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Abstract

Half-Heusler alloys of the compositions X;_,A;Ni;_;B;Sn and X;_,A,Co;_;,B;Sb

(X = Hf, Zr) were synthesized with transition metals (A, B) substituted at the X and Ni/Co sites
with the values of a and b between 0 and 0.15. Thermopower and electrical resistivity
measurements from room temperature to 1100 K were performed to investigate resultant
modifications to the electronic band structure in the vicinity of the band gap. As a result of
these substitutions, thermopower was typically reduced across the entire temperature spectrum,
in some cases changing sign. In the case of XNiSn-type alloys, electrical resistivity curves were
indicative of semiconducting behavior, except in the case of samples in which Sb was
introduced to the Sn site as a dopant. XCoSb-type alloys, however, were found to exhibit
metallic resistivity behavior for all substitutions investigated. Hall effect measurements were
performed to confirm the dominant carrier type and carrier concentration. The effects of
transition metal substitution on the locations of a dopant band and the pinned Fermi level were
discussed in the light of recent first-principles electronic structure calculations for half-Heusler
alloys. For some of the semiconducting alloys, the band gaps that were determined from the
high temperature region of the resistivity curves were found to be in closer agreement with

those obtained from calculations than previously reported.

1. Introduction

The half-Heusler phase is of the form XYZ and is based on
transition metals, where X and Y are such metals and Z is sp-
valent, and each species sits on one of three interpenetrating fcc
lattices—X and Z together forming a rock salt structure and
X and Y forming a zinc-blende structure. In part due to this
high degree of symmetry, certain compositions of these phases
exhibit semiconducting properties, despite often being wholly
composed of metallic atoms. As a result, half-Heusler phases
have attracted some degree of attention as prospective high
temperature thermoelectric materials [1, 2], heavy fermion
systems [3], or half-metallic ferromagnets [4, 5], with recent
calculations predicting T¢ values much higher than room
temperature [6].

The novel electrical and magnetic properties of the system
have spurred a number of first-principles studies of the
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electronic structure of these alloys, with most of the work done
from the late 1980s to 1990s. Early on, it was postulated
that the peculiar properties of certain compositions of the half-
Heusler phase were caused by an energy gap at the Fermi
energy. The size of this gap was estimated by investigating the
temperature dependence of the resistivity at high temperatures,
resulting in 0.120 eV for TiNiSn, 0.186 eV for ZrNiSn, and
0.220 eV for HfNiSn [7]. By the mid-nineties, first-principles
band structures and densities of state of this class of materials
were calculated within the local density approximation (LDA),
predicting an indirect gap of approximately 0.5 eV, in part
the result of strong p—d hybridization in the I'X direction [8].
By the turn of the century, quantitative information had been
produced from band structures using FLAPW (full linearized
augmented plane wave method) and LMTO-ASA (linearized
muffin-tin orbitals-atomic sphere approximation) calculations.
In ZrNiSn, it was found that the bands directly below the

© 2008 IOP Publishing Ltd  Printed in the UK
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gap were shown to be of strong Ni-d character, while those
above were calculated to be of primarily Zr-d character [9].
Moreover, Sn-p levels were shown not to provide a large
contribution to the density of states (DOS) in the vicinity of the
band gap, indicating that doping that site would merely result
in increasing or decreasing the valence electron count (VEC)
without otherwise modifying the band structure near the Fermi
level.

Interest in possible spintronics applications spurred band
structure studies of half-Heusler compounds over the course
of this decade. Tight bonding LMTO-ASA calculations have
shown that in half-Heusler compositions with a gap at or near
the Fermi level, gap formation results in part from d—d orbital
repulsion between the transition metal X and Co/Ni and that
in both XNiSn and XCoSb, neither Sn nor Sb has a major
contribution in the vicinity of the gap [10]. In either case,
below the gap lie four Sn/Sb s and p bands and five bands of
predominantly Ni- or Co-d character. The nine bands are filled
when the VEC is 18. A comprehensive review of ab initio
calculations of the electronic structure and resultant magnetic
properties of semiconducting and half-metallic half-Heusler
alloys has recently been published [11].

Studies of the effects of dopants on the band structure of
these phases have only emerged in the past few years. TB-
LMTO-ASA calculations of TiCoSb and TiNiSn with 25%
Mn introduced to the Ti site show the formation of a Mn
band within the gap, above the predominantly Ni-d or Co-d
states at the top of the valence band [12]. In both cases, the
creation of this band pushes the Fermi energy higher, thereby
reducing the size of the gap measured. In a similar vein, Co
substitution onto the Ni site of ZrNiSn in quantities of 0.5%—
10% was studied by another group [13]. In this case the
dopant sub-level is observed only just above the valence band,
and the Fermi energy is pulled down to that level, indicating
that the semiconductor has become overcompensated. This
overcompensation also results in a change of the majority
carrier from electrons to holes and hence a flipping of the sign
of the thermopower.

The thermopower, or Seebeck coefficient, and electrical
resistivity are important parameters for optimizing the figure
of merit, ZT, of a thermoelectric alloy. The magnitude of
the thermopower is governed by the width and sharpness
of the band gap. A sharp gap is beneficial for high
thermopower. The intent of this experimental study is to
examine systematically the effects of transition metal dopants
V, Cr, Mn, Fe, Co, Ni, and Cu on the band gap structure, and
therefore the thermopower and electrical resistivity, in both
the Hfjy75ZrpsNiSn and the HfysZry5CoSb systems. This
study also represents a first attempt to explore the possibility
of enhancing ZT through band structure modification in half-
Heusler alloys. In this study, while the effects of introducing
transition metal dopant bands in the vicinity of the band gap
can be understood in terms of the roles of band structure and
atomic dopant levels, the utilization of these dopants has not
led to an increase of thermoelectric properties, and therefore
ZT, due largely to significant reductions in thermopower
caused by the introduction of these dopant levels into the
band gap.

2. Experimental procedure

In this study, Hfy 75Zrp 25NiSn was doped with V, Cr, Mn, Fe,
Co, and Cu on the Ni site and Ce, V, Mn, Co, and Cu on
the Hf/Zr site. The Hf( sZrosCoSb system was doped with
Mn and Ni on the Co site. Alloys were prepared in nominal
compositions using high purity (greater than 99.9%) elemental
solid pieces by arc melting under flowing argon. In Sb-rich
compositions, an additional 5% Sb by weight was added to
offset evaporation during melting. The addition of extra Sb in
these materials has been shown to lead to near-stoichiometric
half-Heusler phases [14]. To promote homogeneity, each ingot
was flipped and remelted twice. Ingots were then cut into
rectangular blocks of typical dimensions (2 mm x 2 mm X
10 mm) for measurement. The samples were cleaned in
acetone for several minutes, wrapped in Ta foil, sealed in
evacuated quartz ampoules, and annealed at 800 °C for seven to
ten days to improve crystalline ordering. The crystal structure
and phase purity of the annealed samples were confirmed
by two-circle powder x-ray diffraction with Cu Ko radiation.
Thermopower and electrical resistivity measurements were
made simultaneously from room temperature to 1100 K
over the course of three hours. Electrical resistivity was
measured with silver contacts via the DC four point probe
method, and thermopower was measured by employing the
differential technique with chromel-alumel thermocouples
attached by pressure contact, as described previously [15].
Each thermoelectric measurement was calculated from a linear
best fit routine from at least 40 voltage and temperature
differences. Hall effect measurements on selected samples
were performed on a Quantum Design PPMS with five
contacts, two for alternating current and three for voltage
measurement. Carrier concentration was calculated from the
slope of Hall resistivity versus magnetic field curves.

3. Results and discussion

3.1. Structure

X-ray diffraction scans were taken to verify that the
relatively high percentages of transition metal dopants were
indeed associated into the half-Heusler crystal structure.
Figure 1 is an example of one such scan, in this case
(Hfo75Zr0.25)0.0Mng 1 NiSn, which clearly shows only the nine
peaks associated with the half-Heusler phase. Similar scans
were made on V-, Cr-, Mn-, Fe-, Co-, and Cu-doped samples,
each of which showed no second phase. Any changes in the
lattice constant as a result of substitution were too small to
be measured, which is not surprising considering the relatively
constant metallic radii for the transitional metal series V, Cr,
Mn, Fe, Co, Ni, Cu.

3.2. Electrical resistivity and band gap

The position of the Fermi energy relative to the bottom of
the conduction band was calculated from high temperature
electrical resistivity measurements to provide an indication
of the extent of acceptor doping, as well as to suggest the
location of partially-filled dopant bands that exist within the
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Figure 1. X-ray diffraction scan of (Hf( 75Zr(.25)0.0Mng 1 NiSn,
showing only the nine peaks associated with the half-Heusler phase.

Table 1. Effective gaps of doped Hfy 75Zr»5NiSn alloys.

Theoretical Effective

gap size gap size

Composition €eV) (eV)
ZrNiSn 0.50-0.51
HfNiSn 0.48
Hif.75Zro.2sNiSn 0.23
Hif}.75Zr0.25C00.05sNig.95Sn 0.40
(Hfy.75Zr0.25)0.95C00.0sNiSn 0.47
Hif}.75Zro 25Feo.0sNig.0sSn 0.27
Hif.75Zr0.25Mng, 1 Nig.oSn 0.27
(Hfo.75Zr0.25)0.0Mng 1 NiSn 0.27
(Hfo.75Zr0.25)0.0Mng 2Nig 9Sn 0.33
Hif}.75Zr0.25Cro.1Nig.oSn 0.18
Hf.75Zr0.25V0.1Nig.9Sn 0.19
Hif.75Zr0.25Cu0.01Nig.99Sn 0.15
(Hfy.75Zr0.25)0.99Cu,01NiSn 0.12

band gap for these materials. Table 1 lists the position of the
Fermi energy relative to the bottom of the conduction band—
the so-called effective gap—of Hfj 75Zr(,5sNiSn with several
transition metal dopants, calculated from high temperature
electrical resistivity data using the method of Aliev et al [7]
in which electrical resistivity is mainly determined by the
effective gap size &, using the following relation:

€X 8g
AT A

For comparison, oft-cited theoretical values of the energy
gaps of ZrNiSn [8, 16] and HfNiSn [8] are included as the
first entries of the table. Since the Fermi energy is found to
be located at the top of the valence band [9, 10, 17, 18], the
two values should be similar in the case of a perfect single
crystal. The difference between predicted and measured band
gap values has been explained as stemming from site disorder
that introduces a partially-filled nonzero DOS in the gap, which
has been explained as a result of a lattice defect, possibly the
interposition of Hf/Zr and Sn or excess Ni taking the form of a
donor level [19].

OUndoped

B Doped with 5% Co
®Doped with 10% Mn
oDoped with 10% Cr

0.0014 -
0.00138 -
0.00136 A
0.00134
0.00132
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0.0011% T T T T T 1
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Figure 2. High temperature end of resistivity curves of
Hfy 7571 »5NiSn with transition metals doped to the Ni site,
plotted to display linear relation between 1/ 7 and 2kg In p.

Figure 2 is a plot of several high temperature resistivity
curves, with 1/2kgInp plotted against the inverse of the
temperature, 7'; thus the effective energy gap is given by
the slope of the lines. Temperatures of 800 K and greater
were recently reported to be sufficiently high to study the
intrinsic semiconductor region of XNiSn (X = Ti, Zr) [19].
The lines in figure 2 were fit by linear regression over the
temperature range of approximately 800-1100 K. The fitted
temperature range varied for some materials, particularly in
cases where good electrical contacts could not be maintained
at high temperatures; a notable case is that with 10%
Mn doping, which is included in the figure. The most
striking departure from the measured gap value of the
undoped material is observed for the Co-substituted alloys.
According to thermopower and Hall coefficient measurements,
Co substitution also changes the room temperature majority
carrier from electrons to holes. The Fermi level in this instance
appears to have been lowered to nearly the top of the valence
band, which is primarily of Ni-d character, resulting in a
measured gap close to the theoretical value.

As different transition metal dopants are investigated,
moving right to left across the periodic table, the Fermi
energy appears to move from near the top of the valence band
towards the predominantly Hf-/Zr-d conduction band edge, as
is revealed by the measured gap size. The observed trend
can be understood in terms of the energy level trend of the d
states in the dopant elements [12]. Since the d electrons in
the higher valent transition metals with larger nuclear charges,
such as Co and Ni, are more tightly bound than those in the
lower valent transition metals, such as V or Cr, the position
of the impurity band of the p-type dopants Co, Fe, Mn, Cr,
and V is expected to systematically shift inside the gap from
lower energy to higher energy as the atomic number decreases.
As a result, in the doped alloys with VEC less than 18, the
Fermi level, which is now pinned at the partially-filled dopant
impurity band, will systematically shift from lower energy to
higher energy, starting from just above the filled Ni-d band,
until the empty conduction band edge of predominantly Zr/Hf
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Figure 3. Sketch of band structure in the vicinity of the gap of
XNiSn, showing the location of dopant peaks for different metals, M.
The dopant bands are expected to be similar regardless of whether
the dopant is introduced on the X site or the Ni site.

character is approached. To illustrate this point, a rough
sketch of the band structure in the vicinity of the band gap is
shown in figure 3. Overall, the dopant band location is largely
determined by the atomic energy level of the dopant, and the
effective gap size can be ascribed to the systematic variation
of the dopant impurity band location inside the band gap with
respect to the conduction band.

Dopants on the Hf/Zr site appear to produce a similar
effect with dopant levels of a particular species occupying
approximately the same position within the gap as it would
for substitution on the Ni site; the effective band gap of
(Hfy.75Z10.25)0.9Mng NiSn, i.e. with 10% Mn substitution on
the Hf/Zr site, was calculated to be 0.27 eV, the same
value calculated for 10% Mn substitution to the Ni site.
Furthermore, when 5% Co is added to the Hf/Zr site to
form (Hf0.7SZr0,25)0,95C00,05NiSn, the resulting effective gap
is calculated to be 0.47 eV, slightly larger than the 0.40 eV
obtained when the Co is added to the Ni site. The reason
behind this slight increase in &, may be attributed to the fact
that in the case of 5% Co substitution on the Hf/Zr site, some
of the Co-d electrons must fill the vacant bonding states that lie
further below the top of valence band, originally occupied by
the replaced 5% Hf/Zr [13]. As a result, both the Co dopant
band and the pinned Fermi level shift to a lower energy, and a
correspondingly larger effective band gap is observed.

Investigations were also made into the effective Fermi
level of undoped and of transition metal-doped XCoSb alloys.
Using the same method as above, an effective energy gap
of 0.12 eV is calculated from high temperature resistivity
measurements of Hf( 5ZrysCoSb. Such a small effective gap
is not altogether surprising; it was previously reported that
while TiCoSb was semiconducting, ZrCoSb and HfCoSb were
high resistivity, compensated semimetals [20]. With regard to
doped alloys, fitting high temperature resistivity curves was not
possible for Hfj 5ZrysCoSb alloys with Ni or Mn substituted
onto the Co site or Sn substituted to the Sb site. All samples
measured exhibited metallic resistivities, which increased with
temperature, indicating that the Fermi level was no longer
pinned within the gap.

3.3. Thermopower and hall effect measurements

A well-ordered system with a steep slope in the density of
states near the Fermi level is favorable to large thermopower.
Accordingly, any additional states that form in the vicinity
of the band gap as a result of transition metal doping would
tend to have a negative impact on the magnitude of the
thermopower. The introduction of hole states in some of
the alloys also tends to contribute to this reduction in the
n-type host alloy. Table 2 is a table of room temperature
values of thermopower, resistivity, and Hall measurements of
the XNiSn-type half-Heusler compounds with transition metal
substitutions, taken at approximately 310 K. It is noteworthy
that when compared to the undoped XNiSn alloy, substitution
with any transition metal located between Ni and Ti on the
periodic table substantially reduces the thermopower without
a very significant change in the resistivity, considering the
relatively large change in valence. The dopant impurity bands
pin the Fermi energy within the gap (figure 3), which results
in high resistivity. Another factor that can also contribute
to the higher resistivity in the case of d-band dopants, when
compared with the much lower resistivity seen with sp-
band dopants [2, 14] is that the d carriers are less mobile.
Thus, transition metals are ineffective dopants for the half-
Heusler alloys. The thermopower and resistivity trends can be
discussed qualitatively. In the Co case, the partially unfilled
Co dopant band overlaps with the valence band, introducing
hole carriers into the system. As the Co concentration
increases, the thermopower becomes more positive, and the
additional hole carriers introduced into the system begin to
lower the resistivity. The Fe dopant band has less overlap
with the valence band, and there is less hole contribution to the
thermopower. For the Mn-substituted alloy, the thermopower
is less affected, possibly because the Mn dopant band is further
from either band edge [12, 13]. Following the discussion
in section 3.2, the Cr and V dopant bands are expected to
overlap with the conduction band, and as a result the Cr-and
V-doped alloys behave like an n-doped material with a reduced
resistivity and thermopower [15].

Room temperature Hall measurements were carried out
to determine carrier types and concentrations in selected
samples, including undoped Hfy75Zry,5NiSn, and several
doped Hfy 75Zro»sNiSn alloys, as shown in table 2. In both
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Table 2. Room temperature thermopower, resistivity and Hall measurements.

Thermopower Resistivity Carrier concentration

Composition (nV K™ (2 cm) Carrier type  (cm™)
Hf.75Z10.25sNiSn —213 6800 Electrons 5.5 x 10"
Hf0.75Zr0A25Ni0A99Cu0A01Sn —71 1700 Electrons 2.2 x 1020
(Hf()jszro'z\s)ovggcllo'o]NiSIl —171 1480
Hf0.75ZI‘0A25C00.05Ni0A95SI] 36 6700 Holes 3.1 x 1020
Hf0.75ZI‘0A25C00.15Ni0A85SH 56 3800 Holes 7.3 x 1020
(Hfo.75Z10.25)0.97C00.15Nig 8550 25 4420
Hf( 75710 25Feo.0sNi 9sSn —86 6750 Electrons Obscured by magnetic effects
Hf()szI'oQ\le’lQ]NngSn —172 7050 Electrons 5.4 x 10]9
(Hf()jszro'z\s)ongno'lNiSI’l —201 8000 Electrons 4.1 x 10]9
(Hf0.75ZI‘OA25)OlgMﬂoAzNioAgSI] —195 4000
Hf()szI'oQ\sCfQ]NngSn —100 2645
Hf0.75ZI‘0A25V0A1Ni0AgSH —129 2370 Electrons 2.6 x 1020
(Hfojszro'z\s)ovg\/()v]NiSIl —161 4900
(Hf0v7SZro,25)0,9Ceo,1NiSn —36 2300

samples doped with Co, holes were found to be the dominant 1800 -

. . . . @ 0 ®+1%:5b
carrier at room temperature, in agreement with the sign of 1600 - 041 Cu
. . o

the thermopower for those materials, as reported in the table.

The carrier concentration of the sample with 15% Co was = 1400

measured to be 7.3 x 10?° cm~3, just under two-and-a-half & 1200

times the measured value of the sample with 5% Co, 3.1 x g 1000 4

10 cm™. This measurement is in qualitative agreement 2

with the measured values of the electrical resistivity of those 2 800 1

samples at room temperature. Hall measurements of the }E 00 -

Mn-doped 'and V—Fiopgd samples also show good correlation & 400 - -—## -

with electrical resistivity measurements, and in each case the |

correct dominant carrier type is confirmed; the majority carrier 200 -

in each of these materials was determined to be electrons, 0 : , , : ,

corresponding with the negative thermopower measurements. 200 400 600 800 1000 1200

The carrier concentration for Mn doped to the Ni site was Temperature (K)

slightly higher than that of the sample with Mn doped to the
Hf/Zr site: 5.4 x 10" and 4.1 x 10" cm™3, respectively.
This result is in agreement with the slightly higher resistivity
for the sample with Mn doped to the Hf/Zr site, while the
higher carrier concentration of the V-doped alloy corresponds
with that material’s lower resistivity. Plots of resistivity versus
magnetic field for the Fe-doped composition were not found
to be linear, preventing the calculation of carrier concentration
for that alloy; the nonlinearity is assumed to be the product of
a magnetic effect.

In comparison, Cu appears to be a more efficient dopant
than the other transition metals studied. In stark contrast to
other transition metal dopants, which have unfilled 3d shells,
even a 1% substitution of Cu to the Ni site leads to an
appreciably lower resistivity. It is speculated that, like in pure
Cu, the s electrons in the Cu dopant atoms must reside in
energy states above the filled d states. As a result, the Cu
dopant band is expected to extend deep into the band gap,
conceivably close to or even overlapping with the conduction
band.  Despite the greatly reduced resistivity at room
temperature, the Cu-doped sample still exhibits a moderate
decrease of resistivity with increasing temperature over the
range 300-1100 K. This weak semiconducting behavior may
be attributed to s—d hybridization, as part of the s dopant band
is overlapped with the alloy’s valence band. Figure 4 provides
a comparison of resistivity measurements of Hfy 75Zro,5NiSn

Figure 4. High temperature resistivity curves of Hfy 75Zr( ,sNiSn
doped with 1% Sb to the Sn site and 1% Cu to the Ni site,
demonstrating the likelihood of the Cu band entering the gap region.

with 1% Cu doped to the Ni site and another sample with 1%
Sb doped to the Sn site. Sb is an sp-band element and is known
to be an effective dopant in half-Heusler alloys [15]; a previous
study of doped MNiSn alloys performed by another group [21]
reports a carrier concentration of 2.10 x 10?° cm™ for
the Hfy 5Zro sNiSng.99Sbg o1 composition, within experimental
error of the value measured for Hf( 7571y 25Nip.99Cug o1 Sn
that is shown in table 2. As can be seen in the figure,
however, even though both Cu and Sb add roughly an equal
number of additional carriers to the system, the temperature
dependence of the resistivity of the Cu-doped material remains
semiconducting.

Figure 5 is an overlay of several thermopower plots
of transition metal-doped Hf(75Zro»sNiSn over the same
temperature region with the dopants on the Ni site. For all
samples with transition metal dopants, the magnitude of the
thermopower was measured to be lower than in the undoped
case for the range of temperatures 300-1100 K, indicating that
the transition metal dopant band within the gap is only partially
filled, introducing more p-type carriers. The high temperature
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Figure 5. High temperature thermopower plots of several

Hfy 75Zr(»5NiSn materials doped with transition metals on the Ni
site, showing lowering of thermopower and, in the case of Co
substitution, over compensation.
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Figure 6. High temperature thermopower plots showing the effects
of doping (Hfy 5Zro.5)0.9Mng 25C00 555101 Sbg 9 and
(Hfo.5Zr0.5)0.9Mng.1 CoSng 1 Sbo 9.

rollover exhibited by most samples is caused by the further
increase in hole carriers in the valence band as more electrons
are promoted to the conduction band. The Co-substituted
sample is a noteworthy standout; at room temperature, p-
type conduction dominates until enough electrons have been
promoted to the conduction band, causing the thermopower to
change sign. This compensation occurs near 500 K for 5% Co
substitution and 700 K for 15%.

Hf( 5Zrp sCoSb is an n-type thermoelectric material, but it
is well known that a small amount of Sn doping to the Sb site
drastically lowers the resistivity of the material while produc-
ing high p-type thermopower values [20]. The n-type to p-type
thermopower transition occurs for Sn concentrations as low as
1%. Figure 6 is an overlay of thermopower measurements of
Hif.5Zro.5CoSng.1Sbo.g, (Hfo.5Zr0.5)0.0Mng.25C00.855n0.1Sbo.9,
and (Hfy5Zrg.5)0.0Mng 1CoSng 1—Sbg 9, showing the effects of
Mn doping on one and two sites of Hfy 5Zry 5CoSng 1Sbpg. In
terms of thermopower, the most marked result of adding Mn
to this material is a high temperature rollover, likely caused by

5000
4300 ~
*g 4000 -
E 3500 -
= 3000 1
= 2500
E
# 2000 -
2 1500 - A
1000 4a o b @ +10% Mn to the X site
<00 ] 0+10% Mn to each site
y 0 AHfD 5Zr0.5C05n0.15b0.9
T T T
300 500 700 900
Temperature (K)

Figure 7. High temperature resistivity plots showing the effects of
doping (Hfo 5Zr0.5)0.9Mng.25C00.555n0.1Sbo.9 and
(Hfo.5Zro.5)0.9Mng.1CoSng 1 Sby o.

the addition of extra p-type carriers to the system. At lower
temperatures, however, the thermopower is about the same or
even slightly improved by Mn doping, possibly due to the fact
that the addition of a Mn band within the gap has little effect on
the band edge of the material in such a wide gap compound (a
gap of 0.95 eV is reported for TiCoSb) [17]. This explanation
stands to scrutiny of resistivity data, namely that the resistiv-
ity increases dramatically due the addition of a localized Mn
band within the gap, indicating that there is little if any over-
lap of this dopant band with the edge of either band. Figure 7
is an overlay of resistivity plots of the same three materials:
undoped and Mn-doped Hf( sZry 5CoSng 1 Sby 9, and indeed re-
sistivity is markedly increased by the Mn substitution over the
entire range of temperature. Hence any marginal gains in the
low to intermediate temperature thermopower measurement as
a result of Mn substitution are wholly offset by the high tem-
perature thermopower rollover and the increase—greater than
a factor of two—in the electrical resistivity across the entire
investigated range.

4. Conclusions

High temperature thermopower and electrical resistivity mea-
surements of the Hf 75Zry,5NiSn and Hfy 5ZrgsCoSng 1Sbg.g
half-Heusler phases were carried out to gain insight into the ef-
fects of transition metal dopants on the electronic structure in
the vicinity of the band gap. Although, no increase in the ther-
moelectric figure of merit, ZT, was found, a good understand-
ing of the effects of these dopants on electrical resistivity, ther-
mal power, and Hall effect measurements has been reached.
The results were discussed using band structure features ob-
tained from recent first-principles electronic structure calcu-
lations of half-Heusler alloys. The measurements suggested
that introduction of transition metal dopants resulted in the
formation of dopant bands within the gap at positions depen-
dent on the valance d-shell filling of the dopant atomic species.
The resistivity and thermopower trends were found to be in
agreement with those of the carrier concentration and mobility
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obtained from Hall effect measurements. Effective energy gap
calculations from high temperature resistivity measurements
indicated the pinning of the Fermi level at the dopant bands.
As a result, the band gaps obtained for some of the doped al-
loys were found to be in much closer agreement with theoret-
ical values than previously reported. Finally, since the d elec-
trons or holes in the transition metal dopant bands are localized
within the band gap, they do not contribute to any significant
reduction of electrical resistivity, but only to the suppression
of thermopower. The exception to these findings is Cu doping
on either transition metal site of XNiSn, which does not intro-
duce localized states into the gap. Cu doping, however, does
not lower the electrical resistivity as efficiently as does doping
the Sn site with Sb. Consequently, the present d-band dopants
have not led to improvement in the thermoelectric properties.
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