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ABSTRACT
We studied the influence of doping HfTe5 with 5% Ti on electric (resistivity and the Hall effect) and thermoelectric transport properties (the
Seebeck coefficient, magneto-thermoelectric power, and Nernst effect). The properties of 5% Ti-doped HfTe5 do not change much. Nernst
coefficients larger than magneto-thermoelectric power were observed in a temperature range near the compensation temperature at which
the Seebeck coefficient vanishes. This indicates that a two-carrier conduction model could describe our experimental results. Owing to the
high thermoelectric performance, thermopiles were made on a printed circuit board based on doped and undoped HfTe5. A large Seebeck
voltage was obtained at room temperature. It became even larger in a low temperature range and presented strong magnetic field dependence.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5127804., s

I. INTRODUCTION

In recent years, the issue of energy has received more and
more attention particularly because of the ubiquity of information
technology. Energy consumption and heat dissipation in integrated
circuits are some of the problems. To find suitable materials that
can efficiently use wasted heat for power generation is a hot topic
in thermoelectricity.1 Due to materials nanoscience and nanofabri-
cation technology, low-dimensional thermoelectric materials open
a new direction for thermoelectricity research.2,3 For example,
Linden et al.4 have recently proposed the use of fabric-based ther-
mopiles as thermoelectric generators that can take advantage of
the heat of the human body to power wearable electronic devices.5

Efforts have been made for the optimization of thermoelectric power
generators in many ways, such as the geometry structure of the
thermopiles,6 polymer gels with a tunable ionic Seebeck coeffi-
cient,7 and the reduction of a heat source or sink thermal resis-
tances for high performance thermoelectric coolers.8 Alternative
thermoelectric devices have also been proposed.9,10 In particu-
lar, topological quantum materials have begun to attract grow-
ing attention because the novel electronic structure of topological

insulators opens new opportunities for thermoelectric materials with
high performance.11,12 The large thermopower of these materials
shows their potential to be used as thermoelectric applications. In
these materials, applying an external magnetic field can further
enhance high-thermoelectric performance.13–15

In parallel to these efforts in thermoelectric power genera-
tion, the field of spin caloritronics,16,17 which studies the interaction
between spin, charge, and heat currents, has further stimulated fun-
damental interest in thermoelectricity, most notably, the spin See-
beck effect.18–20 Thermopiles based on the anomalous Nernst effect
(ANE) provide another possibility for new thermoelectric applica-
tions due to their three-dimensional nature as it can be used with the
heat source in any direction.21–25 Materials with large thermoelec-
tric effects and strong magnetic field-dependent behaviors may offer
useful options. Layered hafnium pentatelluride (HfTe5) and ZrTe5
single crystals, its cousin material, have stimulated several exper-
imental studies.26,27 Here, we report on simple thermopiles based
on HfTe5, a material which has been studied for a long time28–30

and recently regained attention due to its possible topological prop-
erties.31 We considered HfTe5 with 5% Ti doping in the hope of
finding ways to further improve thermoelectric performance.32,33
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II. METHODS
Ribbonlike single crystals of undoped HfTe5 and doped

Hf0.95Ti0.05Te5 were grown in similar conditions as reported previ-
ously.28,34 The typical size of HfTe5 and Hf0.95Ti0.05Te5 single crys-
tals used for thermoelectric measurements were about 10 mm in
length, 1 mm in width, and 0.2–0.3 mm in thickness. We used
smaller crystals for the electrical transport measurements. All the
samples presented slight differences, but the key features were basi-
cally the same. All thermoelectric measurements were performed on
a homebuilt setup, and the electric transport measurements were
performed on a Quantum Design Physical Property Measurement
System (PPMS). More details can be found in the supplementary
material of a previous paper.15

III. RESULTS AND DISCUSSION
We first characterized the electric transport properties (resis-

tivity, magnetoresistance, and the Hall effect) in Hf0.95Ti0.05Te5
(sample 1), as shown in Fig. 1. All the magnetic field-dependent
measurements were performed at temperatures below 160 K, at
which the magnetic field starts to influence the transport properties
[Figs. 1(a)–1(b)]. Large magnetoresistivity [Fig. 1(c)] was observed
with strong dependence on temperature when the external magnetic
field was applied out-of-plane. The results of the Hall effect show
a sign reversal of the Hall coefficients [Fig. 1(d)]. All these results
are consistent with those obtained with HfTe5,15 which means 5%
Ti doping does not significantly change the sample properties.
A two-carrier model could be used to explain these experimen-
tal results.15,35–37 The electron (hole) concentration [Fig. 1(e)] and
mobility [Fig. 1(f)] are extracted from the Hall resistivity by using
the following equation,38 which indicates a possible transition as the
temperature changed from 110 K to 30 K:

ρxy(B) =
ρ2
eRh + ρ2

hRe + RhRe(Rh + Re)B2

(ρh + ρe)2 + (Rh + Re)2B2 B, (1)

where ρe = 1
neeμe

and ρh = 1
nheμh

are electron and hole resis-
tivities, respectively, ne and nh are the carrier concentrations for
electron-like (EL) and hole-like (HL) bands, and μe and μh are the
carrier mobilities for electron-like (EL) and hole-like (HL) bands.

Re =
−1
nee

and Rh =
1
nhe

are Hall coefficients for the electron and hole,
respectively, with an elementary charge e (≈1.6 × 10−19 C).

The temperature-dependent resistivity of both HfTe5 and
Hf0.95Ti0.05Te5 (sample 2) at zero magnetic field is normalized with
a resistivity of 300 K [Fig. 2(a)]. The resistivity for both sam-
ples decreases at first and then increases sharply to a maximum,
at around the transition temperature Tp. Beyond that, the resis-
tivity drops rapidly as the temperature is further decreased. The
reason why 5% Ti doped Hf0.95Ti0.05Te5 has lower Tp is proba-
bly because the Ti atoms are smaller than the Hf atoms and this
should result in some slight lattice compression, which can be assim-
ilated to an external pressure.29 Strong influence of the out-of-
plane magnetic field (B || b) is observed, namely, a large increase
in resistivity in the low temperature range and a shift of Tp to a
higher temperature. This was observed in both types of samples [see
inset Fig. 2(a)]. Similar temperature-dependent behaviors for ther-
mopower can be seen in Fig. 2(b) at zero magnetic field, except for
the additional peak in HfTe5 around 100 K. In general, the Seebeck
coefficients S for both crystals increase slightly when the tempera-
ture is decreased around the transition temperature Tp, which are
70 K and 58 K for HfTe5 and Hf0.95Ti0.05Te5, respectively. This tem-
perature is slightly different from the one obtained with the sample
used for resistivity measurements. At lower temperatures, the See-
beck coefficient goes through a minimum. The sign change of S,
which can be attributed to a change of the majority charge carrier
from HL to EL carriers, was first observed in the pioneering work of
Jones et al.28

Consistent with sample 1, large magnetoresistance [Fig. 3(a)]
and the Hall effect [Fig. 3(b)] were observed in sample 2 as well.
Moreover, the magneto-thermoelectric power and Nernst effect
have been measured in Hf0.95Ti0.05Te5 [sample 3, Figs. 3(c) and 3(d)].
Corresponding measurements for HfTe5 can be found in the stud-
ies by Hu et al.15 The thermopower and Nernst effects measured at
different temperatures as a function of magnetic field applied along
the b axis in Hf0.95Ti0.05Te5 are shown in Figs. 3(c) and 3(d), respec-
tively. As already shown in Fig. 2(b), the temperature greatly affects
the thermopower even at zero magnetic field. Here, a large influence
of the external magnetic field has been observed at a fixed tempera-
ture. For example, at 47 K, the thermopower changes from around
−70 μV/K at zero magnetic field to as much as −229 μV/K at a

FIG. 1. Electric transport measurements
of Hf0.95Ti0.05Te5 on sample 1 (3∗ 0.83∗
0.094 mm3): (a) temperature-dependent
resistivity at zero magnetic field, (b)
temperature-dependent resistivity at 9 T,
(c) magnetic field-dependent magnetore-
sistivity measured at variable tempera-
tures, and (d) the dependence of Hall
resistivity on magnetic field measured
at variable temperatures from 30 K to
110 K; (e) and (f) are the electron (hole)
concentration and mobility, respectively.
Data were obtained with sample 1.
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FIG. 2. Temperature-dependent resistivity ratio and Seebeck coefficient of HfTe5
and Hf0.95Ti0.05Te5: (a) resistivity as a function of temperature normalized with the
resistivity of 300 K; inset: resistivity measured with a 14 T magnetic field applied
along the b axis and (b) the temperature-dependent Seebeck coefficient; inset:
measurement configuration. The data of Hf0.95Ti0.05Te5 (red curve) were obtained
with samples 2 and 3. The data of HfTe5 (black curve) were obtained from the
studies by Hu et al.15

relatively small magnetic field of 0.35 T. The Nernst effect, which was
measured with a magnetic field in the b direction and a temperature
gradient in the a direction, can be simply considered as a transverse
thermopower, i.e., measured in the c direction like the Hall effect.
Around the transition temperature Tp (58 K), a large Nernst coeffi-
cient of 215 μV/K was obtained at a magnetic field of only 0.2 T. The
Nernst coefficient becomes even larger at a slightly higher tempera-
ture but drops dramatically at much higher or lower temperatures,
with the sign changing as shown in Fig. 3(d).

A two-carrier model for thermoelectric transport properties
(the Seebeck and Nernst coefficients as a function of magnetic
field) has also been proposed by Putely.38 One essential feature
that a model must account for is the step-like field dependence on
the Nernst effect which resembles the ANE of ferromagnetic thin
films.25 Since the Hf0.95Ti0.05Te5 is not a magnetic material, the

FIG. 3. Magnetic field-dependent electric and thermoelectric transport measure-
ments of Hf0.95Ti0.05Te5 at different temperatures below 150 K: (a) and (b) are mag-
netoresistance and Hall resistance and (c) and (d) are the magneto-thermoelectric
power and Nernst coefficients. The magnetic field was applied in the out-of-plane
direction in all measurements. Data were obtained with samples 2 and 3.

anomalous behavior is presumably from an internal effective mag-
netic field. We can expect the Berry curvature to play a role since it
has been suggested that HfTe5 may have Dirac semimetal proper-
ties.15,27 As a consequence, we cannot account for the main features
of the Hall resistivity at low temperatures (below 65 K).

In view of the high thermoelectric performance of HfTe5 and
Hf0.95Ti0.05Te5, we designed a simple thermopile with nine HfTe5
(Hf0.95Ti0.05Te5) stripes connected with copper wires on a printed
circuit board (PCB) about 1 × 1 cm2 in size [Fig. 4(a)]. We first mea-
sured at room temperature the output thermoelectric voltages as a
function of the temperature difference applied between the two rows
of copper contacts [Fig. 4(a)]. The temperature difference was mea-
sured by two Pt100 on each side of the thermopile. For a temperature
difference of 40 K, a large voltage of more than 30 mV could be mea-
sured for both materials. The temperature-dependent thermopower
of the thermopiles is shown in Fig. 4(b). A large thermopower, more
than 1 mV/K, is obtained at low temperature. The transition temper-
ature Tp differs for both HfTe5 and Hf0.95Ti0.05Te5 compared to the
results we obtained with a single needle. This is probably caused by
the difference in the qualities of crystals that are used when making
a thermopile.

We also measured the magnetic field-dependent thermopower
of these devices in the low temperature range where the magnetic
field influences the thermopower a lot. Figs. 4(c) and 4(d) show
the results for HfTe5 and Hf0.95Ti0.05Te5, respectively. The tempera-
tures marked in the figures are the average temperatures for the cold
and hot sides. By using a heater on the hot side, a very large tem-
perature difference was generated. The temperature difference was
changed at different sample temperatures. A very large output volt-
age of more than 0.1 V was obtained in both devices, with strong
magnetic field dependence. For example, the thermoelectric voltage
at 118 K changes from around 110 mV at zero magnetic field to as
much as 120 mV (here, the cold side was 68 K, while the hot side

FIG. 4. Thermopiles for thermoelectric power generation: (a) thermoelectric volt-
age obtained from the thermopiles at room temperature; inset: the optical image
of the real thermopile device; the scale bar is 5 mm, (b) the Seebeck coefficient
of the thermopiles as a function of temperature, and (c) and (d) are the magneto-
thermoelectric voltages measured on the thermopiles at lower temperatures for
HfTe5 and Hf0.95Ti0.05Te5, respectively.

AIP Advances 9, 125021 (2019); doi: 10.1063/1.5127804 9, 125021-3

© Author(s) 2019

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

was 168 K; hence, the temperature difference was about 100 K) with
only a 0.4 T external magnetic field applied on HfTe5. A similar large
change of about 40 mV is observed in Hf0.95Ti0.05Te5 at 50 K, which
is also close to the transition temperature Tp.

IV. CONCLUSIONS
In conclusion, we performed both electric and thermoelectric

transport measurements on 5% Ti doped Hf0.95Ti0.05Te5 single crys-
tals. Compared with the undoped HfTe5, the minimal doping we
considered does not change the main properties of this material,
except shifting the transition temperature Tp. However, high ther-
moelectric performance could be expected from a more detailed
investigation of different Ti concentrations or different material
doping in this system.39,40 Simple thermopiles were designed and
tested by using printed-board technology to form a series of 9 ther-
mocouples composed of crystals and copper wires. A large output
voltage was obtained at room temperature that could be further
enhanced by lowering the temperature and applying a small external
magnetic field. In view of the rapid developments that can happen in
materials nanoscience and nanofabrication technology, HfTe5 thin
film-based thermopiles might become a promising candidate for
thermoelectric power generation and in magnetic sensors.
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