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ABSTRACT

To assess the potential of polycrystalline MnBi as a transverse thermoelectric material, we have experimentally investigated its anoma-
lous Nernst effect (ANE) by means of the heat flux method. We prepared MnBi samples by powder metallurgy; this technique allows the
preparation of samples in arbitrary shapes with the possibility to tailor their magnetic properties. In the material exhibiting the highest
remanent magnetization, we found a value of the ANE thermopower of —1.1 yV/K at 1 T, after the compensation of the ordinary Nernst
effect from pure bismuth present inside the polycrystalline sample. This value is comparable with those reported in the literature for single

crystals.

© 2023 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/10.1063/5.0135578

The performance of a thermoelectric device working with the
Seebeck/Peltier effects is ruled by both its architecture and the
characteristics of the materials. The latter is represented by the
dimensionless figure of merit ZT = e?0T/k, where e is the Seebeck
thermopower, o is the electrical conductivity, T is the temperature,
and k is the thermal conductivity. The typical device architecture
consists of pillars of p- and n-type semiconductors that are thermally
in parallel and electrically in series.! This configuration allows the
maximization of efficiency, but limits the possibilities of arbitrary
shaping. Structures, such as thermal-sensing coatings’ or flexible
devices,” can however be devised by exploiting transverse thermo-
electric effects,” also called thermomagnetic effects.” The Nernst
effect refers to the transverse thermopower N = v, V/VT that rises
in a material in which the temperature gradient VT is applied
in the presence of a magnetic field B,. In ferromagnetic materials,
with spontaneous magnetization, the thermopower is called spon-
taneous or anomalous Nernst effect (ANE). The performance of a
thermomagnetic device depends on the ratio between two lengths:
one along the electric potential and the other along the thermal gra-
dient. These are oriented along perpendicular directions, while in
a Seebeck/Peltier device, the two lengths are parallel and coincide.
This fact opens up new possibilities for the improvement of the per-
formance, along with more freedom in the geometries, by tuning

the dimensions and shapes of the devices. The optimum shape, for
an architecture based on multistage cascading, was derived by Har-
man® and subsequently developed.”” The opportunity to adapt the
shape of thermoelectric devices to the geometries of existing systems
is of paramount importance and sometimes it is the only option, for
example, for the proposal of self-cooling cables.' In this framework,
the study of thermomagnetic effects in ferromagnets that could
be easily produced in different sizes and shapes, such as polycrys-
talline materials, becomes crucial. A material worth investigating is
MnBi, which allows the preparation of magnetic samples by pow-
der metallurgy processes. The thermomagnetic properties of MnBi
single crystals have been recently investigated,'’ with some inter-
esting findings in terms of an extra contribution to the transverse
thermopower. This originates from magnon-electron interaction
due to the large spin-orbit coupling of the MnBi itself and it was
also observed in heterogeneous systems, such as multi-layers'”"”’
and composites of bulk materials, with heavy metal nanoparticles.'*
Nevertheless, the possibility of exploiting this favorable condition
in a single material makes the MnBi appealing in the framework of
the thermomagnetic applications. Previous studies on MnBi single-
crystals report a transverse thermopower at the saturating field of
2 uV/K at room temperature and 10 4#V/K at 80 K.'' These values
are comparable with the maximum ANE thermopowers reported in

AlIP Advances 13, 035231 (2023); doi: 10.1063/5.0135578
© Author(s) 2023

13, 035231-1


https://scitation.org/journal/adv
https://doi.org/10.1063/5.0135578
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0135578
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0135578&domain=pdf&date_stamp=2023-March-21
https://doi.org/10.1063/5.0135578
https://orcid.org/0000-0001-5362-8932
https://orcid.org/0000-0003-2210-0072
https://orcid.org/0000-0002-1878-6123
https://orcid.org/0000-0003-3889-0160
mailto:a.sola@inrim.it
https://doi.org/10.1063/5.0135578

AIP Advances

arecent perspective paper by Uchida et al.,'” where the highest ANE
coefficients are reported for the Heusler ferromagnet Co,MnGa.
Some experimental results of ANE in polycrystalline samples are
already present in the literature, with large values at 2 T recently
reported for polycrystalline FexGas—x (2.96 < x < 3.15).1°

The aim of this study is the investigation of the ANE ther-
mopower in polycrystalline MnBi samples prepared by powder
metallurgy processes. Our study has the scope to unveil the gap in
performance between ideal materials used for the study of funda-
mental phenomena and less ordered systems, with the advantage,
in this second category, to exploit the hard magnetic properties
of MnBi and have a device working without an external applied
magnetic field. Samples were prepared through a powder metal-
lurgy route that consists in the annealing of manganese and bismuth
powders, previously mixed and pressed to form a pellet. All the
powders were handled in a nitrogen-filled glove box to avoid oxi-
dation. The a-MnBi phase is obtained by heating at 320°C for 1 h
in a vacuum or inert atmosphere. We prepared three types of sam-
ples, exploiting magnetic field annealing and the induction of defects
by means of high-energy ball milling to tailor the microstructure
and hence the magnetic properties of the samples.'” The hysteresis
loops of the samples prepared according to these three procedures,
measured by means of vibrating sample magnetometry (VSM), are
shown in Fig. 1. Sample A, which can be considered as a refer-
ence, has been annealed in a vacuum without an applied magnetic
field; this preparation favored the formation of randomly oriented
and well-developed MnBi grains. Sample B was annealed in a nitro-
gen atmosphere under a static magnetic field of 1 T produced by a
Halbach cylinder. This procedure allows the development of a pre-
ferred orientation of the MnBi grains with their c-axis along the
applied field direction. The resulting hysteresis cycle shows larger
saturation and higher remanent magnetization compared to the ref-
erence sample. For sample C, we focused on the development of
coercivity. In order to obtain a high value, we milled the material
that was annealed in the same way as sample A in a planetary ball
mill. The milling process was for 1 h at 450 rpm in a zirconia jar
(ball-to-powder ratio ~14), and afterward we pressed the resulting
powder in a new pellet. Smaller grain size and the presence of defects,

=== Zero-field annealed
60 === Field annealed
== Milled

M (AmZkg~1)
o

-15 -1.0 =05 0.0 05 10 15
HoH (T)

FIG. 1. Magnetization as a function of the applied magnetic field measured by
vibrating sample magnetometry (VSM) for each type of polycrystalline MnBi sam-
ple. A: isotropic reference sample obtained by annealing without applied magnetic
field. B: sample annealed under a static 1 T magnetic field. C: Sample obtained by
milling of the reference sample.
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representing pinning centers for domain wall motion, allowed to
increase the value of the coercive field significantly,'” as shown in
Fig. 1. The transverse thermopower of the aforementioned samples
was investigated by an experimental setup based on the heat flux
method. This procedure allows us to disregard the thermal resis-
tances between the sample and the thermal sensors, which usually
affects the direct measurement of the temperature difference. The
heat flux method consists in an electric characterization of a sam-
ple under test as a function of the heat flux traversing it. This last
quantity is generated by a pair of Peltier modules: the bottom sur-
faces of each module are connected to a thermal reservoir whose
temperature is set by a temperature control system. The top surfaces
are connected to two brass blocks that are the cold and hot baths;
these clamp a second pair of Peltier cells between which the sam-
ple is placed. These cells directly connected to the sample work as
sensors, and they are calibrated with a Joule resistor according to
a procedure reported in previous studies;' '’ the characteristic that
we found in the present work is 1.07 V/W for both the Peltier sen-
sors. In order to avoid uncontrolled heat leakages, the whole system
is kept under vacuum (1077 mbar) and the electric connections to
the sample are made with gold wires with a diameter of 0.012 mm.
This experimental approach provides the values of the heat current
density j, and voltage drop across the sample V ang that are found in
the expression of the ANE thermopower N,

_ Vane/Ly
—ja/k

where Ly is the distance between the electrodes and k is the ther-
mal conductivity of the material under investigation whose value,
for our study, has been approximated to the one of pure bismuth
that is 7.9 W K™' m™. A scheme of the measurement configura-
tion is shown in Fig. 2(a). The magnetic field is perpendicular to the
directions of the voltage drop Vane and the one of the heat cur-
rent density j_. An electromagnet was used to apply the magnetic
field alternating between +1 T and measured by a calibrated Hall
probe. We compensated the induced voltage that constitutes a spuri-
ous component of the measured voltage drop V axg; this component
arose from the variation of the magnetic flux density across the elec-
tric wiring of the experiment. For each sample mounting inside the
measurement system, the determination of these induced voltages
was performed by applying the same varying magnetic field in the
absence of heat fluxes. The results for the three types of MnBi sam-
ples are shown in Fig. 2(b). The ANE voltages V axe, as a function
of the applied magnetic field, are shown in the top row of Fig. 2(b).
Here, we represented only the values of Vang obtained with posi-
tive temperature differences, as an example of the measurement. The
corresponding values of temperature difference are reported in the
labels and have been derived as AT = —j qu /k. The measured volt-
age Vane follows a hysteresis loop whose magnitude increases along
the vertical axis for higher temperature differences. The values of
V ane at zero applied field, highlighted by black dots on the hystere-
sis loops in the top row of Fig. 2(b), correspond to a Nernst effect
driven by the remanent magnetization of the sample. These values,
normalized by the geometrical factors of the samples, are used to
represent Vane /Ly at remanence as a function of the thermal gra-
dients, shown in the bottom row of Fig. 2(b). Our system is able
to produce heat currents j g in both positive and negative directions

N (1)
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FIG. 2. (a) Geometry of the ANE measurements: the sample is heated along the x-axis, magnetized along the z-axis, and the Vg voltage is detected along the y-axis. The
distance between electrodes is Ly. (b) Top: ANE voltages as a function of the applied magnetic field for three positive values of temperature difference. Bottom: gradients of
ANE voltage as a function of the applied thermal gradient measured at zero magnetic fields (corresponding to the values highlighted by the black dots on the top graphs).
In the labels, the values for the ANE thermopower are reported. Each column corresponds to the type of material: orange dataset for the zero-field annealed sample (A),
blue dataset for the field annealed sample (B), and green dataset for the milled sample (C).

along x; this allows us to test the signs of the ANE voltages according
to the signs of j,. The slopes in Fig. 2(b) are the values of ANE ther-
mopower at remanence. Sample B, prepared under magnetic field
annealing (blue set), exhibits the largest value, N = -5.8 - 1077 V/K.
The curves shown in the top row of Fig. 2(b) resemble the VSM
measurements in Fig. 1: particularly, samples B and C exhibit high
remanent magnetization and high coercivity, respectively, also in
their ANE characteristics. A decrease in the Vang for increasing
applied magnetic fields is found in all samples; we interpret this phe-
nomenon as due to the presence of unreacted bismuth, a source of
transverse thermopower whose sign is opposite to the one of the
MnBi ANE. Although there are other works about the thermomag-
netic response of MnBi/Bi composites, "’ this feature has not been
specifically investigated. However, a similar behavior of the Vng
can be found in the transverse thermopower reported for MnBi and

32 pvkiT

20 Bi

N (uV/K)

-1.0 -0.5 0.5 1.0

0.0
HoH (T)

FIG. 3. Nernst thermopower of bismuth as a function of the applied magnetic field,
normalized by the geometrical factors of the sample and by the thermal gradi-
ent. Experimental data are represented by the black line, while the red line is the
reference slope for a Nernst coefficient of 32 - 108 VK=" T-1,

MnBi-Au composites.'* In order to investigate this phenomenon in
more detail, we measured the Nernst thermopower of a pure bis-
muth pellet obtained with the same experimental setup and in the
same geometrical configuration used for the MnBi samples. The
result of this measurement is reported in Fig. 3. The value of the
Nernst coefficient of bismuth, 32 - 107° V K~! T~!, has been derived
by the plateau of the derivative of the curve of Fig. 3. The red line is
a guide for the eye whose slope is equal to the Nernst coefficient of
bismuth and, therefore, parallel to the thermopower vs field curve in
the range above 1 T. The three main features of the measured Nernst
effect of bismuth are the high magnitude, the sign, opposite to the
one of the MnBi ANE thermopower, and the behavior as a function
of the applied magnetic field, which is non-linear but exhibits no
hysteresis. With this information, it is possible to analyze the MnBi
ANE measured thermopower by taking into account the presence
of the bismuth Nernst voltage and considering the total measured
voltage as

Viot = (1 — x8i) Vmnsi + x8i Vi, 2)

where xp; is the unreacted bismuth linear phase fraction inside the
sample, Vi is the Nernst voltage contribution from bismuth, and
Vnsi is the sought ANE voltage from MnBi. The criterion used to
choose a value of xp; is to make the ANE loop follow the VSM loop
for each type of material, by using the data reported in Fig. 3 for the
Vi. According to this calculation, it is possible to obtain the MnBi
ANE voltage Vi extrapolated to the absence of bismuth. The bot-
tom row of Fig. 4 shows the same VSM data of Fig. 1 (orange lines)
superimposed to the MnBi thermopowers (purple points) after the
compensation of the Nernst contribution from bismuth for the three
types of materials. In the first two samples, we observe the same coer-
civity by thermopower and VSM measurements thanks to the good
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FIG. 4. Top: ANE thermopowers of MnBi samples as a function of the applied magnetic field, normalized by the geometrical factors. Bottom: A comparison between VSM
magnetization curves (orange line) and ANE thermopowers of MnBi (purple diamonds) after the compensation of the Nernst effect of bismuth, originating from the unreacted
phase inside the samples. The bismuth fractions needed to achieve the superimposition between the ANE and the VSM curves according to Eq. (2) is 2% for the zero-field

annealed sample, 1.6% for the field annealed sample, and 1.6% for the milled sample.

superimposition of the data. For what concerns the third dataset,
the milled sample, we observe a slight discrepancy between coer-
civity measured by VSM and ANE. This is due to the maximum
field reachable by the ANE measurement system that is not strong
enough to magnetize the sample as the VSM magnetometer. On the
top row of Fig. 4 are reported the measured thermopowers from
the samples, before the bismuth compensation. The results of the
MnBi ANE thermopowers at remanence and at the saturating field
after the bismuth compensation is summarized in Table I, for the
three types of materials for which we report the values of coerciv-
ity. In the case of the field-annealed material (sample B), the value
of ANE thermopower at 1 T reaches —1.1 yV/K, which is half of
the value reported at room temperature for single crystal.'! For the
other types of materials (samples A and C), we observed lower ANE
thermopowers. This is compatible with the anisotropic nature of the
ANE, whose magnitude depends on the direction of the magnetiza-
tion and of the c-axis of the MnBi crystals. We have further checked
the value of the unreacted volume bismuth fraction by differential
scanning calorimetry (DSC) measurements. The volume percent-
ages of bismuth that we obtained were three to ten times bigger than
the percentages needed to achieve the superimposition between the
ANE thermopower curves and the magnetization curves of Fig. 4
(bottom). However, it is reasonable that the MnBi and the bismuth
phases do not grow with the same shapes since the residual bismuth
is presumably an intergranular phase that surrounds the MnBi crys-
tals. With this model of the microstructure, it is possible to evaluate
the linear phase fraction xp; as the amount of phase crossed by a
line oriented along an arbitrary direction inside the MnBi sample.
The result is compatible with the ones used to meet the condition

TABLE I. ANE thermopowers of the materials under test.

MnBi sample poHe ANEat0T ANEat1T
T uv K uvK!
Zero-field annealed 0.08 -0.30 -0.63"
Field annealed 0.04 -0.58 -1.1%
Milled 0.80 -0.33 —-0.45"

*ANE thermopower for the MnBi after the bismuth compensation, obtained from the
data reported on the bottom row of Fig. 4.

of the superimposition between the magnetization curves and ANE
thermopower curves.

In conclusion, we demonstrated the thermomagnetic charac-
teristics of polycrystalline MnBi samples prepared by means of
powder metallurgy followed by field annealing. This method per-
mits easy manipulation of the magnetic properties at the preparation
stage and its direct effect on the ANE thermopower. This work paves
the way toward the optimization of the properties of a transverse
thermoelectric material, such as MnBi: among the requirements, one
of the most important is the high value of the remanent magneti-
zation. Moreover, it is important to take into account the different
contributions to the thermopower from materials whose thermo-
magnetic characteristics are different, as in the case of bismuth inside
the MnBi samples. The optimization of these parameters allows
the characteristics of polycrystalline samples to be comparable to
the ones obtained from ideal and more difficult-to-produce mate-
rials, such as single crystals. This represents a step forward in the
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applicability of thermomagnetic effects in the field of thermoelectric
coolers and energy harvesting devices.
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