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Introduction

Thermoelectric materials can directly convert heat to electricity and are expected to lead to
new devices to harvest waste heat for energy efficiency as well as new cooling technologies.
The efficiency of the thermoelectric materials is typically analyzed in terms of a figure of
merit defined as:
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which includes the Seebeck coefficient S, lattice thermal conductivity κL, lattice thermal
conductivity κe, electrical conductivity σ, and temperature T.
Among all different types of thermoelectric materials, the half-Heusler semiconductor
NbFeSb has been of considerable interest due to its excellent thermoelectric performance,
especially its enhanced power factor.1 With different elements doped and/or substituted,
NbFeSb exhibits optimized thermoelectric performance. To analyze the underlying behavior,
here we describe research on undoped NbFeSb in order to better understand and then utilize
half-Heusler materials.
Besides classic methods to measure ZT, various experimental techniques are applied in
studying electronic properties etc., including local probe such as nuclear magnetic resonance
(NMR) spectroscopy. NMR is capable of providing local site information, such as charge-
carrier behavior, phonon-induced dynamics as well as chemical and structural properties.

Magnetic Properties Measurements

Magnetic properties were measured by SQUID. The M-H curves (below, measured at T = 5
K) with Brillouin function fit shows that there is a density of 0.00221 per formula unit (with g
~ 2, J = ,

&, T = 5 K) paramagnetic defects. Aside from the defects, this sample shows
diamagnetic behavior. The corresponding effective moment of this magnetic defect is peff =
gµB - - + 1 = 3.873 µB. The consistency with other results shown below shows that the
majority of magnetic defects have the same moment.

Specific Heat Measurements
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Conclusions and Future Work
Conclusions:
I. Uniformly distributed paramagnetic-type defect in NbFeSb sample is observed.
II. Dilute magnetic defect concentration is quantified by various of methods, including M-H,

specific heat and NMR linewidth.
III. Local measurements show well ordered half-Heusler structure with few antisite defects.
Future work:
I. Apply DFT calculation to identify the paramagnetic defect.
II. Measure spin-lattice relaxation time T1 for more information of defect.
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Specific heat of NbFeSb is measured in 0 T, 5 T (below right) and 9 T (below left). The
magnetic part could be simply obtained by subtracting the 0 T curve from 5 T and 9 T curves.
As a result, after subtraction, a Schottky anomaly due to paramagnetic moments could be
easily observed, although its contribution is small. For spin J = ,

&, a multilevel Schottky

function provided a good fit, with resulting defect concentration 0.00253 (with g ~ 2, J = ,
&).
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Thus these specific heat results are consistent with the SQUID results.
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NMR Measurements

95Nb NMR was measured by static and MAS methods. These results demonstrate a very large
chemical shift of 3600 ppm, at the end of the range of typical Nb shifts, presumably due to the
paramagnetic response of Nb d orbitals appearing in both the valence and conduction bands.3
MAS results indicate that the intrinsic line is quite narrow, with no sign of splitting or
inhomogeneous broadening, an indication that the site occupations are well ordered in these
materials, with few local atomic interchanges.
The full width at half-maximum of NbFeSb NMR line shape (below left) also supports the
magnetic defect picture described above. The FWHM was fitted to a Curie-type term due to
dilute paramagnetic defects. This term is proportional to 1/T, with a temperature independent
background. With g-factor and momentum both obtained from M-H and specific heat (g = 2
and J = ,

&), a fit vs T yields an impurity concentration around 0.00265.4 These results are also
consistent with results from the other methods, and confirm that these defects are bulk
impurities which are random distributed in the samples.
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Sample Preparation
The inset shows the specific heat for the entire temperature range. Debye temperature could
be fitted by solving the standard integral equation,
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with ΘD as a parameter. A Debye temperature vs T figure (below) shows that there is a
constant plateau ΘD ~ 380 K from 100 K to 250 K.
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Half-Heusler Structure

Raw elements (Nb pieces, 99.9%, and Sb broken rods, 99.9%,
Atlantic Metals & Alloy and Fe granules, 99.98%) were weighed
according to stoichiometry. The elements were first arc melted
multiple times to form uniform ingots. The ingots were ball
milled (SPEX 8000M Mixer/Mill) for 3 h under Ar protection to
produce nanopowders. The powders were then consolidated into
disks via hot pressing at 80 MPa for 2 min at 1050 K with an
increasing temperature rate of ∼100 K/min.1 In addition, several
other samples were prepared at different hot pressing
temperature and all samples show similar defect densities, which
indicates the observed defect is an intrinsic property of NbFeSb.
XRD results as well as the NMR results shown below
demonstrated that these samples exhibit a well-ordered half-
Heusler structure with no sign of secondary phase.
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