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ABSTRACT: Performance improvement traditionally realized through a combination of power factor optimization via 
electronic doping and lattice thermal conductivity reduction using nanostructuring have reached their optimal limits in 
many leading thermoelectric materials, making further enhancement in the thermoelectric figure of merit extremely 
challenging. Here, a novel approach to electronic transport engineering using coherent magnetic nanoinclusions is 
demonstrated. It was found that the incorporation of coherent magnetic full-Heusler(FH) nanoinclusions 
(Ti(Ni4/3Fe2/3)Sn) into a half-Heusler(HH) matrix (Ti0.25Zr0.25Hf0.5NiSn0.975Sb0.025) with optimal doping level and lattice 
thermal conductivity leads to high Curie temperature ferromagnetism (Tc ~ 650 K) along with a large reduction in the 
effective carrier density within the HH matrix. It is believed that the embedded magnetic FH nanoinclusions interact with 
the spin of itinerant carriers, leading to charge localization and the formation of overlapping bound magnetic polarons 
(BMPs). This gives rise to significant enhancements of both carrier mobility and thermopower, which minimizes the 
reduction in the overall power factor, simultaneously with a large drop in the total thermal conductivity owing to the 
reduction of the electronic contribution to the thermal conductivity. The implementation of magnetic nanoinclusions 
strategy in a variety of state-of-the-art thermoelectric materials could pave the way towards even larger figures of merit.  
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Introduction
Thermoelectric (TE) materials research have continued 

to attract vast attention over several decades due to their 
ability to promote energy conversion between heat and 
electricity and their great potential in energy recycling, 
such as in automotive and industrial waste heat recovery. 
These intensive research activities led to the development 
of several materials optimization concepts. This includes 
the successful application of the concept of 
nanostructuring in thermoelectrics that has accelerated 
the development of high performance TE materials owing 
to significant suppression of the thermal conductivity that 
arises from enhanced phonon scattering at high-density 
interfaces (phase and grain boundaries) within the 
samples. 1-6 5,7-10  

However, limited enhancements in the TE performance, 
as measured by the dimensionless figure of merit, zT= 
S2T/; where , S,  and T are respectively, the electrical 
conductivity, Seebeck coefficient, thermal conductivity, 
and the absolute temperature, are expected through the 
application of the nanostructuring concept alone, due to 
the existence of lower limits to thermal conductivities of 
materials, the so-called glass limits g.11-21 The thermal 
conductivities of some leading thermoelectric materials 
under investigation are already approaching their glass 
limits,15-21 while their figure of merit zT still does not 

ensure efficiency  comparable to that of 𝜂 =
𝛥𝛵
𝛵h

1 + 𝑍𝑇 ― 1

1 + 𝑍𝑇 +
𝑇c
𝑇h

other energy conversion technologies, such as 
photovoltaics.22,23 Additionally, electron scattering will 
become severe as grains are refined to sizes as small as 
few nanometers,3,24,25 comparable to the mean free path of 
electrons. Therefore, the benefit from the suppressed 
thermal conductivity may be counteracted by the 
degradation in electrical transport, giving marginal 
improvement in the figure of merit. As a result, further 
significant enhancements in the thermoelectric 
performance should include optimization of the 
electronic parameters, i.e., electrical conductivity  and 
Seebeck coefficient S. However, it is challenging to 
improve both parameters simultaneously since they are 
adversely coupled by the carrier concentration.11 Recently, 
band engineering,11,26-29 modulation doping,30-33 energy 
filtering,34-37 etc., have been reported as appropriate 
strategies to tailor the electronic properties of TE 
materials. Traditionally, it was thought that magnetism 
would not benefit thermoelectric performance and could 
even be detrimental due to localization effects and/or 
enhanced electron scattering by magnetic moments. 
However, Tsujii and Mori pointed out that strong 
interactions between extrinsic carriers and magnetic 
moments could potentially yield a large Seebeck 
coefficient, as they found in CuFeS2, by enhancing charge 
carrier effective mass.38-41 Recently, improved 
thermoelectric performance have been achieved through 

suppression of intrinsic charge carrier excitations using 
the magnetic transition of embedded particles.38-41

Previously, our group introduced the concept of atomic 
scale structural engineering of thermoelectrics 
(ASSET),36,37 as an elegant approach to achieve 
simultaneous enhancement in the power factor and 
reduction in the thermal conductivity using suitable 
nanoinclusions that are coherently embedded within the 
matrix. We successfully demonstrated the fabrication of 
nanocomposites consisting of a HH matrix with 
coherently embedded ultrafine full-Heusler (FH) 
inclusions.36,37,42 Significant Seebeck enhancements have 
been achieved in HH/FH nanocomposites that are 
generally attributed to the screening of low-energy 
carriers by the electronic energy band offset built at the 
interfaces between the nanoscale FH and the HH 
matrix.37,42 Chai et al. have systematically studied the 
structural evolution of HH by HRTEM when introducing 
extra Ni and concluded that the FH phases form because 
of clustering of extra Ni, which confirms the results from 
theoretical calculations43,44 and is also consistent with the 
structural atomic diffusion configuration initially 
proposed for the ASSET concept.36  Phase segregation has 
an important effect on the transport properties in the HH 
alloys as has already been demonstrated in HH/FH 
composites. Another important phase separation process 
occurring in the HH alloys with general composition 
TixZryHf1-x-yNiSn is the formation of Ti-rich and Ti-poor 
phases with HH structure when the amount of Ti exceeds 
the solubility limit in the Zr(Hf)-based HH alloy.45-48 

In this study, we investigate the interplay between both 
types of phase segregation in 
Ti0.25Zr0.25Hf0.5NiFexSn0.975Sb0.025 HH/FH composites 
obtained through incorporation of various amounts of 
elemental Fe into a HH matrix with optimized doping 
level.47 It is anticipated that the added elemental Fe will 
fill in tetrahedral vacancies within the HH crystal lattice, 
enabling the formation of nanoscale inclusions with FH 
structure within the HH matrix via a similar reaction 
mechanism previously proposed for the Ni-incorporated 
HH systems.36,37 By adjusting the Fe concentration, one 
can tune the density and average particle size of Fe-
containing FH (Fe-FH) inclusions within the composites. 
Meanwhile, phase separation into Ti-rich and Ti-poor 
phases with HH structure is also anticipated in 
Ti0.25Zr0.25Hf0.5NiSn0.975Sb0.025, given the high substitution 
level of Ti beyond the solubility limit of Ti in Zr(Hf)-based 
HH alloys.45,46,49-52 Here, we report that the incorporation 
of coherent magnetic nanoinclusions (Fe-FH) into half-
Heusler (HH) alloys with optimized doping level 
(Ti0.25Zr0.25Hf0.5NiFexSn0.975Sb0.025) induces charge 
localization and formation of overlapping bound 
magnetic polarons leading to (1) high-Tc ferromagnetism 
along with (2) enhanced thermoelectric figure of merit 
owing to the drastic reduction of the effective carrier 
density, large increase in the carrier mobility and Seebeck 
coefficient, as well as a significant decline in the 
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electronic contribution to the thermal conductivity. We 
attempt to rationalize the interesting electronic transport 
and magnetic properties resulting from the multiscale 
engineering of the internal structure of heavily doped 
Ti0.25Zr0.25Hf0.5NiFexSn0.975Sb0.025 HH/FH composites by 
integrating the concepts of the energy filtering effect at 
nanoscale FH/HH interfaces34-37 with charge carrier 
localization by nanoscale magnetic FH inclusions 
embedded within the HH matrix.  

Experimental details
Synthesis. To synthesize Ti0.25Zr0.25Hf0.5(Ni,Fex)Sn0.975Sb0.025 
(x = 0-0.15) composites, elemental powders of high purity 
were weighed and thoroughly mixed using agate pestle 
and mortar under Ar atmosphere in a glove box. The 
mixed powder was then loaded into a quartz tube and 
sealed under residual pressure of 10-3 Torr. The powder 
was heated at 400 oC for 24 hours and subsequently 
heated at 900 oC for 300 hours. The resultant powder after 
solid-state reaction was ground, sealed in a quartz tube, 
and further annealed at 900 oC for another 168 hours to 
make sure the starting elements are thoroughly reacted. 
High-density pellets were obtained by sintering the 
powder from solid-state reaction at 900 oC for 1 hour 
under an applied pressure of 100 MPa using a uniaxial hot 
press. The pellets were subsequently well polished and 
cut into different pieces for various measurements of 
electronic and thermal properties. Rectangular bars with 
approximate dimensions of 3  3  10 mm3 cut 
perpendicular to the pressing direction were used for 
thermopower and electrical resistivity measurements. 
Additional rectangular bars specimen with approximate 
dimensions 1  3  8 mm3 cut in the same direction were 
used for Hall effect measurement. Disk shape pellets of 10 
mm in diameter and ~ 2 mm in thickness cut in a 
direction perpendicular to the pressing direction were 
used for thermal conductivity measurement along the 
direction parallel to the pressing direction. Although 
measured along different directions, the electronic and 
thermal properties represent that of the bulk sample 
owing to the cubic structure of half-Heusler alloys.
Characterization. The phase composition and crystal 
structure were characterized using powder X-ray 
diffraction (PXRD) patterns collected on a Rigaku 
rotating anode system operating at 40 kV and 100 mA 
using a monochromated Cu-K radiation source. The 
overall chemical composition of the synthesized 
composites was evaluated by wavelength dispersive 
spectroscopy (WDS) on Cameca SX100 Electron Probe 
Microanalyzer. The average composition of various 
phases within the composites was characterized using 
point analysis by electron probe microanalysis (EPMA). 
The microstructure was studied by transmission electron 
microscopy (TEM) on JEOL 3100R05 with a cold field 
emission gun and double Cs correction. Backscatter 
electron (BSE) images and energy dispersive spectrum 

(EDS) mapping were collected on JEOL JSM-7800FLV 
Scanning Electron Microscope equipped with Oxford 
XMaxN 80mm² silicon-drift energy-dispersive X-ray 
spectrometer. The electrical conductivity and Seebeck 
coefficient were measured simultaneously from room 
temperature to 773 K using the four-probe method on a 
commercial ULVAC-RIKO ZEM-3 system under a low-
pressure helium atmosphere. The specific heat capacity 
and thermal diffusivity were measured on a laser flash 
system (Linseis LFA-1000) from room temperature to 773 
K. The thermal conductivity was calculated by  = CPD, 
where , CP and D are density, specific heat capacity and 
thermal diffusivity, respectively. The density of the 
pressed pellets was measured using Helium gas 
pycnometry on Micromeritics Accupyc II 1340. Low 
temperature and high temperature Hall measurement 
were carried out under a magnetic field of 1 T on a home-
built apparatus to evaluate the carrier concentration and 
mobility. The magnetic moment data were collected using 
a Quantum Design MPMS-CL SQUID magnetometer. DC 
magnetic moment under field cooled (FC) and zero-field 
cooled (ZFC) conditions were measured on powder of 
samples of selected Ti0.25Zr0.25Hf0.5(Ni,Fex)Sn0.975Sb0.025 

compositions over a temperature range of 2-800 K with an 
applied field of 100 Oe.

Results and discussion

Figure 1: Microstructure of 
Ti0.25Zr0.25Hf0.5(Ni,Fe0.05)Sn0.975Sb0.025 composites: (a) SEM 
image showing micron scale (Ti,Fe)-rich (black) and 
(Zr,Hf)–rich (grey) grains; (b) HRTEM image of a (Zr,Hf)-
rich grain showing the presence of nanometer scale 
(Ti,Fe)-rich inclusions; (c) schematic illustration of bound 
magnetic polarons (BMPs) formed through magnetic 
interactions between magnetic (Ti,Fe)-rich inclusions in (b) 
and itinerant electrons; (d) atomic scale resolution image 
of one of the (Ti,Fe)-rich inclusions in (b) showing the FH 
structure; (e) a schematic representation of the (110) plane 
of a FH structure.
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Structure and composition. Several compositions of 
the Ti0.25Zr0.25Hf0.5(Ni,Fex)Sn0.975Sb0.025 (x = 0-0.15) HH/(Fe-
FH) composites were synthesized by solid state reaction 
of the elements and structurally characterized using 
scanning electron microscopy (SEM), high-resolution 
transmission electron microscopy (HRTEM) and powder 
X-ray diffraction (PXRD), which confirmed both the 
formation of nanoinclusions with FH structure (Figure 1) 
and phase separation of the HH matrix into Ti-rich and 
(Zr,Hf)-rich HH phases (Figure S1 to S3). In addition, 
composition mapping and EPMA (electron probe 
microanalysis) point analysis (Table S1) revealed the 
coexistence in various Ti0.25Zr0.25Hf0.5(Ni,Fex)Sn0.975Sb0.025 

compositions of a Ti-rich FH phase with composition 
Ti(Ni4/3Fe2/3)Sn along with Zr-rich and Hf-rich HH phases. 
It is interesting to note from the EPMA result (Table S1) 
that while the Ti0.25Zr0.25Hf0.5NiSn0.975Sb0.025 HH 
composition naturally phase separates into Ti-rich and 
(Zr,Hf)-rich phases, the added Fe tends to mix exclusively 
with the Ti phase to form (Ti,Fe)-rich nanoinclusions 
(Ti(Ni4/3Fe2/3)Sn) with the FH structure embedded within 
the (Zr,Hf)-rich HH matrix. As the Fe content in the 
starting mixture increases, the population density and 
average size of the (Ti,Fe)-rich FH phase, Ti(Ni4/3Fe2/3)Sn, 
within the resulting composites increase (Figure S3 and 
Table S1-S2) whereas the fraction of Ti within the matrix 
decreases according to the chemical equation (1). 

0.25 Ti + 0.25 Zr + 0.5 Hf + Ni + Sn + x Fe  3x/2 
Ti(Ni4/3Fe2/3)Sn (FH inclusion) + [Ti(0.25-1.5x)Zr0.25 Hf0.5]Ni(1-

2x)Sn(1-1.5x) (HH matrix) (1)

The proposed chemical equation is consistent with 
elemental mapping showing the distribution of various 
elements within the composites (Figure S4). It can be 
seen that the added elemental Fe preferentially 

incorporates into the Ti-rich phase (Figure S4) to form 
the Ti(Ni4/3Fe2/3)Sn phase. The chemical composition of 
the FH inclusion phase was confirmed by EPMA point 
analysis result (Table S1), and the FH atomic structure of 
the Ti(Ni4/3Fe2/3)Sn inclusion phase was confirmed by the 
atomic resolution transmission electron microscopy 
image on the samples with x = 0.05 (Figure 1d).

The increased population density and average size of 
the (Ti, Fe)-rich FH phase upon increasing Fe 
incorporation into the HH matrix was further confirmed 
by BSE images (Figure S3). Processing the BSE images 
using Image-J software enabled an estimation of the mole 
fraction (obs) of the (Ti, Fe)-rich phase observed in 
various samples, which is compared to the theoretical 
fraction (calc) of (Ti, Fe)-rich calculated from the 
chemical equation (1) (Table S2). The discrepancy 
between the observed mole fraction (obs) and the 
calculated mole fraction (calc) of (Ti, Fe)-rich phase can 
be taken as an indirect measurement of the mole fraction 
of subnanometer scale (Ti,Fe)-rich phases within various 
samples. Remarkably, the discrepancy between the 
observed (obs) and the predicted (calc) mole fraction of 
the (Ti,Fe)-rich phase drastically decreases with the 
increasing Fe content, suggesting that as the nominal Fe 
content increases, the population density of (Ti,Fe)-rich 
nanoinclusions within the sample increases leading to 
agglomeration into larger particles. Within this picture, 
one can consider that ~78% of the (Ti,Fe)-rich phases 
formed in the sample with x = 0.05 are at the 
subnanometer scale (Table S2), whereas for the sample 
with x = 0.15 this number is only ~16%. Additional 
discussion of the microstructure of the synthesized 
materials is provided in the supplementary information.

The above described modulation of the microstructure 
and chemistry of various phases within the synthesized 
Ti0.25Zr0.25Hf0.5(Ni,Fex)Sn0.975Sb0.025 composites upon 
incorporation of Fe is expected to profoundly influence 
their magnetic and thermoelectric properties.

Magnetic properties. Field cooled (FC) and zero-field 
cooled (ZFC) magnetic moment data of selected 
Ti0.25Zr0.25Hf0.5(Ni,Fex)Sn0.975Sb0.025 composites collected 
under an applied field of 100 Oe showed that all Fe-
containing samples display various degrees of magnetic 
interactions (Figure 2). Interestingly, the magnitude of 
the magnetic moment as well as the nature of magnetic 
ordering within various samples strongly depends on the 
Fe content, which, in turn, strongly affects the 
microstructure and chemistry of the resulting composites. 
For instance, the FC curve for the sample with x = 0.02 
shows a gradual increase of the magnetic moment from 
~12 x10-6 µB/f.u. at 300 K to ~28 x10-6 µB/f.u. at 40 K. 
Further dropping the temperature resulted in a drastic 
increase of the magnetic moment to ~40 x10-6 µB/f.u. at 5 
K. A similar trend is observed in the magnetic moment 
curves of the samples with x = 0.1 and 0.15. However, the 
magnitude of the magnetic moment at 300 K is enhanced 

Figure 2: Temperature dependent magnetization of 
Ti0.25Zr0.25Hf0.5(Ni,Fex)Sn0.975Sb0.025 composites under Field-
cooled (FC, red circles) and zero-field cooled (ZFC, blue 
squares) conditions: (a) x = 0.02; (b) 0.05; (c) x = 0.1; (d) x 
= 0.15.
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to ~80 x10-6 µB/f.u. for the sample with x = 0.1 and to ~90 
x10-6 µB/f.u. for the sample with x = 0.15. The magnetic 
moment of the sample with x = 0.1 and 0.15 increases to 
~120 x10-6 µB/f.u. and ~200 x10-6 µB/f.u., respectively, upon 
cooling to 40 K, then sharply rises to ~210 x10-6 µB/f.u. and 

~460 x10-6 µB/f.u. at 5 K. The sample with x = 0.05 showed 
a unique trend with the largest value of the magnetic 
moment at 300 K, ~700 x10-6 µB/f.u., which reaches ~1440 
x10-6 µB/f.u. upon cooling to 5 K. 

The presence of magnetic ordering within various 
samples can be associated with the formation of the 
magnetically active (Ti,Fe)-rich FH nanoinclusions within 
the (Zr,Hf)-rich HH matrix. Indeed, a schematic 
illustration of the molecular orbital diagram for TiNiFeSn 
(Figure S5) reveals the presence of unpaired spins with a 
total spin value S = 2, suggesting some degree of magnetic 
ordering within the (Ti,Fe)-rich FH phase. However, the 
magnitude of the magnetic moment in the FH inclusion 
depends on the relative position of the bonding a1 orbital 
with respect to the pair of degenerate bonding eg (dz

2, dx
2
- 

y
2) orbitals and the set of triple-degenerate bonding t2g 

(dxy, dyz, dxz) orbitals, which, in turn, can be altered by the 

change in the average size of the FH inclusions. For 
instance, in the bulk TiNiFeSn phase, one would 
anticipate the localization of the bonding a1 orbital at 
energy levels below that of the bonding d-orbitals 
resulting in a total spin value S = 1.53-55 Within this picture, 
one can rationalize the observed change in the magnitude 
of the magnetic moments of various samples by taking 
into account the average particle size as well as the 
distribution of (Ti,Fe)-rich FH within the HH matrix. The 
incorporation of low Fe content (x ≤ 0.05) resulted in the 
formation of widely dispersed nanometer scale (Ti,Fe)-
rich FH inclusions (Figure 1b) with high spin state (S = 2) 
within the HH matrix, yielding the large magnetic 
moments observed in the sample with x = 0.05 (Figure 
2b). Further increasing the Fe content beyond x > 0.05 
gives rise to the agglomeration of nanometer scale 
(Ti,Fe)-rich FH inclusions into microscale particles 
(Figure S3) with bulk-like properties. Accordingly, the 
magnetic moments for the samples with x = 0.1 and 0.15 
are much reduced compared to that of x = 0.05. The 
observed increase in the magnitude of magnetic moment 
of samples with x = 0.1 and 0.15 compared to that of the 
sample with x = 0.02 can be associated with the increase 
in the population density of the (Ti,Fe)-rich phase within 
the samples, as suggested by the SEM images (Figure S3-
S4). 

The complex shape of the magnetic moment curves 
(ZFC and FC) for various samples points to frustrated 
magnetic ordering. For instance, the divergence between 
the ZFC and the FC magnetic moment curves at 
temperatures below 300 K suggests the coexistence of 
ferromagnetic (FM) and/or anti-ferromagnetic (AFM) 
ordering in the samples, which leads to magnetic 
frustration.53,56-58 While the sharp increase of the magnetic 
moment below 40 K can be attributed to AFM ordering, 
the apparent saturation of the ZFC magnetic moment 
below 200 K for samples with x = 0.02, 0.05 and 0.15 
points to FM ordering (Figure 2). Notably, the FC 
magnetic moment of the sample with x = 0.05 above 300 
K gradually decreases with rising temperature up to 650 K, 
at which point the moment drops to nearly zero (Figure 
3a) and thereafter, remains constant with further increase 
in the temperature. Thus, 
Ti0.25Zr0.25Hf0.5(NiFe0.05)Sn0.975Sb0.025 hosts predominantly 
FM behavior with Tc ~ 650 K. 

The FM character of the sample with x = 0.05 was 
further confirmed through field-dependent 
magnetization measurements at selected temperatures 
between 2 K and 400 K (Figure 3b). The characteristic S-
shape of the magnetization curves up to 400 K is 
consistent with FM ordering with saturation values 
decreasing from 100 emu/mol at 2 K to 30 emu/mol at 400 
K. We attribute the high-Tc FM behavior to long-range 
coupling of localized moments on adjacent (Ti,Fe)-rich 
magnetic nanoinclusions within the (Zr,Hf)-rich 
semiconducting HH matrix via formation of overlapping 
bound magnetic polarons (BMPs)54,55,59-66 and/or carrier-

Figure 3: Magnetic behavior of 
Ti0.25Zr0.25Hf0.5(Ni,Fe0.05)Sn0.975Sb0.025 composites: (a) 
temperature-dependent magnetic moment above 300 K 
showing the Curie transition temperature Tc ~ 650 K (FC: 
field cooled, red circles; ZFC: zero-field cooled, blue 
circles); (b) magnetization versus applied field at various 
temperatures between 2 K and 400 K. Inset of (b) is the 
enlarged detail of hysteresis near zero field to show the 
coercive force.
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mediated mechanisms (Figure 1c). The above described 
magnetic ordering of (Ti,Fe)-rich inclusions within the 
(Zr,Hf)-rich HH matrix is expected to strongly influence 
atomic scale electronic transport behavior in the 
synthesized composites. 

Thermoelectric properties. One interesting unique 
characteristic of the synthesized 
Ti0.25Zr0.25Hf0.5(NiFex)Sn0.975Sb0.025 composites is their 
multifunctional behavior, which is manifested by the 
coexistence of high Tc ferromagnetism and n-type heavily 
doped semiconductivity. As shown in Figure 4, the 
electrical conductivity at zero-field for all compositions 
gradually decreases with rising temperature, which is a 
typical behavior for heavily doped semiconductors. The 
temperature-dependent electrical conductivity data are 
well fit by the power law T-, as expected for acoustic 
phonon scattering of charge carriers. Interestingly, the 
power law exponent decreases with the increasing Fe 
content from   0.70 for the sample with x = 0 to   0.41 
for the sample with x = 0.15, which suggests a transition of 
the transport mechanism from metallic-like to semi-
metal-like behavior, possibly due to variations of the 
charge carrier concentration in different samples (Figure 
4c).

Regardless of the temperature, the magnitude of the 
electrical conductivity initially decreases with increasing 
Fe content, reaching minimum values for the composition 
with x = 0.05, then increases thereafter with further 
increase in the Fe content. However, the electrical 
conductivity of all Fe containing samples remains lower 
than that of the Fe-free HH matrix.  For instance, the 
electrical conductivity at 300 K is ~ 4700 S/cm for the Fe-
free sample (x = 0) and gradually decreases to ~ 3600 
S/cm for the sample with x = 0.02 and further drop to ~ 
3300 S/cm for the sample with x = 0.035 before reaching 

the minimum value of ~ 2200 S/cm for the sample with x 
= 0.05. The electrical conductivity of samples with x= 
0.075, x = 0.1 and 0.15 showed a slight increase (~ 3100 
S/cm at 300 K) compared to the sample with x = 0.05. The 
observed drop in the electrical conductivity upon 
incorporation of Fe atoms is attributed to the decrease in 
the charge carrier density, which, in turn, can be 
associated with (1) the energy filtering of low-energy 
carriers at the atomic scale interfaces between the HH 
matrix and FH inclusions as discussed elsewhere,36,37,42,67,68 

and/or (2) the localization of free carriers by magnetic 
(Ti,Fe)-rich FH inclusions embedded within the (Zr,Hf)-
rich HH matrix. This analysis is consistent with the 
carrier density data (Figure 4c) extracted from the Hall 
coefficient data (Figure S6a), assuming a single carrier 
model (RH = 1/nq, where q is the electron charge). All 
selected samples showed negative Hall coefficient values 
indicating n-type semiconducting behavior. The carrier 
density of the Fe-free sample remains nearly constant (~ 
80 x 1019 cm-3) with rising temperature, as anticipated for a 
heavily doped semiconductor. At temperatures above 600 
K, thermal activation of carriers from the valence band 
(VB) to the conduction band (CB) leads to marginal 
increase in the overall carrier density. Intriguingly, the 
incorporation of Fe into the HH matrix to develop FH 
nanoinclusions results in a reduction of the overall 
effective carrier concentration (n) for all samples, which is 
consistent with the observed drop in the electrical 
conductivity. The observed drop in n values is quite a 
surprising result since one would anticipate larger carrier 
concentration upon doping a semiconductor with a 
metallic phase. However, the observation is in agreement 
with previous studies where diminished overall carrier 
densities were found upon embedding nanoscale 
inclusions with full-Heusler (FH) structure into a half-
Heusler (HH) matrix using excess elemental Ni.[28, 29] Such 
a change in the carrier density was rationalized using the 
concept of energy filtering of low-energy carriers at 
HH/FH interfaces, owing to the electronic energy band 
alignment offset between the neighboring phases. 
However, it was also found that the decrease in the carrier 
density due to energy filtering at the HH/FH interfaces 
strongly depends on the doping level of materials.68 Only 
a marginal drop in the carrier density was found for 
heavily doped HH/FH composites containing a small 
fraction of low-energy carriers, such as the HH 
compositions under consideration in the present study. 
Therefore, the large drop in the carrier density upon 
increasing the Fe content (up to ~63% for the sample with 
x = 0.05) (Figure 4c) suggests that there must be an 
additional mechanism for electron “trapping” at play in 
these samples. For example, the large population density 
of magnetic (Ti,Fe)-rich FH nanoinclusions in 
Ti0.25Zr0.25Hf0.5(NiFe0.05)Sn0.975Sb0.025 may act as trapping 
centers for itinerant charge carriers through a 
combination of the energy filtering effect at the 
matrix/inclusion interfaces,36,37,42,67,68 and charge 

Figure 4: Electronic transport properties of 
Ti0.25Zr0.25Hf0.5(Ni,Fex)Sn0.975Sb0.025 composites: (a) 
electrical conductivity; b) Seebeck coefficient; c) carrier 
concentration and d) carrier mobility. 
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localization by the magnetic nanoinclusions (Figure 1c). 
The localization of charge carriers around such magnetic 
(Ti,Fe)-rich FH nanoinclusions presumably leads to the 
formation of overlapping bound magnetic polarons 
(BMPs), resulting in the observed long-range 
ferromagnetic ordering up to Tc = 650 K and the large 
drop in the effective carrier density. Importantly, the 
charge carrier density for the sample with x = 0.05 
remains nearly constant with the rising temperature up to 
~ 650 K, above which a gradual increase in the carrier 
density is observed. This suggests that the loss of the FM 
ordering at temperatures above 650 K triggers the release 
of a fraction of initially trapped carriers into the 
electronic conduction. Further increase of the Fe content 
to 0.1 and 0.15 resulted in an increase in the carrier 
density compared to that of the sample with x = 0.05 
(Figure 4c), suggesting partial doping of these samples 
due to the observed agglomeration of a large fraction of 
(Ti,Fe)-rich nanoinclusions into micrometer scale 
particles with bulk metallic conductivity.

Remarkably, the drastic reduction in the carrier 
density of the sample with x = 0.05 resulted in a large 
increase in both the thermopower (Figure 4b) and the 
carrier mobility (Figure 4d). All samples showed negative 
thermopower values in the whole measured temperature 
range, further confirming the n-type semiconducting 
behavior of the synthesized composites. At 300 K, a ~42% 
increase in the thermopower (from -68 µV/K to -96 µV/K) 
was observed for the sample with x = 0.05 when compared 
to that of the Fe-free sample, with a ~22% enhancement 
at 775 K. The observed large increase in the thermopower 
offsets the reduction in the electrical conductivity. In 
addition, the 27 % increase in the carrier mobility (Figure 
4d) partially compensates for the 63% reduction in the 
carrier concentration, leading to only a marginal decrease 
(13 % at 800 K) in the power factor (PF) (Figure 5a) for 

the composition with x = 0.05. Further increasing the Fe 
concentration above x = 0.05 leads to a decreasing power 
factor, mainly due to the degradation of the Seebeck 
coefficient. 

The total thermal conductivity of the Fe-containing 
samples initially decreases with the increasing Fe content 
reaching minimum values for the sample with x = 0.05. At 
300 K, the thermal conductivity of the Fe-free HH matrix 
is ~7 Wm-1K-1 and drops to ~ 5 Wm-1K-1 upon 
incorporation of 5 at% Fe. Additional Fe resulted in the 
total thermal conductivities larger than that of the Fe-free 
HH matrix. While the reduction in the total thermal 
conductivity of samples with x = 0.02, 0.035 and 0.05 is 
consistent with the observed trend in the electrical 
conductivity data, the measured larger total thermal 
conductivities for the samples with greater Fe contents 
are quite surprising. To fully understand the effect of 
nanostructuring on the total thermal conductivity of the 
synthesized samples, the electronic thermal conductivity 
(Figure S6b), calculated based on the Wiedemann–Franz 
law: e= LT, where L is Lorenz number (2.45 x10-8 WK-2 
for degenerated semiconductors),  is the electrical 
conductivity and T the absolute temperature, was 
subtracted from the total thermal conductivity. The 
resulting lattice contribution to the total thermal 
conductivity shown in Figure 5c reveals that Fe 
incorporation into Ti0.25Zr0.25Hf0.5NiSn0.975Sb0.025 leads to 
composites with larger lattice thermal conductivity, 
except for the sample with x = 0.05, which maintains 
similar lattice thermal conductivity to that of the Fe-free 
HH matrix. The observed increase in the lattice thermal 
conductivity with increasing Fe content is consistent with 
the formation of interconnected (Ti,Fe)-rich FH 
inclusions with large thermal conductivity within the 
resulting composites, as shown from the SEM images 
(Figure S3). In the samples with x = 0.05, the (Ti,Fe)-rich 
FH nanoinclusions are widely dispersed, diminishing 
their contributions to the lattice thermal conductivity of 
the HH matrix. Therefore, the observed large reduction 
(33% at 800 K) in the total thermal conductivity for the 
sample with x = 0.05 compared to the Fe-free sample 
arises from the combination of low electronic thermal 
conductivity due to the substantial drop in the electrical 
conductivity and low lattice thermal conductivity owing 
to the dispersion of (Ti,Fe)-rich FH nanoinclusions within 
the HH matrix. Overall, the marginal decrease (13% at 
800K) in the PF and the large reduction (33%) in the total 
thermal conductivity for the sample with x = 0.05 resulted 
in a significant (29%) improvement in the thermoelectric 
performance. A thermoelectric figure of merit, zT, as high 
as 0.75, was obtained at 775 K for the sample with x = 0.05, 
which corresponds to a marked enhancement compared 
to results previously reported for similar compositions at 
the same doping level.47 The sharp slope of the zT plot 
points to even higher values at higher temperatures. 

Figure 5: Thermoelectric properties of 
Ti0.25Zr0.25Hf0.5(Ni,Fex)Sn0.975Sb0.025 composites: (a) power 
factor; (b) total thermal conductivity; (c) lattice thermal 
conductivity;  and (d) thermoelectric figure of merit.
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Conclusion
In summary, we demonstrate that starting from a half-
Heusler thermoelectric material with fully optimized 
doping level, Ti0.25Zr0.25Hf0.5NiSn0.975Sb0.025, further 
enhancement of the figure of merit can be achieved 
through incorporation of widely dispersed coherent 
atomic scale magnetic nanoinclusions within the matrix. 
The incorporation of magnetic nanoinclusions within the 
HH matrix is achieved through preferential reactivity of 
the added elemental Fe atoms with Ti to form (Ti,Fe)-rich 
(TiNi4/3Fe2/3Sn) nanoinclusions with FH structure 
coherently embedded within the (Zr,Hf)-rich HH matrix. 
We found that such atomic scale magnetic FH inclusions 
regulate the electronic behavior of the existing ensembles 
of electrons by trapping a significant fraction of itinerant 
charge carriers via (1) energy filtering at the 
matrix/inclusion interfaces and, more importantly, 
through (2) magnetic coupling interactions between 
localized moments of embedded FH inclusions and the 
spins of the free carriers, resulting in a large reduction in 
the effective carrier density. The atomic scale engineering 
of electronic transport within the HH matrix using 
magnetic nanoinclusions has the following three major 
consequences. First, the localization of itinerant carriers 
by the magnetic nanoinclusions results in the formation 
of overlapping bound magnetic polarons (BMPs), 
inducing a high Tc ~ 650 K diluted ferromagnetic 
semiconductor. Secondly, the large reduction in the 
effective carrier density gives rise to a significant 
enhancement of both the carrier mobility and 
thermopower, which minimizes detriment to the overall 
power factor. Finally, the decreased electrical 
conductivity arising from the diminished effective carrier 
concentration causes a significant drop in the total 
thermal conductivity, owing to the reduction of the 
electronic contribution to the thermal conductivity. The 
discovery of this novel approach to enhance the 
thermoelectric figure of merit using coherent magnetic 
nanoinclusions is expected to pave the way towards even 
larger figures of merit in leading thermoelectric materials. 
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