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This study presents the experimental development of a simple and low-cost system for measuring the
thermomagnetic energy conversion based on the Anomalous Nernst Effect. The approach aims to provide an
easy-to-implement alternative for teaching modern physics phenomena, such as the Anomalous Nernst Effect
(ANE) and Longitudinal Spin-Seebeck Effect (LSSE), highlighting its educational potential and applicability in
high school and higher education settings. The proposed system is validated through experimental measurements
performed on specific samples, using advanced characterization techniques. The results demonstrate the system’s
effectiveness, making experimentation accessible and relevant for students’ formation in physics, nanotechnology,

and sustainable energy fields.

Keywords: Thermomagnetic phenomena, Nernst effect, Thin films.

1. Introduction

The search for renewable energy sources has become
a fundamental issue for the scientific community,
especially given the urgent need to mitigate the socio-
environmental impacts caused by fossil-based alterna-
tives. In this context, different energy sources, such as
wind and solar, have been at the forefront of the global
energy transition. However, although on a smaller scale,
other forms of energy recovery have gained attention
due to their potential for scientific and technological
innovation. Among these energy conversion approaches,
the transformation of dissipated heat into electrical
energy mediated by thermomagnetic phenomena stands
out [IH4].

In this type of energy generation, nanostructured
systems are connected to an instrument that provides
dissipated heat during its operation, such as the surfaces
of electric motors and industrial machines (Fig. [Ifa)).
If properly recovered, the dissipated heat can generate
electrical energy with sufficient power to supply, for
instance, sensors for temperature, vibration, or humidity
monitoring of the motor or machine itself.

Thermomagnetic and thermoelectric phenomena
involve the direct conversion of temperature differences
within a material into electrical energy [5]. These effects
have attracted significant attention due to their high
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potential for technological applications, especially in the
field of clean energy generation. Among the various
thermoelectric effects, the Anomalous Nernst Effect
(ANE) [6HI3] stands out for its ease of detection and its
potential for converting waste heat into usable electrical
power.

The ANE occurs when a temperature gradient is
applied perpendicular to the plane of a ferromagnetic
material — that is, between its top surface and bottom
[4,[6]. If the material exhibits spontaneous magnetiza-
tion or is magnetized by an external magnetic field,
an electric voltage can be generated across its lateral
edges, as illustrated in Fig. b). Mathematically, the
phenomenon is represented by the following equation,

EANE:—SANE(meT) (1)
where M is the unit vector in the direction of magneti-
zation (m), and Synp is related to the ANE coefficient
(Aang) through,

SANE
b
HoTlls

(2)

MNE =

where i, is the magnetic permeability in vacuum and
my is the saturation magnetization of the ferromagnetic
material.

Experimentally, potential differences can be measured
from an electric field generated between two electrical
contacts separated by a distance L (see Fig. [I{b)). Thus,
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Figure 1: (a) Electric motor functionalized with a film/tape for
thermomagnetic energy generation through ANE. (b) Vector
configuration that maximizes the ANE signal. Here, His
the constant magnetic field, intense enough to saturate the
sample magnetically, VT is the temperature gradient applied
perpendicular to the sample plane, and L is the distance between
the electrical contacts.

we have,

L
V:f/ Eang - dl (3)
0

However, these equations can be drastically simplified
when a given field configuration (E, m and dl_j is
considered, as described in detail in Section 4 of this
study.

In addition to ANE, other phenomena, such as the
Longitudinal Spin-Seebeck Effect (LSSE)EL require sim-
ilar experimental setups and can be explored simulta-
neously. Both ANE and LSSE have strong technological
and conceptual appeal, making them topics at the fore-
front of modern science. Thus, exploring these phenom-
ena theoretically and experimentally through accessible
experiments can be an important approach to studying
modern physics. As is widely known, spintronicsﬂ and
thermomagnetic phenomena are fundamental areas of

I Longitudinal Spin Seebeck Effect (LSSE): is a phenomenon
similar to the Anomalous Nernst Effect (ANE), requiring the
same experimental configuration and magnetic field conditions.
However, in the LSSE, the conversion of thermal energy into elec-
trical energy is mediated by the transformation of charge current
into spin current. This feature is particularly appealing because
spin currents do not produce Joule heating, which significantly
reduces energy dissipation in electronic circuits. Nevertheless, it
is important to note that the voltage generated by the LSSE is
considerably lower than that of the ANE. As a result, ongoing
research efforts aim to enhance the LSSE response and make it a
viable approach for clean energy generation.

2 Spintronics: Modern electronics relies on the movement of
electrons to generate current and transmit information through
electronic systems. However, this electron flow results in significant
energy dissipation due to the well-known Joule effect. In recent
years, a new approach to information transport has emerged-one
that does not depend on the motion of the electron itself, but
rather on a fundamental property of the electron known as spin.
This field of study is called spintronics. In spintronics, it is the spin
of the electron that carries information, while the electron remains
stationary. This fundamental difference drastically reduces-or even
eliminates-Joule heating, thereby minimizing energy loss in elec-
tronic systems.
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modern physics that explore the interaction between
electron spin and its magnetic and thermal properties.
These phenomena have revolutionary applications, such
as high-efficiency magnetic memories (MRAM)EL and
devices for converting thermal energy into electrical
energy.

Within this context, the pedagogical approach of
this study aims to promote a critical and scientific
understanding of renewable energy sources based on
magnetic effects.

The study of clean energy is fundamentally important
in the daily life of schools and universities and should
be treated as a priority. Currently, various educational
projects at both high school and university levels explore
this crucial topic in the classroom [I4HI8] . In this
context, there are different ways to present the subject
to the school community, and experimental methodol-
ogy stands out as one of the most effective, enabling
practical and engaging learning of key concepts. Another
important aspect is the development of skills in scientific
instrumentation, automation, and programming-fields
that are increasingly attracting students’ attention.
Even with little prior knowledge in instrumentation,
systems based on open-source platforms like Arduino
can greatly contribute to the technical education of
students [T9H2T].

For high school education, it becomes an excellent
alternative to explore modern physics concepts in exper-
imental classes at this level, which is extremely relevant
given the deficiency that many Brazilian schools have
in this area of physics in their didactic laboratories
[22, 23]. At the higher education level, understanding
these concepts is crucial for formative purposes, not only
leading to an adequate understanding of physics but
also preparing students for possible professional ded-
ication in experimental areas such as nanotechnology,
materials science, and sustainable energy. However, the
implementation of this experiment may face significant
challenges within the context of our educational reality.
Initially, the “maker” culture needs to be more strongly
encouraged, not only among students but especially
among educators. Although artificial intelligence can
facilitate or reduce difficulties related to programming
and automation, the assembly of experimental appara-
tus still requires demystification. Furthermore, despite
having developed a low-cost system, it is well known that
the majority of public schools lack both laboratories and
educational Arduino kits.

3 MRAM (Magnetoresistive Random Access Memory): is an
advanced type of RAM that uses magnetic properties to store
data, instead of electric charges like traditional memories. It
operates based on the magnetoresistance effect, where electri-
cal resistance changes depending on the alignment of magnetic
moments in ferromagnetic layers. This allows MRAM to be non-
volatile, meaning it retains data even when the power is off,
while also offering high read/write speeds, low power consumption,
and excellent durability. These features make MRAM a strong
candidate to replace both volatile and non-volatile memory in
various technological applications.
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This work presents the experimental development of
a simple system for measuring the constant Saypg.
Additionally, we produced samples with specific charac-
teristics and conducted experimental measurements to
validate the functionality of the proposed equipment.
However, to make the equipment and the development
of experimental measurements accessible to any student,
we used an anti-theft ferromagnetic TAG, to demon-
strate the system’s functionality. In this sense, various
advanced experimental techniques were employed to
characterize the samples and measure the constants
Sang under different experimental conditions. With
this, we aim to demonstrate the consistency of the
operation of this low-cost instrumentation, with simple
assembly and remarkable didactic potential.

2. Instrumentation Development

2.1. Equipment assembly

The scientific instrumentation was assembled using
accessible electronic components that offer high preci-
sion. Additionally, the entire platform is built around
an ATmega328 (Arduino Nano) open-source controller
board, which is designed to be user-friendly and easy to
program.

The project involves assembling an experimental sys-
tem capable of controlling and measuring the tempera-
ture difference between the top and bottom of the sample
to infer the temperature difference AT, as illustrated
in Fig. [2(a) and (b). To increase the efficiency of the
phenomenon and maximize the value of AT, a high-
efficiency Cooler was used, which can be easily obtained
from discarded computers. This component’s role is to
maintain the so-called “cold sink” at room temperature,
while the “hot sink” is heated by a resistive heater.
In this setup, a 3D printer heating cartridge, easily
acquired from electronics stores, was usecﬁ Specifically,
the heating cartridge is powered by a 12 V (200 mA)
power supplyEl connected to a relay module for electronic
activation.

The measurement of the temperature difference
between the upper and lower parts of the sample is per-
formed using NTC (Negative Temperature Coefficient)
temperature sensors, which are low-cost and highly
preciseﬂ The £ value, needed to calibrate the NTC
sensors, was obtained by comparing the experimental
temperature of NTCs with a commercial thermocouple
(K-Tipe), connected to a digital multimeter.

Finally, it is necessary to measure the thermomagnetic
potential difference, requiring a measurement system in
which electrical contacts are quickly and easily attached

4 The 24V heating cartridge has an average price of U$ 8.00 in
specialized stores.

5 The power supply can be a simple phone charger or purchased
for an average price of U$ 3.00 in specialized stores.

6 The sensor costs around U$ 0.10 in specialized stores.
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Figure 2: (a) General schematic overview of the proposed
system. (b) Details of the instrumentation for measuring the
thermomagnetic efficiency of ferromagnetic materials. The
magnetic bars are composed of NdFeB permanent magnets
with an induced magnetic field in the transverse section. The
thermal sinks are copper blocks, a material with high thermal
conductivity. The cold thermal sink is placed in contact with the
high-efficiency Cooler, connected to a 5V power source. The
temperature sensors used are NTC type, low-cost, and highly
precise sensors. (c) Side view of the proposed system indicating
the configuration of the vectors defining the magnetic field to
magnetize the material and the temperature gradient (applied
perpendicular to the studied sample plane). (d) Schematic
representation of the assembly of electrical contacts using gold-
plated springs, taken from a phone charger. Real images can be
observed in Figure 3]

to the sample’s extremities. For this purpose, these
contacts must have high electrical conductivity. To mini-
mize costs, gold-plated spring-loaded electrical contacts,
commonly found in phone chargers, were utilized, as
shown in Fig. c). These contacts are connected to
a benchtop multimeter with a minimum precision of
51/2 digits. The equipment allows measuring potential
differences in the order of uV, typical values measured
with the proposed configuration.

As described in the theoretical review above, the ther-
momagnetic signal of the potential difference between
the contacts is linearly proportional to the material’s
magnetization. Thus, to maximize the electric field in
the sample, a ferromagnetic sample must be brought to
magnetic saturation. In this case, using magnetic bars
allows achieving sufficiently intense magnetic fields for
this purpose. In the presented setup, a magnetic field of
approximately 1.0 kOe is established (see Fig. [2{(a)).

Figure [3] depicts images of the real experimental setup
proposed in this study. On the left side of the figure,
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Figure 3: Image of the experimental system proposed in
this study. On the left, the high-efficiency cooler is depicted.
In this case, the system is composed of an aluminum dissipator
connected to Heat pipes composed of copper in which a working
fluid is present. On the right top, it is possible to verify the
copper sinks in which the sample is connected using thermal
paste. The NTC sensors are inserted into the holes to provide
the best electrical contact in the system. Finally, on the bottom
right, the spring gold contacts are presented; these contacts
are connected to the digital multimeter for the thermomagnetic
voltage.

we observe the high-efficiency cooler obtained from a
PC. The right top image depicts the copper bars (hot
and cold sinks) as well as the NTC sensors used to
measure the AT on the sample. Finally, the right bottom
image shows the spring gold contacts used to measure
the thermomagnetic voltage in the system.

2.2. Automation and user interface development

In addition to the experimental setup, the instrumen-
tation development includes automation and user inter-
face development. The ATmega 238 controller board is
responsible for interpreting the electrical signals from the
NTC sensors connected to the cold and hot thermal sinks
to obtain a temperature value. The schematic diagram
for this system is represented in Fig. [4]

The code was developed within the Arduino platform’s
integrated development environment (Arduino IDE) to
provide an interface with communication commands for
the temperature sensors and relay module, which acts
as an electronic switch to turn the heating cartridge
on and off. The code used to control the temperature
sensors can be found in Supplementary Material of
this document. Regarding the potential difference mea-
surements with the multimeter, these can be checked
manually on the display or recorded using hardware
integration programs with open-source languages such
as Python or commercial software like LabVIEW. In
this case, Python software was considered, and the user
interface can be visualised in Supplementary Material.
In particular, the experimental data is can be saved in
any directory and will be composed by four collumns,

Revista Brasileira de Ensino de Fisica, vol. 47, €20250116, 2025

Development of a low-cost system for energy conversion coefficient measurements

10kQ
ATmega238
—{D1TX Vin f—
—{ DO RX GND L
—RST RST |~ NTC1 N
— SE\JD E\\é 10kQ ~
—D3 Al
— D4 A2 T
P i 1
—D7 A5 = L
—{ D8 A6 b= NTC2 .
— A7 10kQ ~
—{ D10 AREF |~
—{ D11 V3=
—{ D12 D13
. : 10kQ
P p
Bl

Figure 4: Schematic diagram of the connections of the NTC
sensors and the relay for activating the heating cartridge on the
ATmega 238 controller board.

indicating the thermoelectric voltage (V), temperature
of the hot sink (7}), temperature on the cold sink (T¢),
and the temperature difference between the NTC sensors
(Dr).

3. Materials and Methods

3.1. Sample preparation

To verify the functionality of the assembled system and
perform the experimental measurement of thermomag-
netic efficiency, thin films of Nig;Fej9 with thicknesses
of 20, 40, and 60 nm were produced. The NigiFejq
alloy, commercially known as Permalloy is widely used
in the production of hard disks and the development of
magnetic sensors due to its high magnetic permeability
and extremely favorable magnetic properties for low-
field applications. Moreover, for the deposition ratio
obtainment, a 30 nm thick NiFe was deposited for X-ray
reflectance characterization (as described below).

The goal of conducting tests in nanometric systems
is related to assessing the sensitivity of the proposed
equipment. Considering that magnetic volume and elec-
trical resistance are fundamental for this type of study,
performing validation tests using samples with low
thicknesses (and consequently low “magnetic volume”) is
crucial. Furthermore, to ensure that the measured signal
originates from the ANE phenomenon, a nanostructure
of 30 nm Ag (Silver), a non-ferromagnetic material, was
also deposited.

Thus, we can verify the system’s response using a
material that does not respond to ferromagnetic phe-
nomena, which allows for the detection of any unwanted
tension not originating from the ANE phenomenon
explored here.
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At the same time, to make the procedure accessible
to any user, ferromagnetic samples were obtained from
anti-theft tags (TAGS)D, details of its operation can
be found in these references [24H26]. These TAGs are
composed of high-permeability ferromagnetic ribbon
based on Cobalt and Iron (CoFe) and can be found
in various products in department stores, making them
easily accessible for any user. Within this purpose, the
ferromagnetic TAGs were removed from the plastic wrap
before use.

The production of thin films was carried out in a
deposition system that uses magnetron sputtering. This
technique consists of depositing atoms or clusters of
atoms from a target with the desired composition onto
a substrate. It is a widely used method in nanomaterial
research. For more information on the technique, we
recommend reading ref. [27] [28].

In this work, to produce high-quality samples, the
deposition chamber was first evacuated to a vacuum of
approximately 6 x 1076 Torr (8 x 10~ Pa). To create a
suitable environment for deposition, a noble gas pressure
(to prevent unwanted reactions) is required. In this
case, an Argon (Ar) pressure of 3 x 1073 Torr (0.4 Pa)
was used. A power of 30 W (420 V) was then applied
between the target and the substrate to initiate the thin
film deposition. During the film deposition, an external
field of approximately 500 Oe was applied to the glass
substrate, with dimensions of 4 x 12 mm?, to induce
an easy magnetization axis, that is, a uniaxial magnetic
anisotropy [29, B0]. In particular, this field was applied
perpendicular to the main axis of the sample.

3.2. Structural, magnetic, thermomagnetic
characterization

To verify whether the film has the desired thickness, the
X-ray Reflectance (XRR) technique allows the thickness
of a thin layer of a specific material to be determined,
based on Bragg’s Law [3I]. At the same time, X-ray
Diffraction (XRD) measurements at high angle values
were performed to assess the structural properties of the
produced samples. For these measurements, a Rigaku
X-ray Diffractometer, model MiniFlex, with a Cug,
X-ray source of wavelength A = 1.54 A was used. For
XRR, angles between 2° and 5° were considered, while
for XRD, measurements were taken between angles of

7 The operating principle of a ferromagnetic anti-theft tag is based
on the magnetostrictive properties of the ferromagnetic alloy from
which it is made. These systems typically consist of two or three
ferromagnetic strips: one made of a magnetostrictive ferromagnetic
material, and another of a hard magnetic material. When the tag is
exposed to a low-frequency electromagnetic wave (approximately
60 kHz), and if the magnetic system is active, it will oscillate and
emit electromagnetic radiation. For this reason, transmitter and
receiver antennas are usually installed at store entrances to detect
active tags passing through, triggering an audible and/or visual
alarm.
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10° and 80°. In the latter case, all thin films and the anti-
theft TAG exhibited amorphous structural properties, so
they will not be shown here.

Magnetic properties were measured on a 12 X 4 mm
sample, using a Vibrating Sample Magnetometer (VSM)
from LakeShore (7400 series) with a magnetic field of
+300 Oe applied in the plane of the thin film/TAG. Mea-
surements at different angles between the magnetic field
and the main direction of the sample were conducted to
check for the presence of magnetic anisotropy.

Finally, the system presented in the previous section
was used to measure the thermomagnetic efficiency of
the produced samples, as well as the magnetic tape
removed from the anti-theft TAG. To this end, the
temperature difference (AT) was varied from 0 K to
approximately 30 K. It is important to note that AT
represents the temperature difference measured between
the top surface of the sample and the bottom of the glass
substrate, on which the nanostructures were deposited.

2

4. Results and Discussion

Initially, the XRR results for the 30 nm thick NiFe
film, specially produced for this characterization, are
presented. This technique allows us to verify the thick-
ness of a thin film based on Bragg’s Law. By knowing
the deposition time, we can calculate the deposition rate
(1) in nm/s for a given deposition parameters set. Fig.
shows the XRR results obtained for the 30 nm NiFe thin
film. From the curve, it is possible to identify the Bragg
peaks. Taking the 260 peak position and indexing each
peak the g vector can be calculated using [32],

47
= —¢gj 9, 4
g = ~sin (4)
Where A is the X-ray wavelength, for the Cug, radiation
in this case. For a flat thin layer, the ¢ vs. indice
curve should exhibit a linear behavior where the slope is
connected with the film thickness (¢;) though

2w
tp=——. 5
I=ap ()
e NiFe 30 nm
_ o
S
s
=
=
1 2 3 4 5 6 7
Index

2.0 2.5 3.0 3.5 4.0 4.5 5.0
26 (deg.)

Figure 5: XRR results of 30 nm thick NiFe film as a function
of the 20 angle. The inset shows the scattering vector g as a
function of the peak indices of XRR results.
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Where AP is the angular parameter (slope) of the curve.
The inset in Fig. [5]depicts this behavior for our thin film.
In our case, a nominal thickness of 34 nm was deposited
during 300 s. These parameters provide a deposition
ratio of 7 = 0.113 nm/s

We now begin the analysis of magnetic results, which
will serve as the basis for the following discussions
on thermomagnetic response. Initially, we performed
magnetization measurements of the deposited thin films.
As described earlier, we deposited NiFe films with three
different thicknesses to test the sensitivity limit of
the proposed system. Additionally, we used part of a
ferromagnetic TAG obtained from an anti-theft system.
Thus, Figs. @(afc) present the normalized magnetization
curvef®| (M/Ms) of the thin films, measured in two
different directions () relative to the field applied during
the deposition. Here, § = 0° refers to the curve measured
along the direction of the magnetic field applied, i.e., the
easy magnetization axis. On the other hand, for § = 90°,
the measurement provides information on the magnetic

1.0 = oo 4 © 1.0+ 00
& o0
05+ 05+
0
= 00 @ 00 ®
E 1.0 -a
05
—0.5+ -0.5
0.0
J -0.5
-1.0 e 0775 v w3 B L Ptiiivgiuiudhins SN 7 Y N
-300 -150 0 150 300 -300 -150 0 150 300
H (Oe) H (Oe)
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05 0.5
P
E 0.0 (c) £ 0.0 (d)
2 H
-05 -0.5
-1.0 RGeS -0
< < | -lio-ip 6 7 130 —1.0 1 ' 7 s |
-300 -150 0 150 300 -300 -150 0 150 300
H©e) (0e)

Figure 6: Magnetic hysteresis curves are measured in different
directions relative to the easy magnetization axis. For 6 = 0°,
the magnetic field is applied along the direction of the field
used during the deposition of the thin films. The insets in each
figure show a limited field range to detail the coercive field and
remanence for each thin film. (a) Magnetization curves for the
20 nm thick Py film. (b) Results for the 40 nm thick sample.
(c) Results for the 60 nm thick sample. (d) Magnetic hysteresis
curves were measured in different directions relative to the easy
magnetization axis for the TAG ferromagnetic material selected
for this study.

8 Normalized magnetization (M/Mg) is commonly used for mea-
surements on nanostructures deposited on a substrate. In this case,
the magnetic moment during the hysteresis curve is divided by the
maximum magnetic moment obtained during the measurement,
normalizing the magnetic hysteresis curve.
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properties when the external field is applied perpendicu-
lar to the easy magnetization axis. Specifically, Fig. @(a)
shows the normalized magnetization curves obtained for
the NiFe thin film with 20 nm thickness.

Analyzing the results, we observe a film with soft
magnetic properties, meaning it has a low coercive field
(H.) and high remanent magnetization (M, ), which is
characteristic of the alloy used. By examining the curves
in a reduced field range (inset in the figure), we can
observe that the curves measured at different angles
0 exhibit slightly different behavior. The measurement
along the easy magnetization axis (blue curve) shows
a high remanent magnetization and a coercive field of
approximately 8.0 Oe. On the other hand, the curve
measured along the hard magnetization axis (black
curve) shows that, although the coercivity remains
nearly unchanged, there is a considerable decrease in
remanent magnetization. However, regardless of the
direction of the external field measurement, the most
important property is the magnetic field required to
saturate the sample, i.e., the saturation magnetic field
(Hy). In this case, a field of Hg = 10 Oe is sufficient to
saturate the sample and lead to a constant magnetiza-
tion response in the hysteresis curves. This property is
crucial for thermomagnetic applications because, when
the sample is in its saturated state, we achieve greater
efficiency in the thermomagnetic response, as discussed
in the introduction of this work. A similar behavior was
observed for the sample deposited with 40 nm thickness,
as shown in Fig. @(b) In this case, we observe a slight
decrease in coercivity (= 5 Oe) and remanent magne-
tization. Consequently, the magnetic field required for
complete saturation of the sample (Hj), regardless of
the measurement direction, is approximately 8.0 Oe. On
the other hand, for the 60 nm thick film (Fig. [6]c)),
we notice that the induced anisotropy decreases. This
characteristic is observed when analyzing the results
for reduced fields, where we can see a similar behavior
between the two directions. This phenomenon is related
to the increase in stored stress in the nanostructure as
the thickness increases, leading to a degradation of the
induced anisotropy [8, 33} B4]. Nevertheless, in this case,
we observe that a field of 30 Oe is sufficient to saturate
the thin film magnetically. It is important to note
that the field generated by the permanent magnets in
the proposed thermomagnetic system is approximately
1.0 kOe, which is an intense field capable of saturating
all the films studied here.

Now, considering the ferromagnetic TAG selected for
thermomagnetic measurements in the proposed system,
the magnetization curves in two different directions are
presented in Fig. @(d) Here, we observe a magnetically
isotropic behavior. This indicates that, regardless of
the direction of the magnetization measurement relative
to the sample axis, the magnetic behavior remains
unchanged. This property is important for applications
in anti-theft TAGs and is characteristic of CoFe-based
tapes produced by melt spinning [35H37]. Moreover, in
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the saturation state is reached at around 150 Oe. There-
fore, once again, the field generated by the permanent
magnets in the proposed thermomagnetic system is
intense enough to saturate the ferromagnetic TAG.

In general, all the ferromagnetic samples studied here
could be used in our system, as the field of 1.0 kOe
would saturate them and maximize the thermomagnetic
response.

First, the thermomagnetic results measured with the
proposed system on NiFe thin films produced by Mag-
netron Sputtering are presented. As mentioned in the
introduction, experimentally, we can simplify the vector
equations presented. To do this, it is needed to consider
specific configurations for the experimental procedure.
This feature is particularly important to provide a single
understanding of the effect, making the experimental
setup accessible for any high school or undergraduate
student.

Considering that the sample is magnetically saturated
during the entire measurement process and that the
magnetization is aligned perpendicular to the electrical
contacts as shown in Fig. b)7 we can simplify Eq. (1] in
the form,

|Elane = —SaneAT,/t, (6)

where VT, = AT,/t,, and AT, is the temperature
difference between the top and bottom parts of the thin
film and substrate assembly, with total thickness t,, i.e.,
tq = ty+ts, where tf is the thickness of the ferromagnetic
film and ¢, is the thickness of the substrate. Thus,
the maximum voltage (Vinq.) measured is given by the
following expression:

Vinaz = SANEATaL/ta (7)

As we can observe, the voltage generated by the system
should follow a linear behavior with the temperature
difference AT,.

Fig.[7(a) shows the thermomagnetic measurements for
the NiFe thin films as a function of the measured AT,.

Regardless of the film thickness, a well-defined linear
behavior is observed. Furthermore, even for the thinnest
film (20 nm), we were able to measure the theoreti-
cally predicted thermomagnetic behavior. Considering

& s0nm(a) 35| @ mc (b)
40 nm ® Ag
20 ® 20nm 30
S S 25
315 320
® !
1= 1=
g0 15|
ES S 10/
5
0 0}

o
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AT (K) AT (K)

Figure 7: Thermomagnetic measurements performed by the
proposed system on NiFe thin films with different thicknesses.
(b) Thermomagnetic measurements performed on CoFe-based
TAG and Ag thin film.
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a linear function, we are able to fit the thermomagnetic
curves and predict the energy conversion efficiency from
thermal to electrical energy for each studied film. In
Fig. a), the closed circular symbols represent the
experimental results, while the solid line is the math-
ematical fit obtained for the data. Here, the angular
parameter of the curve (AP) is related to the Sang
through the following relation:

VmaI
AP = AT, (8)
using Eq. [7} we get:
_ SANEATQL/ta
AP = = (9)

Finally, isolating Sang, we have:

AP -t,
L

SANE = (10)
That is the energy conversion power of the film-substrate
assembly to convert thermal energy into electrical
energy, since we have not accounted for the substrate’s
contribution. Here, the higher the value of Sanyg, the
greater the material’s ability to convert energy.

Moreover, as seen in Eq.[I0] increasing the thickness of
the ferromagnetic material (t¢) can lead to an increase in
the measured thermomagnetic efficiency. In our case, the
substrate thickness for all three films is the same. Thus,
the increase in Sang is associated with the increased
thickness of the studied sample.

The results obtained for the CoFe-based ferromagnetic
TAG are presented and analyzed. For comparison and
to verify the thermomagnetic origin of the observed
effects, a thin Ag film was also fabricated and measured,
as shown in Fig. [{b). In the case of the CoFe-based
TAG, the thermomagnetic response exhibits a clear
linear dependence on the temperature difference AT,,
in agreement with theoretical predictions.

Furthermore, it is evident that the thermomagnetic
voltage achieved for the CoFe-based ferromagnetic TAG
is considerably higher than that found in the films. This
is due to the difference in the sample structure. While
in the NiFe thin films the temperature difference AT,
is applied to the film-substrate assembly, for the CoFe-
based TAG, the same temperature difference is applied
to the TAG and a Kapton adhesive, which is used to
electrically isolate the TAG from the sample holder.

In this same figure, we can also observe the behavior
of the Ag thin film. In this case, there is no significant
change in the measured electrical voltage as the tem-
perature difference increases. We observe a negligible
increase, possibly associated with the galvanomagnetic
voltage resulting from heating the electrical contacts.

Once again, the curve fitting of the CoFe-based TAG
in Fig. b) was performed using a linear function to
obtain the angular parameter (AP).
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Table 1: Experimental data for the samples studied regarding
magnetization curves and the Anomalous Nernst Effect (ANE).

ty ts L AP SANE
Sample (om)  (pm) (mm) (pV/K) (pV/K)
NiFe film 20 1.0 12 0.28 0.24
NiFe film 40 1.0 12 0.41 0.35
NiFe film 60 1.0 12 0.73 0.64
CoFe - TAG 1000 0 12 1.11 0.91

To calculate the Sanypg for all the ferromagnetic
samples studied, we need some experimental parameters,
such as substrate thickness, distance between contacts
during the experiment, and the thickness of the films or
TAG. Using these data and considering Eq. [0} Sane
can be obtained. Table[I]presents the parameters and the
main results obtained for this study. It is worth noting
that the results found here are consistent with those
found in the literature for films and TAGs with similar
compositions and thicknesses [4 [0, B8], validating our
proposed experimental system.

Thus, for the purpose of thermal energy conversion
into electrical energy, Sanyp is the most important
parameter for analysis, as thin films will always be
based on substrates. Therefore, the analyses presented
in Table [T are the ones that will be practically applied
in our daily routind’}

5. Conclusion

In conclusion, this study presents an easy-to-use and
cost-effective system for exploring frontier phenomena
in science at the high school and undergraduate levels.
The ANE and LSSE phenomena play a significant
role in thermomagnetic energy conversion and can be
investigated from multiple perspectives. These effects
can be studied within the framework of Spintronics

9 However, it is important to note that even though thermomag-
netic efficiency (Sang) increases, the ANE coefficient (AanE)
should be a property of the ferromagnetic film and, theoretically,
does not exhibit dependence on the thickness of the studied thin
film. To verify this aspect, we need to consider the temperature
difference in each of the layers that make up our sample. More
specifically, we need to calculate the temperature difference on
the ferromagnetic film Aty, taking into account its thickness ¢ as
well as its thermal conductivity constant Ky. At the same time,
since this film is based on a substrate (glass in this case), the
substrate’s thickness ts and its thermal coefficient K5 should also
be included in the energy balance. The correlation between the
temperature difference measured during the experiment (between
the top of the sample and the bottom of the substrate) and the
temperature difference imposed on the thin film is given by [6],

Thus, to calculate the ANE coefficient (Aang), we need to
reduce the temperature AT, to ATy and rewrite Eq. [7]in terms
of tf.

Vma,:ctf

S = .
ANE AT/ L
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Development of a low-cost system for energy conversion coefficient measurements

and magnetic materials in modern physics applications,
as well as in the context of renewable and clean
energy production. The proposed system was extensively
tested using ferromagnetic nanostructures and TAGs.
Structural, magnetic, and thermomagnetic characteriza-
tions were conducted to validate its performance. The
results highlight the system’s potential, particularly its
high sensitivity to low magnetic volume samples. The
obtained S4ng values from experimental measurements
are consistent with those reported in the literature,
demonstrating the system’s reliability and ease of use.
Beyond assembling the experimental apparatus, we pro-
vide a step-by-step guide on how to determine the
relevant experimental parameters and conduct the cor-
responding analyses. However, it is important to point
out that the main pedagogical limitation of applying
this instrumentation at the high school level lies in the
absence of the specific scientific concepts involved in the
standard curriculum. As a result, these topics would
need to be introduced either as integrative themes or
through elective subjects. However, in undergraduate
settings, this limitation is significantly reduced. The
only requirement would be to incorporate the proposed
instrumentation into the syllabus of experimental mod-
ern physics courses, in programs where such courses
are already offered. Moreover, about future pedagogic
applications, especially at the university level, it is of
utmost importance to provide high-quality pedagogical
tools that not only support foundational learning but
also allow students to engage with cutting-edge scientific
research. The proposed system aligns perfectly with this
objective, enabling hands-on exploration of contempo-
rary topics in spintronics, nanotechnology, and energy
conversion.
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