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Thermoelectric properties and Kondo transition in the
pseudo-gap metals TiNiSi and TiNiGe
Ruth A. Downie,[a] Blair F. Kennedy,[a] Rajan Biswas,[b] Ronald I. Smith,[c] and
Jan-Willem G. Bos*[b]

Materials with the TiNiSi structure have recently been high-
lighted as potential thermoelectric materials. Here we report
the thermoelectric properties of TiNiX (X=Si and Ge). Both
materials behave as defective metals or heavily doped degener-
ate semiconductors. Room temperature Seebeck coefficients
are � 45 μVK� 1 (Si) and � 20 μVK� 1 (Ge) with electrical resistiv-
ities of 0.5–1 mΩcm. The lattice thermal conductivities are
8 Wm� 1 K� 1 (Si) and 6 Wm� 1K� 1 (Ge) at 360 K, which is

promising in the absence of alloying. The calculated power
factors and figures of merit remain small, with the largest S2/1=

0.17 mWm� 1 K� 2 and peak zT=5×10� 3 seen in TiNiSi near
300 K. Both compositions show Kondo behaviour at low-
temperatures, linked to the emergence of local moment
magnetism, and have substantial magnetoresistance effects at
2 K. This work provides property characterisation for two
members of this large class of intermetallic materials.

1. Introduction

Thermoelectric materials can be used in power generation from
waste heat, small mW scale energy harvesting and in Peltier
heat pumps.[1] The efficiency of a thermoelectric material is
given by its figure of merit, zT= (S2/1k)T, where S is the Seebeck
coefficient, 1 the electrical resistivity, k=klat+kel is the sum of
the lattice and electronic thermal conductivities, and T is the
absolute temperature. Amongst the many groups of thermo-
electric materials under current investigation,[2] intermetallic
ABC compositions with the half-Heusler structure have attracted
considerable interest.[3] This is because they have a favourable
combination of good performance, mechanical properties,
stability and are based on abundant elements. Half-Heusler
compositions (e.g. TiNiSn) can be understood using Zintl
electron counting, with ionic Ti4+ and zincblende [NiSn]4�

structural components, which yields semiconducting behaviour
for 18 valence electrons.[3a,4] However, there is another large
group of ABC intermetallic compounds with the TiNiSi
structure-type.[5] Bandstructure calculations from open source

resources (e.g. the Materials Project)[6] show that these materials
have a pseudogap near the Fermi level, which is characteristic
for semimetals. The predicted semimetallic behaviour suggests
that these materials have limited potential use as thermo-
electrics, as semiconductors are normally required.[1] However,
recent computational materials exploration has suggested that
some compositions with this structure type (including TiNiSi)
may afford good zT values.[7] This has led to reports on the
thermoelectric performance of TiNiSi,[8] and ZrNiX (X=Si, Ge),[9]

i. e. the Zr analogues of the materials studied here. So far none
of these shows large zT values, as compositions remain too
metallic, but further exploration is of interest. In the broader
class of Heusler materials, semimetallic Fe2VAl (a 24-electron
system) has recently been demonstrated to have very large
power factors S2/1 ~10 mWm� 1 K� 2 near room temperature.[10]

This indicates that semimetals with favourable bandstructures
can support good electrical performance.

The TiNiSi-type structure is orthorhombic with Pnma space
group.[5] Ni and X bond to form layers of 6-membered rings in a
graphitic-type arrangement, as demonstrated in Figure 1(a).
These layers are puckered, as illustrated by the side-on view in
Figure 1(b). They stack along the a-axis and are interlinked, with
Ni� X bonds forming 4-membered rings between the layers. The
Ti cations occupy the space between the layers in the channels
that run the length of the a-axis. To a first approximation, the
TiNiX structure comprises a covalently bound [NiX]n� lattice that
forms ionic bonds to Tin+ cations. In reality, however,
calculations show that Ti does not fully transfer its valence
electrons to the [NiX] sublattice.[5] The bonding is therefore
intermediate between ionic and covalent.

Examples of the ABC TiNiSi-structure exist where A can be
any of the first-row transition metals and B can also be varied
greatly.[5,11] This results in a large number of different composi-
tions and properties. In ANiSi compositions, for example, Pauli
paramagnetism has been observed where A=Sc� V, whilst
ferromagnetism has been reported for compositions where A=

Cr� Fe.[5] In some compositions where B is a second or third row
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transition metal, superconductivity has been observed: Tc=

2.3 K was reported for HfRhSi;[12] and Tc=3.5 K was found in
TaPtSi.[13] In addition, to the recent literature, there are some
older studies reporting on the thermoelectric properties of this
structure-type. A study of CePtSn, CeNiSn, CeRhSb and CeRhAs
revealed high S(T) along with relatively low 1(T), below room
temperature.[14]

The compositional flexibility of the TiNiSi structure affords
the possibility to combine thermoelectricity with magnetism.
Magnetic thermoelectrics, where magnetic effects lead to

enhanced S(T) are of considerable interest to improve
performance.[15] In the early 2000s, this focused on strongly
correlated systems, largely cobalt oxides,[16] where spin and
orbital degeneracy yield large S(T) in metallic systems. More
recently, paramagnetic fluctuations have been implicated in
enhanced S(T) in semiconductors.[15] Examples include para-
magnon drag in MnTe,[17] and enhanced S(T) in Fe2VAl,[18]

CuGaTe2,
[19] and Bi2Te3

[20] doped with magnetic elements.
Magnetic thiospinels Cu(CrTi)S4

[15,21] and Sr2Fe1+xRe1� xO6 double

Figure 1. Schematic representation of the TiNiSi structure; (a) viewed along the a-axis illustrating the puckered hexagonal [NiSi] net and (b)
viewed along the b-axis illustrating the connecting Ni2Si2 4-ring linkers.
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perovskite oxides were also found to show magneto-thermo-
electric effects.[22]

Here, we present the results of an investigation into the
crystal structure, including Rietveld analysis of neutron powder
diffraction data of TiNiSi, and the high-temperature thermo-
electric and low-temperature transport properties of the TiNiX
(X=Si, Ge) compositions. This work compliments existing work
on TiNiSi and reports new characterisation of TiNiGe.

2. Experimental
TiNiSi was prepared on a 5-g scale by arc-melting stoichiometric
quantities of elemental starting powders purchased from Alfa Aesar
(all >99.99% purity). No further annealing was undertaken as this
resulted in degradation of the sample. TiNiGe was also prepared by
arc-melting, and in this case, the ingot was then vacuum sealed in a
quartz tube and annealed at 900 °C for 3 days. Laboratory powder
X-ray diffraction (XRD) data were collected on a Bruker D8 Advance
diffractometer (Cu Kα, λ=1.54056 Å). Neutron powder diffraction
(NPD) data for TiNiSi was collected on the Polaris instrument at the
ISIS facility, Rutherford Appleton Laboratory, UK. Room temperature
data were collected up to a total of 300 μA hr proton beam current.
Rietveld refinement of all collected diffraction data was performed
using the GSAS suite of programs.[23] Scanning electron microscopy
(SEM) and Energy Dispersive X-ray Spectroscopy (EDS) elemental
maps were collected using a Quanta 650 FEG SEM equipped with
an Oxford Instruments X-max 150 N detector. Quantitative analysis
of selected areas was performed using the Aztec Large Area Maps
software. S(T) and 1(T) above room temperature were measured
using a Linseis LSR-3 instrument. k(T) was measured using an Anter
Flashline 3000 flash diffusion instrument using a Pyroceram
reference sample. The temperature dependences of field and zero-
field cooled magnetic susceptibilities were measured in a 1 T
applied field using a Quantum Design MPMS. Low temperature 1(T)
and magnetoresistance R(H)/R0 measurements were carried out
using a Quantum Design PPMS. Resistance measurements were
performed in the standard 4-probe geometry.

3. Structure

TiNiSi: Laboratory XRD confirmed formation of the TiNiSi phase,
with no observable impurities. NPD was subsequently carried
out and the Rietveld fits to the collected data for banks 4 and 5
are presented in Figure 2a. Lattice parameters, atomic positions,
site occupancies, thermal parameters and selected bond angles
and distances are collated in Table 1, along with the fit statistics
for the refinement. The orthorhombic TiNiSi structure was
found to fit the data well.[5,24] Refinement of the site
occupancies suggest a small ~1% deficiency on the Ti and Ni
sites (Table 1). However, the site occupancy values correlate
with the thermal displacement parameters, so it is likely that
TiNiSi is stoichiometric. Inspection of the Ni� Si� Ni and Si� Ni� Si
bond angles reveals that none of these measure 109.5°, which
is the bond angle for ideal tetrahedra. They also deviate
substantially from the 120° angle found in a perfect honeycomb
lattice, highlighting the puckered nature of the graphitic-type
layers. The bond angles in this layer are illustrated in Figure 3(a).
The 4-membered rings that link the layers are distorted and do
not form a perfect square, with the Ni� Si� Ni angle measuring

69.79(1)° and the Si� Ni-Si angle measuring 110.22(1)°. This
distortion maximises the distance between the Si atoms, which
are more electronegative than Ni,[5] as illustrated in Figure 3 (b).

TiNiGe: Inspection of the XRD pattern collected for this
sample confirmed formation of TiNiSi-type TiNiGe as the major
phase in the sample.[25] However, a further set of 4–5 fairly
intense peaks are present in this sample (Figure 2b). These
could not be indexed by any of the known elemental, binary or
ternary phases reported in the Ti� Ni-Ge phase diagram.[26] SEM
and EDS mapping revealed the presence of small amounts of

Table 1. Lattice and atomic parameters, selected bond angles and
distances and fit statistics for the Rietveld fits to neutron
diffraction data for TiNiSi and X-ray diffraction data for TiNiGe. Ti,
Ni and X each occupy a (x, 1=4, z) site. * indicates the angles within
the puckered graphitic layers. **indicates angles that make up the
4-membered rings linking the graphitic layers.

TiNiSi TiNiGe

a (Å) 6.15380(6) 6.2446(1)
b (Å) 3.66984(4) 3.7487(1)
c (Å) 7.02172(7) 7.1471(1)

Ti Occ 0.989(3) 1
Uiso (Å

2) 0.0038(1) 0.0072(6)
x 0.02236(9) 0.0253(3)
z 0.68085(8) 0.6826(2)

Ni Occ 0.986(2) 1
Uiso (Å

2) 0.00453(6) 0.0148(6)
x 0.14153(3) 0.1361(3)
z 0.06003(3) 0.0591(3)

Si/Ge Occ 1 1
Uiso (Å

2) 0.0042(1) 0.0114(4)
x 0.26596(8) 0.2563(3)
z 0.37750(6) 0.3778(2)

Ni� X (Å) 2.3577(5) 2.399(2)
2.3091(3) 2.375(1)
2.3523(5) 2.414(2)

Ni� X� Ni (°) 127.21(1)* 127.33(5)*
119.68(2) 118.99(8)
105.24(2)* 104.20(9)*
69.79(1)** 67.69(6)**

X� Ni� X (°) 116.398(9)* 115.44(5)*
98.22(1) 97.47(7)
105.243(2)* 104.20(9)*
110.22(1)** 112.31(6)**

χ2 5.8 4.0
Bank 5 wRp 1.9 13.9

Rp 2.6 10.2
Rf

2 1.6 13.0
Bank 4 wRp 1.6 –

Rp 2.9 –
Rf

2 3.0 –
Bank 3 wRp 2.4 –

Rp 3.5 –
Rf

2 9.1 –
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Ni3Ge2 and Ti5Ge3 (Figures S1, S2 and Table S1). The latter is
present in the XRD data with a fitted phase fraction of 1.3(1)
wt%. Ni3Ge2 is not observed in the XRD data and could be
present as an amorphous phase.[26] The origin of the unindexed
peaks at d=3.54 Å, d=2.34 Å, d=2.19 Å, d=2.18 Å and d=

2.04 Å is currently not known. It has been reported that the
TiNiSi structure-type often competes with the ZrNiAl
structure,[27] but this phase does not readily index the additional
reflections. From SEM-EDS, the majority of the sample is

homogenous with a 1 :1 :1 composition. We speculate that
these additional peaks are therefore either a second phase with
similar 1 : 1 : 1 composition, or that TiNiGe is distorted, leading to
a lower symmetry structure. A structural distortion would also
explain the relatively poor fit of the intensities of some of the
reflections, which is not due to texturing. The final Rietveld fit
to the X-ray data is shown in Figure 2b and the refined
structural parameters are summarised in Table 1. The unit cell is
expanded compared to TiNiSi, as expected because of the

Figure 2. (a) Rietveld fit to Polaris neutron powder diffraction data for TiNiSi. (b) Rietveld fit to laboratory X-ray powder diffraction data for
TiNiGe. Data: blue circles; fitted model: red line; difference curve: green line. Markers are for the Bragg positions of the TiNiX phase. (*) mark
the unidentified impurity peaks in TiNiGe.
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larger size of Ge. The Ni� Ge bond distances show a correspond-
ing increase. Five out of six of the bond angles within the 6-
membered rings are decreased upon comparison with the NiSi
layers, indicating increased puckering of the layers. This is likely
driven by the lengthening of the Ge� Ge distance in the 4-
membered ring.

4. Properties

4.1 High temperature thermoelectric properties: The 300–740 K
thermoelectric properties of the TiNiX compositions are shown
in Figure 4. The S(T) for both samples are negative, indicating n-
type conduction (Figure 4a). The magnitudes are low, with
S300K= � 45 μVK� 1 for X=Si and S300K= � 20 μVK� 1 for X=Ge.
The 1(T) are consistent with metal-like behaviour (Figure 4b).
The magnitudes are indicative of semimetallic (or heavily doped
semiconducting) behaviour, with 1300K=1 mΩcm for X=Si and
1300K=0.6 mΩcm for X=Ge.

The k(T) and klat(T) for TiNiSi and TiNiGe are shown in
Figure 4c, d. The total k is dominated by klat, despite the
substantial electronic contribution for these highly conducting
samples. Here kel=LT/1=2� 3 Wm� 1 K� 1 was calculated using
the Lorenz number L=2.44×10� 8 V� 2 K� 2 for a metal. The klat,

360K=8 Wm� 1 K� 1 for TiNiSi, decreasing to 5 Wm� 1 K� 1 at 775 K.
The heavier Ge analogue has slightly lower values, with klat,

360K=6 Wm� 1 K� 1, decreasing to 4 Wm� 1 K� 1 at 775 K. Both
samples show an upturn in k(T) at high temperatures,
suggesting the onset of p-type minority carrier transport, which
is also evident in S(T). The magnitude of klat is lower than that
for defect-free TiNiSn, which has klat=12 Wm� 1 K� 1 at 300 K.[28]

This suggests that the increased structural complexity of the
TiNiX (X=Si, Ge) phases outweighs their lower average atomic
mass. Interstitial Ni is known to lead to a dramatic reduction of
klat in TiNiSn based compositions,[28–29] but there is no evidence
from diffraction for interstitial Ni (or substantial Ni vacancies) in
the TiNiX compounds. The fit to the NPD dataset accounts for
the observed intensities, suggesting that the average TiNiSi
structure is an accurate description of the material structure.

However, as discussed below, both TiNiX samples are charac-
terised by a large residual resistivity 10, suggesting a substantial
amount of structural disorder.

The power factors remain modest with S2/1=

0.18 mWm� 1 K� 2 and 0.06 mWm� 1 K� 2 at 300 K for TiNiSi and
TiNiGe, respectively (Figure 4e). The S2/1 does not vary much
with temperature for X=Ge, whilst it decreases for X=Si, with
the best performance near 300 K. Measurement of S2/1 below
300 K would be of interest for TiNiSi.

The low S(T) and relatively large k(T) (compared to high zT
materials), severely limits the calculated figures of merit (Fig-
ure 4f). A highest zT=5×10� 3 is reached for TiNiSi at 300 K,
whilst TiNiGe has a relatively constant zT=2×10� 3 over the
measured temperature range.

4.2 Low temperature resistivity and magnetoresistance: the 2–
350 K 1(T) and magnetoresistance MR=R(H)/R0 at 2 K are shown
in Figure 5. The measured 1(T) are consistent with the high
temperature values (Figure 4b, 5a). Similar to the high temper-
ature data, there is limited temperature dependence with
calculated residual resistivity ratios, RRR=1350K/12K=1.5 for
TiNiSi and RRR=2.9 for TiNiGe. This is typical for bad metals
and highly doped semiconductors, where disorder and/or
impurities cause electron scattering and large 10 at T=0 K. The
measured 12K values are 0.7 mΩcm for X=Si and 0.2 mΩcm
for X=Ge. The TiNiSi sample changes to semiconducting 1(T)
on cooling below 50 K and has a broad 1 “hump” between
175–250 K. The TiNiGe sample shows a similar transition to
semiconducting behaviour below 20 K. The broad 1(T) hump is
reminiscent of a charge density wave, where nesting causes
(part of) the Fermi surface to be gapped, leading to an increase
in 1. This typically only occurs in lower-dimensional materials
(e.g. layered TiSe2).

[30] However, the pseudo-gap nature of TiNiSi
may make this material susceptible to such a transition. If this
occurs, there should be a related structural distortion that can
be probed using diffraction. The low-temperature semiconduct-
ing 1(T), coupled to a finite resistivity at 0 K, is indicative of a
Kondo transition, where charge carriers incur an additional
resistive contribution due to scattering from magnetic
impurities.[31] Gapped or mobility-limited semiconductors show

Figure 3. Bond angles in (a) the puckered [NiSi] layers and (b) the 4-membered rings that link the layers. Blue circles are Ni and green are
Si.
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a diverging 1(T) on cooling. To test this hypothesis, the 1(T)
data were fitted to the following expression:[32]

1 Tð Þ ¼ 1imp; 0 þ AT2 þ BT5 þ 1K;0
1

1þ 21=s � 1ð Þ T=TKð Þ2

� �s

(1)

Here, 1imp,0 is the 0 K resistivity due to non-magnetic
impurity scattering, the second and third terms are due to
electron-electron and electron-phonon scattering, and the final
term is the Kondo resistivity (1K). The parameter s=0.225 for a
S= 1=2 system.[32] 1K,0 is the 0 K resistivity due to magnetic
impurities and TK is the Kondo temperature, which gives the

energy scale of the magnetic impurity scattering. The final fits
to the 2–120 K 1(T) data are shown in Figure 5b, and the fit
parameters are given in Table 2. Overall, the quality of the fit is
very good, suggesting that the semiconducting upturn is
indeed due to Kondo scattering. It clearly describes the 1(T)
minimum and the saturation of 1(T) as T!0 K. The fits yield
TK=93(3) K for X=Si and TK =69(7) K for X=Ge. These
temperatures coincide with the onset of significant deviations
from Pauli paramagnetism in the magnetic susceptibility data
(section 4.3). The ratio of 1K,0/1imp,0=0.34–0.39, signalling a
similar contribution of magnetic impurity scattering, despite the

Figure 4. Temperature dependences of the (a) Seebeck coefficient (S), (b) electrical resistivity (1), (c) total thermal conductivity (k), (d)
lattice thermal conductivity (klat), (e) thermoelectric power factor (S2/1) and (f) figure of merit, zT for TiNiSi and TiNiGe.
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Figure 5. Low-temperature electrical properties for TiNiSi and TiNiGe: (a) Temperature dependence of the electrical resistivity (1), (b) fits
using the Kondo model (eqn. 1 in the manuscript) and (c) Magnetoresistance (R/R0) at 2 K.
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much lower overall 1 and less pronounced Kondo minimum for
TiNiGe.

The two samples show different MR, with a large positive
response of +44% for TiNiGe (in a 9 T field). By contrast, for
TiNiSi, initially negative MR is observed, which changes to a
positive response above 1 T (Figure 5c). The overall change in
MR between the minimum at 1 T and 9 T is +10%. Regular
metals show positive MR (usually on the order of a few %) as
conduction electrons are deflected by the applied magnetic
field. The magnitude of the positive MR observed here is
therefore somewhat large in comparison with good metals, but

in line with measurements on other degenerate
semiconductors.[33] The cause of the change from negative to
positive MR in TiNiSi is unclear at present, but could be linked
to the observation of a stronger Kondo effect in this sample.

4.3 Magnetic Properties: Magnetic susceptibility (χ) measure-
ments are presented in Figure 6. Both samples show low χ
values that are independent of temperature over most of the
measured temperature range, indicating Pauli paramagnetism.
This is in agreement with early work on TiNiGe,[25] which reports
this composition as Pauli paramagnetic. Each sample also
exhibits a paramagnetic tail due to local magnetic moments at
low temperatures. The χ(T) was fitted using the following
expression:

c Tð Þ ¼ c0 þ
C

T � q
(2)

Here, χ0 is the Pauli paramagnetic contribution, and the
Curie-Weiss law (the second term) is used to describe the local
moments that emerge on cooling. This expression gives a good
fit to χ(T) over the 2–300 K interval (Figure 6). The final fit
parameters are summarised in Table 2. The obtained Curie
constants (C) and Weiss temperatures (θ) are C=2.5(1)×
10� 4 emu Oe� 1 mol� 1 K and θ=-4.1(2) K (Si) and C=5.4(1)×10� 3

emu Oe� 1 mol� 1K and θ= � 1.8(1) K (Ge). This indicates the
presence of a small fraction of magnetic impurities that have

Table 2. Overview of the fitted parameters used to describe the
low-temperature electrical resistivity and the magnetic suscepti-
bility of the TiNiX samples (X=Si, Ge).

X=Si X=Ge

10 (mΩcm) 0.512(5) 0.149(4)
A (mΩcmK� 2) 1.08(2)×10� 5 1.04(2)×10� 5

B (mΩcmK� 5) � 4.7(6)×10� 13 � 5.6(6)×10� 13

1K,0 (mΩcm) 0.199(4) 0.051(4)
1K,0 /10 0.39 0.34
TK (K) 93(3) 69(7)
χ0 (emumol� 1 Oe� 1) 6.98(1)×10� 5 7.99(1)×10� 5

C (emumol� 1 Oe� 1K) 2.5(1)×10� 4 5.41(5)×10� 4

θ (K) � 4.1(2) � 1.8(1)

Figure 6. Temperature dependence of the magnetic susceptibility for TiNiSi and TiNiGe. The solid lines are fits using eqn. 2.
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weak antiferromagnetic interactions. These local moments
could be due to foreign magnetic dopants (e.g. Fe, Co replacing
Ni) or be linked to defects (e.g. Ni vacancies, site inversion) in
the TiNiX structure. Assuming that the magnetic moment arises
from unpaired electrons with spin S= 1=2, the observed C
correspond to a concentration of ~0.1% magnetic defects (C=

0.375 emu Oe� 1 mol� 1 K for 1 mole of S= 1=2 defects). The small
θ are consistent with weakly interacting dilute magnetic
impurities located within the main phase. From the observation
of the Kondo effect in 1(T), these magnetic defects are coupled
to the electronic transport.

5. Discussion

TiNiSi and TiNiGe were prepared using arc melting and
characterised without further processing, such as milling and
hot pressing or spark plasma sintering. In agreement with
previous studies, both were found to adopt the orthorhombic
TiNiSi-type structure.[5] TiNiSi was found to be almost phase
pure and stoichiometric, within the error of the site occupancy
refinement. The TiNiGe sample was found to contain a major
phase with the TiNiSi-type structure but contained a number of
unindexed reflections. SEM-EDS showed the presence of minor
amounts of Ni3Ge2 and Ti5Ge3 but importantly shows that most
of the material has a 1 :1 : 1 composition. This suggests that
either a symmetry lowering distortion has occurred or that the
sample contains a second phase with equimolar composition.

Maximum zT values were found to be 5×10� 3 at room
temperature for TiNiSi and 2.5×10� 3 at 725 K for TiNiGe. These
values are low for thermoelectric applications, for reference
TiNiSn prepared using the same synthesis approach, reaches
zT=0.7 at 740 K.[29] However, it may be possible to increase the
performance as suggested by recent theoretical work.[7] This
should focus on improving S(T) and the thermoelectric power
factor (S2/1) as without improvement to the electrical proper-
ties, high zT values will remain out of reach. If improvements
can be achieved, then reductions in klat can be targeted. The
performance of our TiNiSi sample is comparable to the literature
(zT=6×10� 3 at 800 K), with V substitution leading to a perform-
ance increase to zT=0.035 at 600 K, largely driven by an
increase in S(T).[8] Work on ZrNiSi demonstrated a similar peak
zT=0.02 at 700 K in samples doped n-type with Sb (and zT=

5×10� 3 at 900 K for ZrNiSi).[9a] In the literature studies on TiNiSi
and ZrNiSi, n-type doping improved S(T) but overall S2/1
remains modest, not exceeding 0.5 mWm� 1 K� 2, and peak S(T)
values near � 40 μVK� 1.[8–9] From the perspective of semi-
conductor thermoelectrics, this trend is unexpected, as increas-
ing doping levels usually leads to a decrease in S. A ZrNiSi
sample with simultaneous Sb doping and Hf alloying on the Ti
site, reached zT=0.06 at 950 K. The combined impact of Sb
doping and Hf alloying reduced klat from 11 Wm� 1 K� 1 to
3 Wm� 1 K� 1, demonstrating that low k are possible in this
structure type.[9a] The literature TiNiSi and ZrNiSi samples do not
show the increase in S(T) on cooling that our sample shows,
and measurement of zT below 300 K would be of interest.

A possible route towards performance improvements is to
tune the crystal structure towards the LiGaGe-type structure,
which has planar graphitic layers, i. e. to remove the puckering
of the [NiX] layers in our materials. This approach has been
experimentally demonstrated for CaAgSb, which transforms
upon rare-earth substitution, enhancing zT to 0.7 at 1080 K.[34]

Another possibility is to use disorder tuning to create a narrow
impurity band, which is the approach used to enhance S in the
Fe2VAl-based Heusler compositions.[10]

The observation of large 10 values and low RRR (suggesting
large concentration of defects) are typical for poor metals with
a high degree of impurity scattering. The observation of Kondo
behaviour, local moment magnetism and substantial MR effects
suggest that the TiNiX (X=Si, Ge) materials could display
substantial magneto-thermoelectric effects, and this could be a
focus for future work. The observation of the broad hump in
1(T) for TiNiSi also warrants further investigation.

To conclude, we have reported on the basic transport
properties of TiNiSi and TiNiGe, analogues to the much-studied
TiNiSn half-Heusler alloy. This shows that they are limited by
poor electronic thermoelectric responses. Opening of a band-
gap in these materials should improve their performance. The
low-temperature properties of these materials are interesting
with the observation of Kondo behaviour and deserve more
attention.
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