponding to the Ne pressure transmitting medium also merges with the
sample peaks.32 However, above 40 GPa, the intensity of the asymmetric shoulder peak to the
left of the (220) peak increases in intensity significantly more prevalently as pressure is increased
to 50 GPa. Figure 2 (a) shows the Lebail fitting for the low and high pressure phases. To
elucidate other smaller XRD peaks that begin to emerge, Figure 2 (b) depicts the XRD patterns

corresponding to 34, 40, 48, and 50 GPa separately to enhance the visibility of smaller XRD

peaks.
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Figure 2 (a). Lebail analysis at 40 GPa showing the cubic structure described by F-43m space
group and orthorhombic structure described by Cmcm space group. (b) The expanded view of
XRD patterns from 20 to 50 GPa revealing appearance of several new peaks at 5.4°, 6.7°, and
11.1° corresponding to the high-pressure phase is shown. The peak at 8.5° is a doublet consisting

of the neon PTM peak and a sample peak which becomes predominant at 50 GPa.

Elastic tensor analysis has been done to check mechanical stability in the investigated
compound, TiNiSn. The calculated elastic tensor for the cubic system is given in Table S1. All
the elastic constants are positive and satisfy Born’s mechanical stability criteria.”> The other
elastic properties (e.g., elastic moduli and Debye temperature) are calculated using the Hill
approximation.34 The calculated bulk modulus 1s 130.78 GPa and the Poisson ratio is 0.27. This
value of Poisson ratio indicates the ductile nature of TiNiSn. The Debye temperature is found to
be 506.23 K, which has not been experimentally determined as of this publication. This is a very
important parameter which links the thermodynamic properties to phonon-based properties.

The XRD patterns can be indexed well solely to the ambient pressure structureup to 20
GPa. In the pressure range of 20 GPa to 40 GPa, the XRD patterns reveal this structure remained
as a major phase in addition to the evolving high pressure orthorhombic phase with space group
Cmcem (No. 63). The high-pressure phase became prominent around 40 GPa. In order to obtain
lattice parameters as a function of pressure, Lebail analysis was performed on each XRD pattern
up to the maximal pressure.%’36

Once this analysis is performed on each XRD pattern corresponding to the entire pressure

range for the ambient crystal structure, the lattice parameter, a, can be extracted and is displayed



in Table S2(a) alongside the calculated unit-cell volume, V. Even though the high-pressure
phase starts to emerge around 20 GPa, the cell parameters (and V) can be obtained only above 30
GPa (for the high-pressure phase) and are shown in Table S2(b). Figure 3 shows a plot of V as a
function of increasing pressure, which agrees well with the DFT calculations over the entire
pressure range. The smooth decrease in V with compression indicates a reduction as expected

for the TiNiSn sample.

To understand the mechanical properties of TiNiSn, the P-V data can be fit to the BM-EOS

which allows determination of the bulk modulus. The BM-EOS is represented by the equation:

7 5 2
3Ko [(Vo\z (Vo3 3/, Vo\3
Py = 22| - (2 | {1426 9| -1} @
where V represents the zero-pressure volume, V represents the unit-cell volume, K, represents

the bulk modulus, and K" represents the pressure derivative of the bulk modulus.”’
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Figure 3. (a) Unit-cell volume as a function of increasing pressure for F43m and Cmcm phases
(red circle and blue triangle represent experimental data, respectively). The solid line represents
a fit to the 3"-order Birch-Murnaghan equation of state (EOS) using experimental data. Density
functional theory calculations (dotted lines). Insets (b) show enthalpy plot for low-pressure

(F-43m) and high-pressure (Cmcm) crystal structures.

The 1initial volume parameter, was fixed to the ambient pressure value Vo = 208.9 A? determined
from the lattice parameter extracted from the ambient pressure XRD pattern. This value agrees
well with the values determined from DFT calculations of this study for GGA and Local-density
approximation (LDA), 209.6 A% and 196.1 A°, respectively. The optimized value of the bulk
modulus from the fit to the 3"-order BM-EOS is provided in Table S3 as Ky = 106 (9) GPa.

Additionally, from a modified version of Equation 2, the linear moduli for the a, b, and ¢ axes

11



can be determined and are shown in Table S3(b) [Reference]. In the high-pressure phase, these
moduli reveal an anisotropy between the a and ¢ axes and the b axis. Specifically, the values of
My, and My are much more similar than My} indicating an anisotropy in compression strength
where the b axis direction is softer than the a and ¢ axes.

As no experimental reports on the bulk modulus of TiNiSn, no direct comparison can be made
with experimental values. However, a recent experimental study was performed on a related
half-Heusler TiCoSb and the bulk modulus was reported as 166 (6) GPa.” Additionally, a
theoretical value for the bulk modulus for TiNiSn was reported by Wang et al. and Hermet et al.
with values of 122 GPa and 120 GPa, respectively.l&30 Furthermore, the DFT calculations
performed as part of this study has determined as 130.8 GPa, which agrees quite well with the
experimental value of 106 (9) GPa. Figure 3 (a) and (b) display the EOS determined both
experimentally and by DFT calculation. Good agreement below 30 GPa in the lower pressure
phase is clearly observed, and at elevated pressures as the phase becomes more mixed, there is
some deviation between experiment and calculation. This deviation above 30 GPa is likely due
to the experimental values being influenced due to the mixed phase state compared to the DFT
calculation for the pure orthorhombic phase. The high-pressure structural search eventually lead
to the cubic structure with F-43m space group with the lowest enthalpy in agreement with the
experiment. Under pressure we could clearly see that an orthorhombic structure with CmCm
space group, which becomes energetically more favorable around 20 GPa. This is in good
agreement with the experimental observation.

We have used two different exchange-correlation functionals for full geometry optimization
and found that the optimized parameters using GGA are in good accordance with experimental

parameters. The electronic structure properties are shown in Figure 4 (a) and (b). From the plots,
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it can be seen that TiNiSn is an indirect band gap semiconductor with a band gap of 0.46 eV. The
existence of the valence band maxima at I — point and the conduction band minima at X — point
is the evidence for the same. The band profile in the valence band region near the Fermi level is
more flattened than those present in the conduction band. This difference in band dispersion
motivated us to investigate the thermoelectric nature of the present compound which will be

discussed in the next sections.
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Figure 4. Calculated electronic band structure for TiNiSn at (a) ambient pressure and (b) 1 GPa.
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All the thermoelectric properties are calculated under the relaxation time approximation. The
calculated Seebeck coefficient for electrons is -334.28 puVK' at 100 K and the carrier
concentration is around 10'® cm™. This value is in good accordance with the experimentally
determined value of -339 pVK'. The electrical conductivity is of the order of 10" Q'm™s™. The
power factor (ca”) can be determined from the electrical conductivity (o) and Seebeck
coefficient (o) which characterizes the energy that can be drawn from the system. Its value is on
the order of 10'® Wm™'K™s". All the calculated TE properties can be correlated to the electronic
structure through band dispersion. The combination of flat and dispersive bands has the effect on
both the thermopower, and the electrical conductivity scaled by relaxation time.

Combining the experimentally determined electrical resistivity, Seebeck coefficient, and
thermal conductivity measurements up to 3.5 GPa (details are in the SI), the ZT value for TiNiSn
can be calculated as a function of pressure using Equation 1. Figure 5 shows the ZT normalized
to the lowest pressure value as a function of increasing pressure. An overall increase in ZT is
observed over the pressure range from 1 to 3 GPa which levels out as pressure is increased
further to 3.5 GPa. The initial increase in ZT value over the pressure range from 1 to 3 GPa is
almost 15%. This 15% increase is despite the large increase in the thermal conductivity of over
60%, and is likely due to the fairly large increase in the absolute value of the Seebeck coefficient
over this same pressure range in addition to the electrical resistivity decrease. It is important to
note that the thermoelectric measurements were performed under non-hydrostatic conditions and

while this may affect the results, it does not appear to influence the results in our experiments.™
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As reduction of the thermal conductivity through doping has been greatly explored for half-
Heusler type alloys, further exploration of doped alloys of TiNiSn at high-pressure conditions
may be interesting to pursue. Nonetheless, measuring the properties of the pure TiNiSn alloys for
an understanding of the pressure effect on the thermoelectric properties without distortions

introduced through doping is important.
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Figure 5. The dimensionless figure of merit ZT is plotted as a normalized value as a function of
increasing pressure for TiNiSn. An increase of almost 15% is observed over the pressure range

from 1 to 3.0 GPa with a plateau seemingly observed above 3.0 GPa.

In conclusion, we have performed HP-XRD and DFT calculations on TiNiSn up to 50 GPa and
observed stability of the ambient crystal structure up to 20 GPa. Above 20 GPa, there are distinct

indications of a pressure-induced secondary crystal phase developing as pressure increases
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evidenced by the emergence of several new diffraction peaks. Utilizing structure searching
techniques we have identified the high-pressure phase as an orthorhombic structure described by
the Cmcm space group. The unit-cell volume as a function of pressure was fit to a 3"_order BM-
EOS yielding a bulk modulus value of 106 (9) GPa which agrees with the DFT calculations
performed (130.8 GPa). Measurements of the thermoelectric properties at high-pressure
conditions from 1 to 3.5 GPa were also presented for the first time. A 15% relative increase of
ZT was observed with increasing pressure over the pressure range. The increase in
thermoelectric efficiency of this material and the phase transition at high-pressure promises that
future studies of this materials could be useful with chemical doping to establish further

enhancement.
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