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Presented work concerns thermally activated 2D materials inducing an electric field in the presence
of a magnetic field. The thermomagnetic Nernst effect combines these quantities, and several works
reveal results that could be used for validation of the experimental setup before investigations of other
structures with potential thermomagnetic effects. The paper shows experimental studies on the ther-
momagnetic Nernst effect observed in pure nickel samples. The scope of experimental studies covers
relationships of the sensitivity of the Nernst coefficient to magnetic field ranging to 1 T and tempera-
ture gradient above room temperature. The obtained results were discussed in relation to the referenced

(2024)

works.
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1. Introduction

Currently, there is a trend towards sources of
green energy exploitation and better energy con-
version methods [1]. The article fits into these
trends because it refers to the Nernst effect as the
conversion of thermal energy into useful electrical
energy.

The Nernst effect (NE) is a thermomagnetic
phenomenon that combines thermal and electrical
quantities and establishes a physical link for uti-
lization as a direct energy converter between these
two domains [2]. Thermomagnetic effects (e.g., mag-
netic hysteresis loop or eddy currents) are often ex-
cluded from research interest because of their dis-
sipative and parasitic nature [3, 4]. Thermoelectric
and thermomagnetic effects play a crucial role in
linking thermal and electrical generators. The most
popular type of thermoelectric generator is based on
the Seebeck effect, which is mainly observed in semi-
conductors and provides good sensitivity in systems
where thermoelectric generators act as sensors. The
performance of these generators is still insufficient
to make a breakthrough. Recent studies show that
thermoelectric generators (TEGs) have the poten-
tial for further development and improvement.

A critical review of thermoelectric effects pro-
vided a breakthrough by highlighting the giant
Nernst effect observed in URu,Sis samples [5]. Sev-
eral papers show significant values of the Nernst
coefficient and achievable voltages, providing
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encouraging indications of materials in which the
Seebeck effect is significantly higher. In paper [6],
significant evidence is given that the thermal cur-
rent and the electron current are compatible. Thus,
in the Nernst effect, there can be a self-replication of
the lift current due to the compatibility of the ther-
mal and electron currents. In thermoelectric mate-
rials, the opposite phenomenon occurs, where the
thermal current counteracts the electron current,
and thus thermoelectric effects have a self-damping
mechanism [7]. An interesting solution has also been
presented in works [8, 9], where the authors show
the combination of both thermoelectric and ther-
momagnetic generators [10]. The same situation oc-
curs when observing the spin Seebeck effect (SSE),
where the voltage due to SSE and the Nernst effect
appear simultaneously. Very often the presented re-
sults on SSE are strongly distorted by the parasitic
(NE) [3, 4]. Several papers show that NE can be
used in direct energy conversion systems [11], but
they do not represent a breakthrough.

There are several works showing that research is
being carried out in the area of thermogenerators
using the Nernst effect [3, 5]. The scientific papers
do not confirm each other to determine the most
promising direction for this technology. With this
in mind, the authors of this paper wish to pro-
vide an overview of NE in the most commonly used
nickel samples and will present a comparative anal-
ysis. The lack of convergence in the presented data
leads us to attempt to revise the experimental re-
sults with our own experiment.
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2. Overview of the Nernst effects

Three Nernst effects are distinguished in the sci-
entific literature [12]. The first of these is the Nernst
effect (NE). The NE is a thermomagnetic effect in
which a temperature gradient in the presence of a
magnetic field results in an electric field due to the
deflection of diffusing electrons by the Lorentz force.

In metals, NE is the generation of a transverse
electric field Eng when a perpendicular external
magnetic field B,, is applied to the sample and a
temperature gradient V7 is present in the plane of
the sample (Fig. 1) [8, 9]. This means that the elec-
tric potential is attainable if the product of the field
strength and the temperature gradient is non-zero
and the field strength increases. The resulting elec-
tric field is expressed as the product of the magnetic
field, the temperature gradient, and the Nernst co-
efficient Qg and is given by

Exg = Qo (Bew x VT). (1)

In ferromagnets, the observed electric field can con-
tain two components that depend on the source of
the magnetic field. The electric field is proportional
to the external magnetic field whose origin is outside
the sample. The second component is due to the in-
trinsic magnetization M of the residual field and is
known as the anomalous Nernst effect (ANE) [13].
The resulting electric field can be expressed as

E = Exg+Eang = Qo (Bex xVT)

+Qs (oM x VT). 2)

Another simplified approach is presented in pa-
per [14], where the electric potential E is described
as

dt

E=QHB . (3)

In this case, the dependence of the electric potential
FE is the result of the interactions between Nernst
coefficient @, the intensity of the magnetic field
H, the breadth of the specimen B, and the pri-
mary temperature gradient dt/dxz. ANE is associ-
ated with high remanence materials. The obtained
electric field values are usually very small, but they
can be measured.

There is also the planar Nernst effect (PNE) [15],
but it is not considered in this work.

Despite some significant work and the discov-
ery of the giant Nernst effect, there has been no
progress in the development of NE and related ef-
fects. On the other hand, there is no conclusive
evidence that these effects are useless. TMEs are
not popular because they do not represent a po-
tential for large-scale energy conversion systems,
but the continuing development of technology al-
lows the use of micro-generation sources in ultra-low
power devices where, in our opinion, these effects
could find application as generation effects in energy
converters.
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Fig. 1. The diagram of the electric potential E,
the intensity of the magnetic field B.,, and the
temperature difference representing (a) the classi-
cal and anomalous Nernst effect and (b) the planar
Nernst effect.

This study conducted experimental measure-
ments of the Nernst effect (NE) in nickel and com-
pared the results with those presented in existing
publications. The current investigation extends the
temperature range and enhances measurement ac-
curacy, providing new insights into NE in nickel.
While previous analyses focused on NE in pure ele-
ments, this study offers a more comprehensive un-
derstanding of the phenomenon. Papers [14, 16] pro-
vide selected measurement data and adjust a predic-
tive curve for NE in nickel. This study aims to fill
the data gap left by previous studies, which were
extensive but lacked completeness and had a lim-
ited number of measurement points. Our research
was carried out within the temperature range typ-
ical of human environments, and the results were
compared with existing scientific data.

3. Preparation and measurements

The thermomagnetic Nernst effect was investi-
gated in nickel samples under magnetic field excita-
tion of 1 T in the temperature range of 263—-232 K.
Samples with overall dimensions 20 x 4 x 0.2 mm?3
were tested in a transverse arrangement, i.e., in
one in which the applied magnetic field vector was
applied transversely to the temperature difference
along the sample length, as shown in Fig. 1la [12].
Prior to comparative analysis, all necessary results
and relevant coefficients had been normalized. Units
of physical quantities were converted to be in agree-
ment with the ST unit system.

The nanovoltmeter Agilent 34420A was used to
measure the Nernst voltage. High accuracy and res-
olution are required as typical Nernst voltage values
are in the order of a few pV [7]. The source of the
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Summary of instrumentation accuracy. TABLE I
Device Accuracy Abs error

Lake Shore 475 DSP

ake Shore 0.05% RDG | 0.3 mT
gaussmeter
Agilent 34420A 50 ppm RDG

0.1 uvV

nanovoltmeter + 20 ppm FSR,
Keithley DAQ6510

cithley DAQ 0.06°C RDG | 0.26°C
4-wire thermometer
Omega PT100 sensor | 0.2°C RDG

constant and homogeneous external B., magnetic
field is an electromagnet from Dexing Magnet, with
field strengths ranging from a few mT to 2 T
in the air. Lake Shore 475 DSP gaussmeter with
HMMT-6J04-Vf test probe was used to measure the
magnetic field applied under tests. The test bench
holder consists of three pairs of voltage probes, al-
lowing for the simultaneous measurement of up to
three samples (e.g., reference samples and a tested
sample). Samples under test were placed in a ther-
mostatic chamber to ensure constant ambient tem-
perature and the applied AT between two sides
of the tested samples (Fig. 1). The temperature
inside the chamber and AT were controlled us-
ing a high-performance, low-noise LTC1923 Ana-
log Devices thermoelectric temperature controller.
Temperatures were measured by means of Keith-
ley DAQ6510 multimeter and Omega PT-100 sen-
sors (accuracy class 1/3B). Instruments were auto-
calibrated, zero reference level was adjusted, and
NPLC averaging was enabled. Instruments’ accura-
cies were collected in Table I.

The process of measurement involves taking si-
multaneous readings from probes measuring Nernst
voltages and the value of applied magnetic field
strength on the surface of the test samples. At each
measuring point, more than 100 measurements are
taken, and the final result is the average of these
measurements. The system repeatedly exposes the
samples to an external magnetic field of up to 0.6 T
with a fixed step throughout the cycle (Fig. 2).

4. Results and discussion

The relationships between the potential Vyg and
biasing magnetic field B., are depicted in Fig. 3.
Measurements were carried out in the steady state.
The measurements were repeated a given number
of times for each setup of magnetic field and tem-
perature difference. The paper presents averaged re-
sults that demonstrate the comparable magnetiza-
tion characteristics of nickel. Saturation occurs at
around 50 mT, representing the maximum value
achieved by the potential Vyg. The voltage peaks
are observed at AT = 60°C. Our findings are consis-
tent with results published in other papers [14, 16].
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Fig. 2. The schematic diagram of (a) tested Ni
sample and (b) thermostatic chamber with mea-
surement setup.
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Fig. 3. The Nernst voltage as a function of the

magnetic field at selected temperatures.

Figure 4a and 4b compares the obtained measure-
ments with previously published findings [14, 16].
A.W. Smith examined two samples of pure nickel
(black dashed line and blue dotted line) [16]. The
red and the purple straight lines represent data ob-
tained by the authors of the present study. The rela-
tionship between the resulting voltage Vg, temper-
ature differences AT, and external magnetic field
strength B., are consistent with the predictions
of the theory of the thermomagnetic Nernst effect
in ferromagnetic materials [4]. These exhibit simi-
lar magnetization characteristics to that of nickel.
Saturation transpires approximately at 40 mT,
which marks the highest value attained by the volt-
age Vng. The voltage reaches its peak at AT = 60°C
in this study, whereas A.W. Smith’s research in-
dicates that the maximum value occurs between
300-340°C, followed by a decline, which is normal
and attributed to the Curie temperature. For nickel,



L. Bernacki et al.

2.0
(@
= ‘ ] \/M
1.5 1 e - b :
i
wr
=
=
1.0
B R :
. [T
35 :/E\i/¥/¥"+ = LEE =
& - AT =60 °C AW.Smith [16]
o5 §f -+ AT=63°CAW.Smith [16]
’ —+— AT = 60 °C [This work]
—=— AT = 35 °C [This work]
| - AT = 37,6 °C A.E.Caswell [14]
0.0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Bey [T]
30 o)
= = AT = 60 °C A.W.Smith [16]
A, -u- - AT = 63 °C AW.Smith [16]
254 Y, AT =60 °C
R AT=35°C
;‘ ! +— AT = 37,6 °C AE.Caswell [14]
t
i
(
1
i
(
]
i
i
I
i
i
i
I
o T T T T T

0.0 0.1 0.2 03 0.4 0.5 0.6
B, [M]
Fig. 4. The Nernst voltage as a function of the

magnetic field at selected temperatures. (a) A
comparison of data obtained in this work (red
straight line) and data obtained by A.W. Smith [16]
(black dashed and blue dotted line) and by A.E.
Caswell [14] (dash-dotted green line). (b) The
Nernst coefficient @@ as a function of the magnetic
field at temperature difference AT ~ 60°C and
AT ~ 35°C.

the Curie temperature is about 350°C. A.E. Caswell
presented data for a pure nickel sample, depicted as
a green, dash-dotted line (Fig. 5).

The selected field-dependent Nernst coefficient Q
for a AT ~ 60°C is shown in Fig. 4b. The rela-
tionship in the steady state is comparable to those
presented in work [16] for two different materials.
An increase in temperature leads to a rise in the
number of unpaired electrons, which in turn re-
sults in an increase in the material’s magnetic mo-
ment. According to the Curie-Weiss law, magnetic
susceptibility is proportional to the magnetic mo-
ment, and therefore, a temperature increase also
causes an increase in magnetic susceptibility. At
low magnetic fields, the atomic moments of Ni are
chaotically oriented, leading to a linear increase in
magnetic susceptibility. As the magnetic field rises,
the atomic moments begin to align, resulting in a

18

160

140 -

120

100

3
= 80
e}
60
40 4 |—+— This work
i +— AW. Smith [16]
20 s +— A.W. Smith [16]
ol A.E. Caswell [14] \
0 50 100 150 200 250 300 350 400 450
AT [°C]
Fig. 5. A comparison of the Nernst coefficient @

as a function of temperature T obtained in this
work (red rhombus) and data obtained by A.W.
Smith [16] (blue circled and black squared line) and
AE. Caswell [14] (green triangulated line).

decrease in magnetic susceptibility. At sufficiently
high fields, all atomic moments align, and the mag-
netic susceptibility reaches a saturation point [16].
The highest recorded value of @) was 26.6 V /K at
approximately 40 mT. This result was confirmed by
Smith, who obtained a similar value of 26.8 ©V/K
under the same conditions. The difference be-
tween the two measurements was only 0.75%,
which is within the permissible error of the applied
nanovoltmeter.

The authors of previous studies [14, 16] have con-
ducted measurements and fitted a curve to char-
acterize the Nernst effect in this material. How-
ever, these investigations were not exhaustive and
included only a limited number of measurement
points. In contrast, our current study has under-
taken comprehensive measurements across a tem-
perature spectrum typically encountered in the hu-
man environment, which holds significant potential
for thermoelectric generation applications. We ob-
served that the maximum value of the Nernst co-
efficient, @), which is 158 uV /K, was achieved at a
temperature of 340 K.

5. Conclusions

The study has shown that the value of the Nernst
voltage in the nickel samples is in agreement with
the literature data. The investigations also show
a strong dependence of the Nernst voltage on the
magnetic properties of the substrates. The effect ob-
served in nickel means that this type of substrate
cannot be used in thermomagnetic generators. The
experimental setup for studying the Nernst effect
has been thoroughly verified, and the results are
in agreement with other works. Experimental data
allows for a more complete understanding of the



Nernst effect and its potential applications in en-
ergy conversion technologies. Moreover, the results
may indicate a new area of application of devices
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using the Nernst effect as sensors.
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