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ABSTRACT

In this work we report Nernst effect measurements in single crystal bismuth samples, with special emphasis on the characterization of the
Nernst coefficient when the magnetic field, heat current and generated voltage are aligned along specific directions relative to the crystal
axes. We found significant differences between the different orientations, reflecting the highly anisotropic electronic structure of bismuth
and compatible with the Nernst characteristics obtained from polycrystalline samples. These results not only complement the experimental
works published in the past but also underline the role of crystalline orientation in the context of transverse thermoelectric effects, toward an
efficient design of thermomagnetic devices like the ordinary-Nernst-effect-based energy harvesters.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000901

Thermoelectricity is of great interest both for the study of
fundamental phenomena and for technological applications."”
When the magnetic degree of freedom is taken into account,
thermoelectric effects are called thermomagnetic or Nernst-
Ettingshausen effects' and they exhibit a transverse geometric
configuration. The technological interest on these topics is driven
by the opportunity to use a single material instead of junctions,
resulting in a greater freedom in the design of devices.” In a
solid that exhibits transverse thermoelectricity, the generated
voltage, the magnetic field and the heat current are perpendicular
to each other. It is possible to observe thermomagnetic effects
both in magnetic materials’ and in normal metals or semimet-
als® under magnetic field. In the first case, the thermomagnetic
effect is also called anomalous Nernst effect,” in analogy to the
anomalous Hall effects. The advantage, with respect to the ordinary
effect, is the absence of an external magnetic field. However,
according to the literature,® the materials with the best anomalous
Nernst coefficient have lower figure of merit values than the ones
reported for the ordinary Nernst effect of bismuth and bismuth-
antimony alloys. The attention to the ordinary Nernst effect in the
field of thermoelectric conversion had already been highlighted
in the past,” especially with regard to bismuth and bismuth-
antimony.'” More recently, the transverse orientation of the

ordinary Nernst effect has been exploited for the design of non-flat
thermomagnetic devices."'”  An ordinary-Nernst-effect-based
transverse thermoelectric module equipped with embedded per-
manent magnets has been recently reported by Murata et al.,”
with the advantage of the large ordinary Nernst thermopower
of bismuth-antimony, that, together with the one of elemental
bismuth, is the largest reported in the literature.'’

Elemental bismuth has been the subject of research for decades:
its peculiar electronics structure'* gives rise to characteristic proper-
ties which have aroused curiosity of scientists since the beginning
of research on solid state physics,”” including the discovery of
the Seebeck and Nernst effects.'”'” Despite the vast literature on
the thermoelectric effects of bismuth, a comprehensive experimen-
tal characterization of its low-field Nernst behavior as a function
of crystal orientation is still missing. Our study is motivated by
the need to have detailed experimental data in order to design
ordinary-Nernst-effect-based transverse thermoelectric devices.

We prepared both polycrystalline and single-crystal bismuth
samples. The polycrystalline sample is obtained by pressing bis-
muth powders into a die of parallelepiped shape (6.95 x 4.60
x 0.8 mm?). The single-crystal samples were obtained by cleaving
and cutting a parallelepiped (6.85 x 2.85 x 0.6 mm”) from a larger
chunk of 99.999% bismuth with cm grain size. The pieces were easily
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cleaved with a sharp blade along the basal plane, which is the primary
cleavage plane of Bi.'® The freshly cleaved surface has terraces whose
orientation can be exploited to locate the binary axes, and, by con-
sequence, the bisectrix direction perpendicular to it, in order to
cut the edges of the samples accordingly. The out of plane orien-
tation of the c-axis of the selected crystals was confirmed by x-ray
diffraction, which revealed a strong (00n) texture on both surfaces
of the sample; a secondary (nOn) orientation was also observed, with
reflections of much smaller intensity, revealing that a minor por-
tion of the sample is constituted by grains or domains with the
(nOn) planes parallel to the surface. We believe this can be due to
crystal twinning induced by mechanical deformation occurred dur-
ing cutting, since it was reproducibly observed in all the samples
cleaved from larger crystals. A magnified image of the single crystal
sample is reported in Fig. 1 together with a sketch of the rhombohe-
dral unit cell of bismuth represented with hexagonal axes. For what
concerns the measurement system, we employed an experimental
setup previously described,'””’ suitable for the quantitative char-
acterization of transverse thermoelectric effects such as the Nernst
effect’’ and the spin Seebeck effect.”” A scheme of the setup is
shown in Fig. 2, together with the geometrical configurations of
the measurements on the bismuth single crystal. The characteriza-
tion of thermomagnetic effects requires the measurement of three
quantities: the magnetic field, the generated voltage and the thermal
gradient. The first one is obtained by an electromagnet and a Hall
probe, the second one is a standard DC voltage measurement and the
third one is based on the heat flux method, which consists of a pro-
cedure aimed at avoiding the effects of the thermal resistance of the
contacts between the temperature sensors and the sample under test.
This is possible because the thermoelectric response of the sample is
driven by a controlled heat current through it. This heat current is
measured by a pair of calibrated Peltier sensors connected to two
parallel faces of the test sample. The control of heat current is fur-
ther ensured by setting the experiment under a vacuum of 10~7 mbar
and by electrically connecting the sample with wires of reduced cross

trigonal

bisectrix

c bisectrix
Jo—
a b \
binary

a)

FIG. 1. (a) Perspective view of the unit cell of bismuth represented with hexagonal
axes; (b) Projection of the unit cell along the [001] direction superimposed to an
optical microscope image of the sample, which exposes the plane perpendicular to
the trigonal axis (basal plane). The directions of the binary and bisectrix axes are
also reported. Pictures of the crystal structures have been produced with Vesta 3
software. 20

ARTICLE pubs.aip.org/aip/adv

sample

Heat current
sensors

y
Pt-100 *\L'
z
X

FIG. 2. On the left, the bismuth crystal is shown with the orientations relevant
for the measurements. This is positioned inside the measurement system, repre-
sented on the right. The blue, green and orange arrows on the sample represent
the binary, the bisectrix and the trigonal axes, respectively.

section (0.012 mm). The sensitivity K of the Peltier sensors is deter-
mined according to a calibration procedure reported in a previous
work? and the value of K that we found in the present work is
represented by the following expression:

K=088+386-10°T-139-10°T>-0.93-107'T° (1)

as a function of the temperature T in °C at which the experiment is
conducted. This temperature is the one of the whole system formed
by sensors, thermal baths and sample under test when the exper-
iment is at equilibrium and it is measured by a standard Pt-100
sensor placed on the thermal reservoir at which the experiment is
connected, as shown in Fig. 2. A controller is able to set this temper-
ature in the range between 230 and 350 K. This experimental method
allows us to evaluate the thermopower N as

_ VyV _ VNE/Ly
VT jufk

2

where Vg is the Nernst voltage generated by the sample, j q is the
heat current density through it, Ly is the distance between the elec-
trodes connected on the sample and k is the thermal conductivity
of the material. The ordinary Nernst effect characterization provides
the thermopower N as a function of the magnetic field H,. The quan-
titative evaluation of N as well as the comparison of experimental
results at different conditions of the sample under test is ensured by
the heat flux method. This procedure requires as input parameter
the value of thermal conductivity k, since N is represented by the
ratio between the electric and the thermal gradients. Usually the
value of thermal conductivity k is well known, especially for elemen-
tal crystals; nevertheless in the case of crystalline bismuth it is worth
taking anisotropies into account. In particular, the literature reports
a factor of 1.39 between the values of thermal conductivity mea-
sured along and perpendicular to the trigonal axis, respectively.”’
For what concerns the application of a magnetic field, with the heat
current perpendicular and the magnetic field parallel to the trig-
onal axis a decrease of 16% of the value of thermal conductivity
has been reported: this scales down to 7.3%, with a 90° rotation.”*
The anisotropy of electrical conductivity, whose value affects the
thermomagnetic figure of merit, has been discussed in the past:*
the values of electrical resistivity along the directions perpendicular
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FIG. 3. Nernst thermopower vs. mag-
netic field characteristics of the bis-
muth single crystal, with magnetic field
along binary (blue line), bisectrix (green
line) and trigonal (orange line) axes.
Inset: characteristics of a polycrystalline
sample.

30
204
%
204 3 o0
=
_204
10 0.0
HoH (T)
¥
3 0
2

_10_

—20 mmmm 1) H // Binary
mmmm 2) H // Bisectrix
wess 3) H // Trigonal

-30 T T T T T T

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

LoH (T)

and parallel to the trigonal axis are 1.14-107° and 1.44-107° Q-m,
respectively. The magnetoresistance of bismuth along each crystal
orientation is also reported by the same authors.”

The results of the Nernst thermopower vs. magnetic field char-
acteristics, obtained with the crystal orientations sketched in Fig. 2,
are reported in Fig. 3. The values obtained with the magnetic field
along the binary axes, represented by the blue line in Fig. 3, and
with the magnetic field along the bisectrix axes, represented by the
green line in Fig. 3, are in agreement with previous works.””** The
slight asymmetry between the positive and the negative branches of

the curves that is observed for the magnetic field along binary and
bisectrix axes is probably due to a slight uncontrolled misalignment
of the experiment that causes the rising of a spurious magneto-
Seebeck component.”” Instead the presence of Umkehr effect can
be excluded at room temperature.’’ In the inset of Fig. 3 we show
the Nernst thermopower vs. magnetic field characteristics that we
measured on a polycrystalline sample. This exhibits a low-field devi-
ation from linearity that has been previously observed and reported
in the literature by other authors.”' * For a further investigation of
the behavior of bismuth single crystals, we repeated the Nernst ther-
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FIG. 4. Nernst thermopower vs. magnetic field characteristics of the bismuth single crystal sample at different temperatures. The characteristics shown with blue lines are
obtained with magnetic field along binary axes, the ones in green refers to the bisectrix axes and the ones in orange to the trigonal axis. In the last column the temperature
dependence of the Nernst thermopowers measured at 0.8 T (red points) and 0.4 T (black points) is reported as a summary.
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mopower vs. magnetic field measurements in a temperature range
close to room temperature. The experimental data are shown in
Fig. 4 for the same geometries adopted for the previous measure-
ments, with the magnetic field along binary (blue dataset), bisectrix
(green dataset) and trigonal axes (orange dataset). From the mea-
surements reported in Fig. 4 we can observe that the magnitude of
the effect increases as the temperature decreases, as expected for the
Nernst effect in bismuth in this temperature range.! Moreover, the
temperature dependent behavior of the Nernst thermopower with
the magnetic field aligned along the binary axes (blue data of Fig. 4)
is in agreement with data reported in literature’” for the tempera-
ture range between 195 and 300 K. Also the temperature dependent
displacement of the local maximum of the Nernst thermopower vs.
magnetic field curve corresponds to the measurements reported by
Michenaud et al.”’

In conclusion, we carried out an experimental study that repre-
sents a synthesis of the Nernst properties of bismuth at low magnetic
fields, between 1 T and —1 T, and in a temperature range between
234 and 347 K, taking into account the orientation of the sin-
gle crystal sample with respect to the directions of the magnetic
field, the heat flow and the generated electric potential. We found
sign changes in the Nernst thermopower vs. magnetic field char-
acteristics for different orientations of the bismuth crystal. The
potential applications of this study are the design of optimized
thermomagnetic devices in the field of heat sensors or energy har-
vesters, like the modules based on ordinary Nernst effects'””” and
transverse thermopiles whose working principle is based on Nernst
thermopowers of opposite signs, as in the case of FePt and MnGa
epitaxial films proposed by Sakuraba et al.’® In the case of bismuth,
it could be possible to exploit the different signs exhibited by the
Nernst thermopower when the magnetic field is applied parallel and
perpendicular to the trigonal axis. This could open to the design of
a Nernst thermopile assembled by bismuth oriented crystals, as rep-
resented in Fig. 5. Finally, the detailed investigation of the Nernst

trigonal

7
/

4 |
V)

trigonal

]

FIG. 5. Possible design of a Nernst thermopile based on single crystal bismuth ele-
ments in series, cut with the trigonal axes parallel and perpendicular to the applied
magnetic field. The white arrows represent the electric current contributions from
each element.
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characteristic of a single crystal is a clarifying element for the behav-
ior of polycrystalline samples for what concerns the deviations from
linearity that are observed at low fields.

This project has been funded by the Italian Ministry of Univer-
sity and Research (MUR) in the framework of the continuing-nature
project "Next-Generation Metrology" and the Research Projects of
Relevant National Interest (PRIN project Xverse T.E.C “Transverse
thermoelectric energy conversion”: Grant No. 2022LLWM5F).
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