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Summary

The Nernst effect generates a voltage transverse to the temperature gradient in
the magnetic field. Although the Nernst effect has the potential to realize novel
devices in the field of thermoelectric generators and sensors, thermoelectric
modules that operate with the Nernst effect have not yet been implemented.
Therefore, in this study, a thermoelectric module utilizing the Nernst effect was
developed as a prototype, and its performance was evaluated to identify tech-
nical issues. The proposed module is fabricated by arranging four rectangular
bars of a BiSb-based sintered alloy on an AIN substrate and connecting all the
bars in series with Cu plates. As a result of the measurement, when the magnetic
field was 5 T, an output power of 0.48 mW was obtained with a temperature dif-
ference of 149 K, and a temperature difference of 82 mK occurred as a cooling
operation with an applied electrical current of 100 mA.

Introduction

High-efficiency energy conversion techniques utilizing the thermoelectric effect, which aim at energy harvesting
devices for Internet of things power sources, are being actively studied in a wide range of research fields. Our
research group has also extensively studied the thermoelectric effect, focusing on both basic research and prac-
tical applications, including nanoscale materials, bulk materials, and module development and evaluation
(Ohta et al., 2019). Recent studies have reported a high energy conversion efficiency of 12% on the cascade-
type module, which is derived from the high dimensionless figure of merit zT ~ 1.9 of PbTe-based alloys
(Jood et al., 2018). The conversion efficiency is gradually increasing with active research; however, power gen-
eration using the Seebeck effect essentially suppresses the enhancement of the conversion efficiency owing to
the heat flow caused by the Peltier effect in the same direction as that of Fourier ‘s law (Nolas et al., 2001). When
the thermoelectric modules operate under the temperature difference, both the Seebeck effect and the Peltier
effect occur simultaneously because the electrical current flows through the module owing to the load resis-
tance connected to the module for practical power generation operation. In contrast, it has been suggested
that power generation by the Nernst effect can achieve extremely high conversion efficiency (Harman and
Honig, 1967). The Nernst effect generates a voltage transverse to the temperature gradient and magnetic field,
and conversely, the Ettingshausen effect generates a temperature difference transverse to the electrical current
and magnetic field. For power generation using the Nernst effect, the direction of the heat flow induced by the
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thermoelectric conversion with high conversion efficiency can be realized in a place where the installation
area is not limited. Furthermore, a new concept of a thermoelectric module operating with the anomalous
Nernst effect (ANE) has been recently reported using ferromagnets, which can occur by an internal mag-
netic field instead of an external magnetic field (Sakuraba, 2016). Thermoelectric modules operating
with ANE have many advantages in energy harvesting devices requiring mass production because they
gain the above mentioned benefits without applying an external magnetic field. Although the thermo-
power of ANE has been insufficient for practical use in the past, it has been rising and reaching ~6 pV/K
because of recent active research (Mizuguchi et al., 2012; Sakuraba et al., 2013; Nakatsuji et al., 2015;
Kim et al., 2016; Reichlova et al., 2018; Nakayama et al., 2019; Guin et al., 2019; Sakai et al., 2020). Further-
more, the power-generating characteristics of a spiral structure thermoelectric module operating with the
Nernst effect, using a coiled galfenol wire, has also been reported (Yang et al., 2017). As mentioned above,
the Nernst effect and modules on ferromagnetic materials have been extensively studied recently. On the
other hand, long known thermoelectric materials such as Bi and BiSb show a large Nernst thermopower of
several hundred pV K=" (Harman et al., 1964). Its origin is the extraordinarily high mobility of electrons and
low Fermi energy (Behnia, 2009). In addition, a large Nernst coefficient has also been reported using other
high-carrier mobility materials such as InSb (=82 uVv K=" T~"at 283 K) (Nakamura et al., 1997), Ge (320 pV K™’
T~ at 360 K) (Mette et al., 1959), and CdsAs, (107 pv K~ T~ at 250 K) (Xiang et al., 2020). However, a ther-
moelectric module using these materials operating with the Nernst effect has not been reported. Most
studies on the Nernst effect of these materials have focused on the evaluation of basic physical properties
in the low-temperature range (Wang et al., 2006; Behnia et al., 2007; Nakamura et al., 2005) and are not
intended for power generation applications (Angrist, 1963). Therefore, in this research, a prototype ther-
moelectric module operating with the Nernst effect is fabricated using a BiSb sintered alloy, which has a
high Nernst coefficient. The power generation and cooling performance of the developed Nernst-type
thermoelectric module are evaluated to clarify the technical issues of the module. The fabrication and eval-
uation method of the Nernst-type thermoelectric module elucidated in this study is expected to be applied
to thermoelectric modules that operate not only with the normal Nernst effect but also with ANE.

Results

In the thermoelectric module operating with the Seebeck effect, it is necessary to connect several thermoelec-
tric materials in series to increase the output voltage because an electric field is generated parallel to the tem-
perature gradient, as shown in Figure TA. In general, commercially available thermoelectric modules are man-
ufactured by assembling many II-type structures consisting of a pair of n-type and p-type carrier materials
(Nolas et al., 2001). In a typical Seebeck-type module, the output voltage is proportional to the number of ther-
moelectric legs when the temperature difference is constant. Hence, it is necessary to construct a module using
a complicated structure with many electrical and thermal junctions between the electrodes and the materials
that suppress the performance of the module. In contrast, the thermoelectric module operating with the Nernst
effect can be realized with much fewer junctions, as shown in Figure 1B, because the output voltage increases
with an increase in the length | of the material. In addition, the pair of n-type and p-type carrier materials, which
is required for the Seebeck-type thermoelectric module, is not required for the Nernst-type thermoelectric
module. The Nernst-type thermoelectric module can be constructed by a unileg-like structure placed perpen-
dicular to the temperature difference using a metal circuit on the substrate. The energy conversion efficiency is
not reduced by the heat loss through the metal circuit, as it occurs in a conventional unileg structure of the See-
beck-type modules because the metal circuit formed on the substrate does not pass heat flow from the hot side
to the cold side. Moreover, it is also possible to form the II-type structure for the Nernst-type module by con-
trolling the sign of the Nernst coefficient that is not determined by the carrier type but by the carrier scattering
mechanism (Jin and Heremans, 2018; Arisaka et al., 2018).

The output voltage and internal resistance of the module increases in proportion to the number of mate-
rials n (the material’s length /) on the Seebeck-type module (the Nernst-type module), as shown on the left
axis of Figure 1C. The internal resistance of the module can be reduced by increasing the cross-sectional
area where electrical current flows, that is, increasing the material width w or depth d (height h or depth d)
for the Seebeck-type module (the Nernst-type module). However, the output voltage decreases by
increasing the height of the Nernst-type module because the Nernst thermopower is not determined by
the temperature difference but by the temperature gradient unlike that of the Seebeck effect. Therefore,
to control the internal resistance of the Nernst-type module applied to a heat source with a constant tem-
perature difference, it is appropriate to change the material depth to maintain the output voltage. The
optimal module, which shows the maximum energy conversion efficiency, is designed by matching the
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Figure 1. Comparison of the Seebeck-type and Nernst-type thermoelectric modules

(A and B) Configurations of the thermoelectric module operating with (A) the Seebeck effect and (B) the Nernst effect.
(C) The number of material (material’s length) dependence of the output voltage or internal resistance of the Seebeck-
type module (the Nernst-type module) on the left y axis, and the inverse resistance ratio dependence of the energy
conversion efficiency of the Seebeck effect (dashed line) and Nernst effect (solid line) on the right y axis.

(D) zT dependence of the optimal resistance ratio on the left axis and those reciprocals on the right axis.

internal resistance of the module with the load resistance. The ratio of the load resistance and internal resis-
tance to obtain maximum energy conversion efficiency differs between the Seebeck-type and Nernst-type
modules. The energy conversion efficiency of the Seebeck effect nscepeck and the Nernst effect nnernst as a
function of the resistance ratio of the load resistance and the internal resistance 6 (=Rioaa/Rint) is expressed
by (Harman and Honig, 1967):

5
_h-T T+6 .
NSeebeck = T 7 T+5 _1 T =T 1 » (Equation 1)
ZSeebeck Th 2 Th 146
5
- T+6 .
Memst =71 T+ 1T,-T. 1T (Equation 2)

ZNernst Th 2 Th 1+6 Th

where Ty, and T. are the hot side and cold side temperatures, respectively, and the figure of merit of the
Seebeck effect zgeepeck and the Nernst effect zyerns: is defined as follows:

SZ
ZSeebeck =~ (Equation 3)
2
ZNernst :M (Equation 4)
PK

where S, N, B, p, and k are the Seebeck coefficient, Nernst coefficient, magnetic field, electrical resistivity,
and thermal conductivity, respectively. The inverse resistance ratio dependence of the energy conversion
efficiency of the Seebeck effect (dashed line) and Nernst effect (solid line) considering zZseepeck T and
ZNermstT = 0.3, 0.9, and 1.0 with the temperature conditions of T, = 600 K, T. = 300 K, and T = (T, + T.)/2
is shown on the right axis of Figure 1C. The energy conversion efficiency of both the Seebeck effect and
Nernst effect increases with zT, and the efficiency of the Nernst effect increases much more than that of
the Seebeck effect. Furthermore, the inverse resistance ratio to obtain the maximum energy conversion
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Figure 2. Schematic diagram of the fabrication procedure on the Nernst-type thermoelectric module

(A) BiSb alloy ingot sintering.

(B) Cutting off the ingot and Ti/Au electrode deposition.

(C-F) (C) Division into four rectangular bars, (D) Cu circuit fabrication on the AIN substrate, (E) bar fixation on the substrate
and electrical contact, and (F) finished module by attaching the AIN substrate to the bars.

efficiency of the Seebeck effect decreases with zseepeck T, While the inverse resistance ratio on the Nernst
effect increases with zyemstT. In Figure 1D, the zT dependence of the optimal resistance ratio 0¢..peck.
Onernst ON the left axis, and those reciprocals on the right axis calculated from (Harman and Honig, 1967)
are shown.

Secbeck = V/ 1+ Zseebeck T (Equation 5)

*

Nernst — 11— zNernstT (Equation 6)

These dependences also indicate that the optimal resistance ratio of the Seebeck effect increases with
Zseebeck I, While that of the Nernst effect decreases with zyemst T. In other words, the internal resistance
of the Nernst-type module must be large with increasing znemst T, and this is favorable because the internal
resistance of the Nernst-type module increases with the material length to increase the output voltage.

A schematic diagram of the fabrication procedure of the Nernst-type thermoelectric module is shown in Fig-
ure 2. First, a disk-shaped ingot of a BiSb-based alloy with a diameter of 15 mm and a thickness of 3 mm (Fig-
ure 2A) was prepared as described in Supplemental Information. Next, two parts of the ingot were cut in par-
allel, as shown in Figure 2B, and Ti (10-nm-thick) and Au (100-nm-thick) thin films on cut facets were formed
using the vacuum vapor deposition method (Eiko Engineering EB-680). In addition, the ingot was divided
into four bars of a rectangular parallelepiped with dimensions of 12 x 2 x 3 mm? (Figure 2C). Meanwhile,
two AIN substrates with a thickness of 0.4 mm and an area of 16 x 23 mm? (Furukawa Denshi FAN-170)
were prepared using a dicing saw (Disco DAD522) for use as the ceramic plate of the module. An electrical cir-
cuit made of 0.1-mm-thick Cu plates was placed on one AIN substrate using Ag epoxy (Diemat Sk100SDN), as
shown in Figure 2D. Subsequently, the four bars of the rectangular parallelepiped were arranged on the AIN
substrate using a silicone adhesive (ThreeBond 1225B) and electrically connected using Ag epoxy (Figure 2E).
The module was heated at 150°C for 30 min using a hot plate to cure Ag epoxy, and it was previously confirmed
that this curing temperature and time do not affect the measurement results of the thermoelectric properties of
BiSb alloys. Although the Nernst effect can cause the voltage to be proportional to the length of the bar, the
series connection of several bars is required to place bars in a practical square area of the module. Finally, the
Nernst-type thermoelectric module was completed by fixing the AIN substrate of the same dimensions as the
lower substrate directly to the upper face of the bars using the adhesive, as shown in Figure 2F.

In Figure 3A, an image of the Nernst-type thermoelectric module after arranging four bars on the AIN sub-
strate is depicted. The completed module was placed on a heat sink made of Cu such that the magnetic
field can be applied in plane of the module and perpendicular to the longitudinal direction of the bars,
as shown in Figures 3B-3D. A 1000-W rated ceramic heater with a 25 x 25 mm square shape was attached
on the hot side of the module and secured using a nylon tie. Thermal contacts between the module and
heat sink and between the module and ceramic heater were obtained by vacuum grease (Apiezon N
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Figure 3. Photographs and 3D schematic diagram of the fabricated module and measurement setup
(A) Photograph of the Nernst-type module after attaching four bars.

(B) Schematic of the measurement setup.

(C and D) Photographs of the measurement setup with (C) a bird’s-eye view and (D) side view.

Grease). The two lead wires for electrical current and voltage were electrically connected to both the pos-
itive and negative electrodes of the module by Ag epoxy to evaluate the module using the four-wire
method. A type-T differential thermocouple was attached to the hot and cold sides of the AIN substrates
inside the module to measure the temperature difference. The heat sink on which the module was placed
was attached to the cryohead of the Gifford-McMahon refrigerator (Sumitomo Heavy Industries RDK-415D)
of the cryostat equipped with a superconducting magnet, and subsequently, the chamber was evacuated
to less than 1072 Pa. The schematic configuration of the measurement system of the Nernst-type thermo-
electric module is described in Supplemental information.

In Figure 4A, the measured magnetic field dependence of the output voltage on the Nernst-type module when
the load current is varied from —40 mA to +70 mA in 10-mA intervals is shown. The cold side temperature of the
module was controlled at 273.15 K, and the temperature difference induced in the module was 133 K in the
absence of the magnetic field and increased with the increase in the absolute value of the magnetic field, as
depicted on the right axis of Figure 4D. The open-circuit voltage, with a curve of 0 mA load current, was
3.2mV at 0 T and increased with the positive magnetic field to a maximum value of 27.2 mV at approximately
4.8 T and decreased with the negative magnetic field to a minimum value of —17.5 mV at approximately —3.9T.
The sign of the output voltage for positive and negative magnetic fields is the opposite because the Nernst
thermopower is an odd function of the magnetic field. The Nernst voltage must be zero in the absence of
the magnetic field; however, the output voltage is not zero at 0 T, which is brought about by the Seebeck effect,
which is generated by the temperature distribution in the in-plane direction of the Nernst-type module. In addi-
tion, the absolute values of the maximum and minimum voltages for the positive and negative magnetic fields
did not match, even though the Nernst voltage was an odd function. The output voltage of the Nernst-type
module produced in this study shows the summation of the two thermoelectromotive forces of the Nernst ef-
fect and the Seebeck effect. The contributions of the Nernst effect and Seebeck effect on the output voltage
could be separated by considering that the Nernst thermopower is an odd function and the Seebeck thermo-
power is an even function using the open circuit voltage, as shown in Figure 4B. The pure output voltage
component derived from the Nernst effect was 22.2 mV at 5 T and the offset voltage was 5.0 mV. The offset
voltage increased from 3.2 mV to 5.0 mV when the absolute value of the magnetic field increased from 0 T
to 5 T because the Seebeck coefficient varies with an even function of the magnetic field, which is known as
the magneto-Seebeck effect (Wolfe and Smith, 1962). The module output voltage was saturated in the high
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Figure 4. Measurement results of the Nernst-type thermoelectric module

Magnetic field dependences of (A) the output voltage on the Nernst-type module with a load current from —40 mA to +70
mA, (B) the contributions of the Nernst effect and Seebeck effect to the output voltage, (C) output power for all load
currents, and (D) internal resistance of the module on the left y axis and the temperature difference induced in the module
when the load current is 0 mA on the right y axis.

magnetic field because the Nernst thermopower of the Te-doped BiSb is saturated at a higher magnetic field
(Murata et al., 2020). The range of the power-generating operation is shown in Figure 4A. As observed in the
figure, the positive output voltage has a positive load current in the positive magnetic field, and the negative
output voltage has a negative load current in the negative magnetic field.

The magnetic field dependence of the module output power for all load currents calculated by multiplying
the output voltage by the load current is shown in Figure 4C. The maximum output power was increased in
both the positive and negative magnetic fields, and the difference between the maximum power in the pos-
itive and negative magnetic fields was caused by the Seebeck effect. The local maximum power for the pos-
itive magnetic field was 0.48 m\W at a load current of 40 mA at 4.4 T, whereas the local maximum power for
the negative magnetic field was 0.19 mW at a load current of —20 mA at —3.7 T. The magnetic field depen-
dence of the internal resistance of the module at 273.15 K on the left y axis and the temperature difference
induced in the module when the load current is O mA on the right y axis are shown in Figure 4D. The internal
resistance increased from 377 mQ to 406 mQ in the magnetic field from 0 T to 5 T, which is caused by the
large magneto-resistance effect of the BiSb alloy even in the room temperature range. The temperature
difference of the module increased from 133 Kto 149 Kiin the magnetic field from 0 to 5 T due to a reduction
in the electron thermal conductivity caused by the increase in the electrical resistance. The contribution of
only four bars to the internal resistance of the module estimated from the measured electrical resistivity of
the Te-doped BiggSb1, alloy and the bar dimension was 26.4 mQ at 5 T, and the measured internal resis-
tance of the module was approximately 15 times larger than the material resistance. The contribution of
the contact resistance was estimated to be 380 mQ, which could be caused by Ag epoxy between the
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Figure 5. Output voltage and power of the Nernst-type module as a function of the absolute value of the load
current in a magnetic field of +5 T and averaged values at +5 T

elements and Cu electrical circuits. There are other options for obtaining lower electrical contact resis-
tance, such as solder and Wood's metal; however, they easily form eutectic with BiSb alloys. The Nernst
thermopower of contaminated BiSb alloys is reduced because the Nernst effect is significantly sensitive
to impurities and scattering mechanisms (Arisaka et al., 2018). Ag epoxy was not the best choice, but it
was used to produce the Nernst-type module prototype because the purpose of this study is to prove
the operation and reveal technical issues. On the other hand, the thermal conductivity of the BiSb alloy
is estimated to be 2.3 W/mK at 5 T using the heater power, temperature difference, and dimensions of
the elements of the produced module. This is less than the measured thermal conductivity of 2.7 W/mK
using the single bar-shaped ingot at 5 T and 300 K, as shown in Figure S2B, owing to the thermal contact
resistance between ceramic substrates and elements. Although the temperature regions for determining
these two thermal conductivities were different, the thermal conductivity estimated by the module was
smaller than the material value even considering that the thermal conductivity of BiSb alloy shows the pos-
itive temperature coefficient around 300 K (Lenoir et al., 1995). The contribution of the Seebeck effect to the
output voltage shown in Figure 4B also implies that thermal contacts between the elements and ceramic
substrates were not uniform. The thermal contact resistance can be reduced by exploring suitable adhesive
and making elements of the same height with high precision to obtain good contact.

In Figure 5, the output voltage and power of the Nernst-type module as a function of the absolute value of
the load currentin amagneticfield of £5T are shown. The open-circuitvoltages were 27.4 mVand —17.0mV,
the short-circuit currents were 70.9 mA and —44.3 mA, the maximum powers were 0.487 mW and 0.186 mW,
and the optimum load currents were 35.4 mA and —22.1 mA, respectively, in the magnetic field of 5 T and
—5T. The maximum power in the positive magnetic field was 2.6 times greater than that in the negative mag-
netic field owing to the Seebeck effect as explained above. The averaged voltage and the power of the
values of 5 T, which are a pure contribution of the Nernst effect, are also plotted in the same graph.
The open-circuit voltage, short-circuit current, maximum power, and optimum load current of the module
considering only the influence of the Nernst effect are 22.2 mV, 57.6 mA, 0.319 mW, and 28.8 mA, respec-
tively. The uncertainty of the output power was small enough because it was determined by the electrical
current input using the current source and the voltage measured using the digital multimeter (DMM). The
measurement error of the output voltage evaluated from the |-V curve in Figure 5 was 0.1 mV, which led
to a measurement error of the maximum output power to be 0.003 mW. Considering that the area of the
fabricated module was 16 x 23 mm?, the power density per unit area was calculated to be 86.7 uW cm ™2,

The heat flow passing through the Nernst-type thermoelectric module can be estimated from the heater
power, assuming that the heat leakage from the nylon tie and heater wires is negligible. The applied heater
power was calculated to be 11.2 W with an electrical current of 0.284 A and a voltage of 39.5V, and the
maximum output power from the module was 0.319 mW at 5 T, resulting in an energy conversion efficiency
of 0.0028%. Here, the heat leakage from the nylon tie and ceramic heater leads can be estimated to be 1%
of the heat flow through the module, considering the thermal conductivity of each material and the config-
uration of the evaluation setup shown in Figures 3C and 3D. In addition, the heat leakage due to the radi-
ation from the ceramic heater was estimated to be ~1% of the heat flow through the module, which means
that the heat flow through the module determined by the input current and voltage can be overestimated
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Figure 6. Dependence of the temperature difference caused by the Ettingshausen effect measured on the
Nernst-type thermoelectric module in a magnetic field of 0T, +1T,and +5T

by ~2%. As a result, the determined conversion efficiency could be underestimated by ~2% due to heat
leakage and have an uncertainty of ~1% due to power measurement error. Here, the conversion efficiency
was calculated by considering only the input heat flow to the module and the output electric power from
the module in order to focus on the relationship between the figure of merit of the material and the energy
conversion efficiency. The electrical energy required to apply the magnetic field was not included to calcu-
late the efficiency because the energy loss on a superconducting coil is ideally zero. Although power is
consumed by the current source and the refrigerator for the superconducting magnet, the power consump-
tion of the equipment such as the current source and chiller is generally not included in the efficiency even
in the evaluation of Seebeck-type thermoelectric modules (Ohta et al., 2019). Furthermore, the fabrication
and evaluation technique of the Nernst-type thermoelectric module established in this study can be
applied to modules operating with ANE, which can occur by internal magnetization, meaning that the
external magnetic field is not necessary. The dimensionless figure of merit for the Nernst effect znernst T
can be estimated from the conversion efficiency using the following equation (Harman and Honig, 1967):

n — Th - Tc 1 - 1 - zNernstT
Nemst = T\ + (Te/T)VT = Znermt T
Znemst T is estimated to be 3 x 107% at 5 T from Equations 4 and 7 using the measured conversion efficiency,

which is an order of magnitude smaller than the expected value of the sintered BiSb alloy caused by the
large contact resistance to the materials.

(Equation 7)

The applied current dependence of the temperature difference caused by the Ettingshausen effect measured
on the Nernst-type thermoelectric module in a magnetic field of 0T, £ 1T, and £5 T is shown in Figure 6. The
negative temperature difference shown on the y axis represents the cooling operation of the module. Although
a slight cooling phenomenon was observed at 0 T for the positive electrical current due to the Peltier effect, the
temperature increased with the absolute value of the applied electrical current due to Joule heating. The cool-
ing and heating phenomena caused by the Ettingshausen effect were clearly observed in the magnetic field,
and the cooling and heating operations were successfully changed by the sign of the magnetic field. The tem-
perature difference due to cooling operation increased with the applied current and the magnetic field, reach-
ing —82mKat 100 mA for 5T and —60 mK at —100 mA for —5 T. Although the maximum temperature difference
for cooling operation is expected to be shown with an applied electrical current higher than 100 mA, the current
was up to 100 mA because of the current source limitation. However, the maximum temperature difference was
roughly estimated to be —144 mK at a current of 289 mA by extrapolating the measurement curve of 5T with a
quadratic function. The temperature difference obtained by the Ettingshausen effect was less than one-thou-
sandth of the temperature difference of 149 K applied from the outside in the power generation evaluation,
meaning that the influence of the Ettingshausen effect on power generation could be ignored.

Discussion

As described above, we successfully fabricated a prototype of the Nernst-type thermoelectric module using
the BiSb sintered alloy and evaluated the power generation and cooling performance of the module. The
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Nernst-type module could be realized in a simple configuration with fewer electrical connections between the
materials and electrodes than the typical configuration of the Seebeck-type modules. Furthermore, the hot and
cold sides of the materials were attached directly to the ceramic substrates without the metal electrodes
required for the IT-structure of the Seebeck-type module. Therefore, the configuration of the Nernst-type mod-
ule is suitable for obtaining the maximum performance of materials because the electrical and thermal resistance
between the materials and the electrodes can be reduced. The power generation performance of the fabricated
module was successfully evaluated, and the energy conversion efficiency was estimated to be 0.003%. This ef-
ficiency results in a zyemst T value of 3 x 107%, which is 0.3% of the value measured using the individual ingot
cut from the same ingot as the Nernst-type module, although it cannot be simply compered because the tem-
peratures were not the same. The main reason for the low zyems: T value is the high contact resistance between
materials and electric circuits rather than the module structure because the module structure basically retains the
phenomenon of the Nernst effect. Therefore, the output power can be enhanced by reducing the contact resis-
tance using solder or Wood's metal instead of Ag epoxy for electrical connections and by improving the thermal
contact between the materials and ceramic substrates. However, zyemes: T is still low for obtaining high energy
conversion efficiency due to the Nernst effect because the conversion efficiency of a device based on the Nernst
effect starts to outperform obviously based on the Seebeck effect when zyems: T > 0.4 (Harman and Honig, 1967).
Therefore, znems: T Needs to be enhanced to obtain the advantages of the Nernst effect on the energy conversion
efficiency. We will develop and evaluate materials to enhance zyems: T by controlling the effective mass or carrier
doping. In the future, the relationship between energy conversion efficiency and zyems: T Will be experimentally
revealed to prove the potential to obtain a significantly high energy conversion efficiency using the Nernst effect.

Limitations of the study

A thermoelectric module operating with the Nernst effect was developed as a prototype, and its performance
in terms of power generation and cooling in the magnetic field was evaluated. The Nernst-type module was
realized with a simple configuration because the Nernst effect can generate a voltage transversal to the tem-
perature difference and is proportional to the length of the material. Furthermore, the configuration of the pro-
posed Nernst-type module is suitable for obtaining the maximum performance of the materials because the
electrical and thermal resistance between the materials and electrodes can be reduced. The results of the mod-
ule evaluation demonstrated that when the magnetic field was 5 T, an output power of 0.487 mW was obtained
with a temperature difference of 149 K, and a temperature difference of 82 mK was obtained as a cooling oper-
ation with an applied electrical current of 100 mA. The zyems: T Needs to be enhanced to obtain the advantages
of the Nernst effect on the energy conversion efficiency. The evaluation method of the module, as explained in
this study, can prove the possibility of the significantly high performance predicted in the Nernst effect.
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Figure S1. Analysis results of the prepared BissSb1: sintered alloy, Related to Figure 2-3. EDX

analysis maps of (A) Bi and (B) Sb. (C) X-ray diffraction pattern.
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of merit for the Seebeck effect and for the Nernst effect.
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Figure S3. Schematic diagram of the equipment setup for the measurement of power generation

and cooling on the Nernst-type thermoelectric module, Related to Figure 3.
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TRANSPARENT METHODS
Material preparation

A polycrystalline BissSbiz alloy was chosen as the material for the prototype of the Nernst-type
thermoelectric module because a large Nernst coefficient has been reported for a Bi-Sb alloy of 12 at.%
Sb in the room temperature range (Shabde, 1967). Bi and Sb of 99.99% purity shots, respectively, with
an atomic ratio of 88:12, were placed inside a 250-ml agate jar, and ground by centrifugal ball milling
(Retsch S100) using an agate ball 25 mm in diameter at 450 rpm for 60 min. The ground powder was
sieved through a 38 um mesh and 0.06 at.% Te powder (99.99% purity, <45 um) is added because a small
amount of Te-doping improves znemst (Murata et al., 2020). The powder was sintered at 220 °C and 50
MPa for 10 min under vacuum by the spark plasma sintering (SPS) method (Sumitomo Coal Mining
SPS-5158) to produce cylindrical ingots with a diameter of 15 mm and thickness of approximately 3 mm.
The sintered Bi-Sb ingot was annealed in vacuum-sealed quartz ampoules at 250 °C for 168 h, and the
alloying of Bi and Sb was confirmed using energy dispersive X-ray (EDX) analysis (Hitachi High-Tech
S-3500N), as shown in Figure SI1(A,B) and X-ray diffraction (Rigaku SmartLab), as shown in Figure
S1(C). In addition, EDX quantitative analysis confirmed that the atomic composition ratio of Bi and Sb
was 87.6:12.4, which corresponds to the start composition.

The bar-shaped BissSbi2 alloys with dimensions of 2.03 x 2.78 x 7.36 mm® were cut from the
produced ingots and used for measuring the Seebeck and Nernst effect, diagonal resistivity and thermal

conductivity. The magnetic field dependences of these properties of the BissSbiz alloy were measured at
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300 K using a cryostat equipped with a superconducting magnet (Cryogenic J1687). The measured

magnetic field dependences of the Seebeck coefficient S, Nernst thermopower NB, electrical resistivity

p, thermal conductivity x, the dimensionless figure of merit for the Seebeck effect zseebeck 7, and for the

Nernst effect znemst7 on the 0.06 at.% Te-doped BigsSbi2 sintered alloy at 300 K are shown in Figure

S2(A-C).

Measurement configuration

The schematic configuration of the measurement system of the Nernst-type thermoelectric

module is shown in Figure S3. The output voltage and load current were measured when heat passed

through the module from the ceramic heater to the heat sink, as shown in Figure S3. The heat sink

temperature was controlled by a ceramic heater and Cernox thermometer operated by a temperature

controller (Lakeshore 336). The hot side of the module was heated with a 1000-W rated ceramic heater

using a power source (Nistac NC620M), and the input power was determined by the electrical current

and voltage measured using two digital multimeters (DMM) (Keithley 2000). The temperature difference

of the module was determined by the voltage of the differential thermocouple mounted inside the module

measured by a nanovoltmeter (Keithley 2182) using the cold side temperature measured at the heat sink.

The output power was determined by the voltage of the module measured by a digital multimeter

(Keithley 2002) and the load current controlled by the current source (Keithley 6221). The internal

resistance of the module was measured by the four-wire and alternating current measurement method at
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an electrical current of 1 mA at a frequency of 11.234 Hz using a lock-in amplifier (Stanford Research

Systems 860) and a Keithley 6221 current source. The module performance was evaluated in a magnetic

field from —5 to 5 T, which was applied by the cryogen-free magnet system using a magnet power supply

(Cryogenic SMS120 C).

As the Seebeck-type module generates a temperature difference due to the Peltier effect caused

by the electrical current, the Nernst-type module generates a temperature difference due to the

Ettingshausen effect. Therefore, we also attempt to demonstrate the Ettingshausen effect on the produced

Nernst-type module at a magnetic field of 0 T, £1 T, and £5 T using the same configuration as the power

generation characteristics. The temperature difference of the module was measured by a differential

thermocouple when the electrical current flowed from —100 mA to +100 mA at 20-mA intervals.
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