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Abstract: Thermoelectric phenomena, such as the Anomalous Nernst and Longitudinal Spin Seebeck
Effects, are promising for sensor applications in the area of renewable energy. In the case of flexible
electronic materials, the request is even larger because they can be integrated into devices having
complex shape surfaces. Here, we reveal that Pt promotes an enhancement of the thermoelectric
response in Co-rich ribbon/Pt heterostructures due to the spin-to-charge conversion. Moreover, we
demonstrated that the employment of the thermopiles configuration in this system increases the
induced thermoelectric current, a fact related to the considerable decrease in the electric resistance
of the system. By comparing present findings with the literature, we were able to design a flexible
thermopile based on LSSE without the lithography process. Additionally, the thermoelectric voltage
found in the studied flexible heterostructures is comparable to the ones verified for rigid systems.

Keywords: anomalous Nernst effect; spintronics; thermoelectric conversion; flexible magnetic materials;
magnetic properties; magnetic sensors

1. Introduction

Co-rich amorphous ribbons have excellent ferromagnetic properties. They can be
employed in a broad range of technological applications, including wound transformers,
inductors, magnetic shielding [1,2], and high-frequency magnetic sensing devices [3-6]. In
recent years, they were also extensively studied with focus on biomedical applications for
sensitive elements of magnetoimpedance-based devices for both label-free and magnetic
label detection [7]. The amorphous Co-rich alloys often present high saturation magnetiza-
tion, high magnetic permeability, and low magnetic hysteresis losses [8-10]. Furthermore,
the flexibility of these materials in combination with the corrosion stability of Cr-doped
compositions makes them promising candidates for sensor applications, particularly for
covering of the curved surfaces or surfaces having even more complex geometry. All these
features are interesting for thermoelectric applications based on the Longitudinal Spin
Seebeck Effect (LSSE) [11-13] and Anomalous Nernst Effect (ANE) [14-17].

While there is a limited number of experimental works examining thermoelectric
effects in ferromagnetic ribbons [18,19], the existing literature presents promising findings.

Sensors 2023, 23, 7781. https:/ /doi.org/10.3390/523187781

https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s23187781
https://doi.org/10.3390/s23187781
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-8904-4151
https://orcid.org/0000-0002-5294-0112
https://orcid.org/0000-0002-5907-4106
https://orcid.org/0000-0001-5506-996X
https://orcid.org/0000-0002-3712-1637
https://doi.org/10.3390/s23187781
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s23187781?type=check_update&version=2

Sensors 2023, 23, 7781

20f12

Recently, we have explored the ANE effect in Fe3Co47Cr35i15B12 amorphous ribbons [18],
disclosing the influence of the relaxation and annealing under stress of the amorphous
samples on their thermoelectric response. In particular, for temperature differences of
AT~22 K, thermoelectric signals of about 30 uV were achieved. However, it is worth
mentioning that to reach such AT levels, the top of the ribbon may often be heated up to the
high temperatures of about 80 °C. Considering that the Co-rich ribbons are not protected
with a cap layer, surface oxidation can take place. Therefore, this issue must be considered
for future sensor applications, especially if long-time stability is expected [20].

It is well known that an in-vacuum annealing process can be used for the improvement
of the magnetic properties of the ribbons. This is not the case of the heating in thermoelectric
experiments, such as LSSE and ANE measurements, that are carried out in air, hence
inducing high levels of oxidation in the ribbons. A possible solution to overcome this issue
consists of the use of the protecting covering layer. While the deposition of an insulating
layer appears, in some aspects, as an interesting alternative for protection, it drastically
modifies the electrical properties of the surface, making the thermoelectric measurements
a hard task. In this sense, the usage of metallic protecting layers with high corrosion
stability is preferred. Additionally, some specific metallic layers allow the amplification
of the thermoelectric signal when a heterostructure ribbon/metallic layer is considered.
This is the case for materials with high spin-orbit coupling and positive spin hall angle,
which promote a raise in the spin-to-charge current conversion. Remarkably, Platinum (Pt)
seems to be the best solution for both protecting against oxidation [21-26] and promoting
spin-to-charge conversion [27-29].

From the theoretical point of view, both ANE and LSSE have similar descriptions, in

—
which a magnetic material is submitted to a thermal gradient VT. As a consequence, an

electric field E is induced and can be detected as a thermoelectric voltage V. Despite this
similarity, the origin of these two effects is fundamentally different. The ANE electrical
field comes from the relation between the magnetization of the material and the thermal
gradient, and it is given by [29,30],

- o5 =
EANE = —SANE (m X VT>, 1)

—
where m is the magnetization vector with saturation magnetization m;, and S nr is the
Anomalous Nernst Effect coefficient, which brings to light the effective efficiency of the
thermoelectric conversion in the magnetic system. The LSSE is in turn connected to the

generation of pure spin current, which is converted into charge current through the Inverse
Spin Hall Effect (ISHE),

— 2 —
chﬁ"’ew(ux&), @

5
in which ] is the charge current, ¢ is the elementary charge, /2 corresponds to the Planck
constant divided by 27, 65y is the spin Hall angle, & represents the magnetic polarization,

%
and finally ] g is the spin current that flows to a metallic layer placed onto the magnetic
one. Phenomenologically, the LSSE electrical field can be written as

— =
Ersse = —SissE (‘7 X VT>, 3)

where Sy ssE is the LSSE coefficient.

Experimentally, & can be changed by the application of an external magnetic field ?I,
which modifies the magnetization m of the material. Taking a closer look at Equations (1)
and (3), one can notice a strict relation between both effects. The consequence is that, for a
metallic ferromagnetic/Pt heterostructure, both effects are accessed during the thermoelec-
tric experiment, bringing the contributions of ANE and LSSE simultaneously. While some



Sensors 2023, 23, 7781

30f12

studies found in the literature have focused on the separation of such contributions [31],
for the case of metallic ribbon /Pt heterostructures, we concentrate on obtaining reliable
estimates of an effective thermoelectric coefficient S.¢.

At the same time, for a practical application, it is necessary to improve the thermo-
electric signal of the system. In this sense, design thermopile seems to be a promising
path for the increase of the electrical signal. This geometry is explored in distinct studies
in the literature [32-35], in which the magnetic system is deposited onto rigid substrate
and/or produced using lithography processes. For instance, recently, Weng et al. [35]
demonstrated the efficiency on the ANE thermopile composed by a single ferromagnetic
element. In this study they showed a linear increase of the thermoelectric signal as the
length of the thermopile increases. Kim et al. [33] in turn presented a spin thermopile
system in which exchange bias Pt/CoFeB multilayers are explored. In the results, the
authors demonstrated a linear increase of thermoelectric signal with the number of bilayers.
In the same sense, Uchida et al. [32] used Pt/Nb thermopile based on Y3FesO;3 (YIG) to
induce an improvement of the thermoelectric signal of the proposed system. From the
results, a remarkable increase in the induced thermoelectric voltage of Pt/Nb thermopile
in comparison with a single YIG/Pt system was observed.

In the present study, we designed, developed, and comparatively analyzed bare Co-
rich ribbon and ribbon/Pt heterostructures and explored the Anomalous Nernst Effect and
Longitudinal Spin Seebeck Effect showing that the Pt cap layer promotes an enhancement
of the thermoelectric response. Further, we demonstrated the advantages of designing
thermopiles consisting of Co-rich ribbon /Pt heterostructures in a parallel association, which
can considerably improve the thermoelectric current response.

2. Materials and Methods

We investigated flexible Fe3Cog;Cr3Sii5B1, (self-fabricated by the authors at UPV-
EHU, Leioa, Spain) amorphous ribbons with a thickness of tr ~ 0.24 pym and width of
w =~ 0.8 mm (Figure 1a). According to the existing studies, the ribbons of this composition
have a very small negative magnetostriction coefficient As = —1 x 10~ [36,37]. For this
reason, we expect that the thermoelectric response does not show considerable change with
stress applications.

(a)

Figure 1. (a) Image of bare Fe3Cos;Cr3Sij5B1, flexible ribbon. (b) Schematic representation of the
thermoelectric experimental setup. In particular, the arrow characterizing the field corresponds to the
direction labeled as @7 = 90°. We show the sketch of the thermopiles explored in this study (Pt, Pt2,
Pt3 for one, two, and three ribbons, respectively).
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The samples were prepared by a rapid quenching technique, following a procedure
similar to that described in Refs. [18,37,38], thus obtaining ribbons with a length of up to
10 m. Amorphous ribbons were prepared by the melt-spinning technique onto a rotating
roller. The master alloy of desired composition was melted in a quartz crucible using an
inductor coil and ejected by Ar pressure jump onto a copper roller rotating at 470 rad/s in
a vacuum chamber. High-quality ribbons with shine-free surfaces were obtained.

Here, no annealing was performed to modify the structure and magnetic properties of
the amorphous as-cast ribbons. To cap the ribbons, the Magnetron Sputtering technique
was employed. Specifically, we considered a 6 nm thick Platinum layer as a cap layer,
deposited with the following experimental parameters: base pressure of 7 x 10~8 Torr,
deposition pressure of 3 x 1073 Torr with 20 sccm Ar flow, and 50W set in the DC source,
resulting in a deposition rate of 0.98 A /s. During the deposition, the ribbons were kept in
a constant rotation to avoid any anisotropy induction due to the residual magnetic field
of the magnetron sputtering guns. In particular, the Pt thickness was carefully chosen,
allowing the achievement of good efficiency in the spin-charge current during the LSSE
measurements [39].

Regarding the characterization of the samples, first magnetization curves at room
temperature were obtained using a Vibrating Sample Magnetometer (VSM, Lake Shore 7404,
Westerville, OH, USA). Amorphous ribbons of 13 mm lengths were employed. Experiments
were performed with the magnetic field applied along the main axis to the ribbon (¢ = 0°)
and perpendicular to the long side in-plane of the ribbon (¢ = 90°). The thermoelectric
voltage measurements were obtained using a homemade system. In this case, the thermal
gradient VT was applied by using a micro-Peltier module (see Figure 1b), which heats
the top of the heterostructure. At the same time, the bottom of the glass substrate was
put in thermal contact with a heat sink. In particular, a glass substrate was considered to
avoid the electrical contact of the sample with the metallic heat sink. To improve thermal
conductivity, thermal paste was used in the system. The voltage detection was done with
silver conductive glue and using gold spring contacts distanced L = 11 mm from each
other. From theory [30], the thermoelectric voltage is described as follows:

L— —
V:—/ E.-dl, 4)
0

where d7 is the length differential element integrated along the distance between electrical
contacts L. The magnetic field is applied through an electromagnet controlled by using
a Kepco bipolar source (BOP 20/20). The thermoelectric signal is measured by using a
high-precision 61 digits multimeter (Keithley). The sample rotation was performed by
a high-resolution step motor. All the experiments were controlled through a homemade
LabView software (LabVIEW Free online IDE for Learner). During the thermoelectric
measurements, each experimental point was an average of 10 measurements. A similar
procedure was employed for the magnetic characterization, in which each experimental
point was an average of 20 measurements. For this reason, we believe that the experimental
results reflect the real efficiency of the proposed thermopile in these specific experimental
conditions (room temperature, controlled humidity and pressure).

The experiments were performed using both the bare Fe3Cog;Cr3Sii5B1, amorphous
ribbon and the Fe3Cog;Cr35i15B1, /Pt heterostructure for comparative ANE and ANE + LSSE
responses. Prototypes with one (Pt), two (Pt2), and three (Pt3) Fe3Cog;Cr35i15B12 /Pt
heterostructures in a parallel configuration were tested. The Fe3Cog;Cr3Si5B1, /Pt het-
erostructures connected by using conductive silver glue, onto a glass substrate, are depicted
in Figure 1b.

3. Results and Discussion

Figure 2 shows the magnetization curves for the bare ribbon (without an additional
cap layer) and the Fe3Cog7Cr3Si15B1o /Pt heterostructure with the external magnetic field
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applied along the ¢y = 90° and 0° directions. Remarkably, for each magnetic field
orientation, the curves measured for the bare ribbon and heterostructure are similar. It
is an indicator that the presence of the Pt layer in the heterostructure does not affect the
magnetic response of the system. Nevertheless, we find differences in the magnetization
curves when the responses for distinct field orientations are compared. For both samples,
the coercive field H, was close to 1.2 Oe, while the saturation field Hs; was 35 Oe and 125 Oe
when the experiments were performed at ¢y = 0° and 90°, respectively. It is interesting to
notice that the rotation of the field does not cause significant changes in the coercive field
but leads to strong modifications in the saturation field of the samples. This observation
suggests that the effective magnetic anisotropy is longitudinal and primarily influenced by
the shape of the samples. These findings are in concordance with previous studies reported
in the literature [18].

1.0t
0.5¢
» -250 -125 0 125
= 00
=
—0.5¢
@ Bare
-1.0 @ Pt
—250 -125 0 125 250

H (Oe)

Figure 2. Normalized magnetization curve as a function of the external magnetic field taken at
@y = 90° for the bare ribbon and Fe3Cog;Cr3SijsB1, /Pt heterostructure. In the inset, we show the
corresponding magnetization response for ¢ = 0°.

Figure 3 shows the thermoelectric response for the bare Fe3Cog;yCr3SijsBi, ribbon.
The thermoelectrical measurements were carried out varying the external magnetic field
H and temperature difference AT between the top of the sample and the bottom of the
glass substrate. For the bare ribbon, the sample structure allows us to assess uniquely the
ANE. From Figure 3a, we disclose the thermoelectric voltage as a function of the external
magnetic field for selected values of the temperature difference AT. The field alignment
was set to o = 90° to improve the thermoelectric signal. At goH = 90°, the electrical

field E is induced in the same direction of the electrical contacts L (see Figure 1b). For
AT =0 K, we observe no thermoelectric signal, as expected. Nevertheless, thermoelectric
voltage increases linearly as AT rises. Moreover, it is possible to observe the connection
between the thermoelectric and magnetization curves, irrespective of the AT value. From
Figure 3b, in turn, we show the thermoelectric voltage as a function of the magnetic
field angle, at AT =13 K, and external magnetic field intensity of H = 400 Oe, where
the sample is saturated magnetically. This behavior is expected, since for fixed AT and
H values, Equations (1), (3) and (4) lead to a sine/cosine-shaped curve [29,30]. These
initial results suggested the use of thermopiles configuration to investigate the response of
Fe3Cog7Cr3Sit5B12 /Pt heterostructures and the role of the Pt cap layer in the thermoelectric
effects, as well as exploring a thermopiles configuration.
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Figure 3. (a) Thermoelectric current as a function of the external magnetic field for selected values
of the temperature difference AT for the bare Fe3Cog;Cr3Sij5B1, ribbon. The measurements were
obtained for ¢y = 90°. This configuration maximizes the induced electric field and, consequently,
the thermoelectric voltage/current, as depicted in Equation (1). (b) Angular dependence of the Isx
for the bare ribbon. The solid line is the expected behavior predicted by Equations (1), (2) and (4) for
a magnetically saturated system.

Regarding the sample structure, the deposition of the Pt onto the ribbon allows us to
assess both LSSE and ANE phenomena. Here, it is worth remarking that Platinum has a
large and positive spin Hall angle 65y, so an increase in the thermoelectric response can
be observed due to the spin-to-charge current conversion by ISHE. Moreover, the metallic
Pt layer modifies the surface of the heterostructure, hence causing a decrease in the electric
resistance and yielding an increase in the measured thermoelectric current. Therefore, in
addition to protecting the ribbon surface against oxidation, the Pt layer can enhance the
induced signal.

These initial results gave us the motivation to use thermopiles configuration to investi-
gate the response of Fe3CogyCr3Sii5B12 /Pt heterostructures and the role of the Pt cap layer
on the thermoelectric effects, as well as explore a thermopiles configuration.

Figure 4 shows the thermoelectric response for the Fe3Cog;Cr3Sit5B12 /Pt heterostruc-
ture. First of all, Figure 4a shows results for a single thermopile. The experimental setup
with ¢ = 90° induces again the mirroring of the magnetic and thermoelectric responses.
From a general point of view, the thermoelectric behavior is similar to the one verified for
the bare ribbon, as expected. Nevertheless, it is possible to verify a small increase in the
thermoelectric current when the heterostructure is considered. This feature is a signature of
the thermoelectric contribution from the Longitudinal Spin Seebeck Effect associated with
spin-to-charge current conversion [30].
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Figure 4. Thermoelectric response for the Fe3Cog;Cr3Si 5By, /Pt heterostructure. Specifically, we
address the thermoelectric voltage as a function of the external magnetic field, at pg = 90°, for
distinct AT values for the Fe3Cog;Cr3Sii5B1, /Pt heterostructure, considering: (a) single thermopile
(Pt); (b) double thermopile (Pt2); (c) triple thermopile (Pt3).

Looking at Figure 4a—c, one can see quite a similar evolution of the curves when
different numbers of heterostructures composing the thermopiles are used. This behavior
is expected once the parallel association of thermopiles does not modify the value of
the induced voltage. On the other hand, from the point of view of the values of the
thermoelectric current, the results are very promising, and the details of the discussion will
be given below.

Figure 5 shows the maximum thermoelectric voltage V. as a function of the tem-
perature difference AT achieved for the bare amorphous ribbon and Fe3Cog;Cr3Si5B1p /Pt
heterostructure for a distinct number of thermopiles. The solid lines indicate the best
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linear fit for the experimental data. From the obtained results, it is possible to observe
that the bare Fe3Cog;Cr35i5B1; ribbon has a slope smaller than the ones found for the
Fe3Cog7Cr35i5B12 /Pt heterostructures. Moreover, for all thermopiles, no significant modi-
fication of the slope is verified, which indicates that the effective thermoelectric coefficient
Sefy for these systems is similar, as expected. In particular, the slope of the obtained curves
is the signature of the energy conversion efficiency for the designed heterostructure.

25f o Bare O Pt e P2  Pt3
20t
3 15}
>E 10¢ )
5/
ok . . .
0 5 10 15
AT (K)

Figure 5. V;;,y as a function of temperature difference AT measured during the experiment for the
bare ribbon and for the heterostructures in the configurations of thermopiles. The solid line indicates
the best linear fit of the data.

From the relation between V,,,;y and AT, we are able to calculate the effective thermo-
electric coefficient S, ¢ for each system. To this end, the temperature difference ATy on the
heterostructure was estimated. In the case under consideration, the material was magnetic.
Experimentally, it is given by following equation [15,18]:

taKs o7 ®)

ATy = ,
H tsKH

where t and Ky are the thickness and thermal conductivity of the heterostructure, re-
spectively, while f; and K are corresponding quantities for the substrate. Then, from the
dependence of Vj;ux with ATy, S, Ffis obtained from the equation:

tRVmax
Sefr = TAT, (6)

Then, assuming t; = 0.15 mm, K; = 1.15 W/mK [18], Ky = 133.79 W/mK, and
tg = 0.24 um, we found the Seff values of around 1.75 uV/mK for the bare ribbon, and
an average value of 2.01 pV/mK for the Fe3Cog;Cr3Sii5B12 /Pt heterostructures. Notice
the remarkable enhancement of S, FF for such heterostructures, which is a signature of the
overlap of the ANE and LSSE effects contributing to the thermoelectric voltage.

Figure 6a brings to light the ratio of the thermoelectric current by the temperature
difference as a function of the external magnetic field for the bare ribbon and thermopiles.
For this purpose, we consider the remarkable decrease in the electrical resistance of the
thermopile as the number of ribbon increases. In particular, here, we observed a decrease
from R = 1.76 () for Pt1 (single Fe3Co47Cr35i15B12 /Pt heterostructure) to R = 1.18 ) for
Pt2, and R = 0.90 Q) for Pt3.
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Figure 6. (a) The amplitude of the thermoelectric current as a function of the external magnetic field
for the bare ribbon and thermopiles Pt, Pt2, and Pt3. (b) Maximum thermoelectric current for the
bare ribbon (blue rectangle part) and thermopiles (red rectangle part). The dashed line is just a guide
for the eyes.

Figure 6b shows the maximum I,y for the bare ribbon (blue region) and thermopiles
(red region). The significant increase of this parameter shows a promising path for exploring
these Fe3CogyCr3SijsBia /Pt heterostructures that are highly efficient for green energy
devices. In the figure, the dashed line is an eye guide drawn using a linear function, as
predicted by the increase of the current in an ohmic system. The observed behavior is
mainly connected to the decrease in the electrical resistance in the thermopile when the
parallel association is considered. It is important to point out that, if considered a parallel
association of bare ribbons, a similar effect is reached.

Our findings bring to light the multifunctionality of the Pt cap layer in the system.
Here, the Pt layer improves the protection of the ribbon against oxidation, leads to an
increase in the thermoelectric voltage due to the spin-to-charge conversion, and decreases
the electrical resistance of the heterostructure (1.90 Q) for the bare ribbon to 1.76 Q) for
the heterostructure).

Obtained results are promising when compared with previous studies. The linear
increase in the thermoelectric current associated with the number of ribbons in the ther-
mopile is similar to the one found in the literature [32-35]. Moreover, we are able to reach
values of around 20 1V for thermoelectric voltage, a value similar to those found in Ref. [35].
However, in our case, although the number of ribbons can limit the thermopile dimensions
for a given application, no lithography process was required for the production process.

However, as aforementioned, flexible electronic materials become more requested in
functional electronic units because they can be integrated into devices having complex
shape surfaces. Flexibility of a magnetic field’s sensitive elements is a very attractive
property for different types of magnetic sensors [38,40]. Although we did not take advan-
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tage of flexible design for thermopiles based on Co-rich amorphous ribbons/Pt thin-film
heterostructures in the present study, it corresponds to an issue to be highlighted. The
thermopiles exploring flexible ferromagnetic ribbons were studied in the present work. It is
hard to make a quantitative comparison with other types of devices having thermoelectric
responses. However, amorphous ribbons have much higher thermal conductivity in com-
parison with any flexible polymer substrate, and, therefore, the devices based on them may
have an advantage of symmetry of thermoelectric response. Certainly, it is a promising di-
rection for research and applications in the future. In addition, a large variety of functional
cover layers can be considered in a search for the particular performances requested by
the applications. The present findings can motivate new groups to investigate this type of
heterostructures for future sensor applications with mass production. In addition, there are
applications for which cost effectiveness might be less important if efficiency or flexibility
is guaranteed. One of the examples is wearable devices.

4. Conclusions

In summary, bare Co-rich ribbons without covering and ribbon /Pt heterostructures
were considered to explore thermoelectric voltage conversion. In particular, we investigated
the Anomalous Nernst Effect and Longitudinal Spin Seebeck Effect in such systems. First,
it was observed that the deposition of the very thin Pt layer onto the ribbon surface does
not influence the magnetic response of the ferromagnetic amorphous ribbon. Next, we
revealed that the thermoelectric results mirror the magnetization curves for a particular
magnetic field orientation. In a specific condition, we observed the maximum induced
voltage in the thermoelectric experiments. Remarkably, we found that the presence of the Pt
layer, beyond protecting against surface oxidation, facilitates the spin-to-charge conversion,
increasing the thermoelectric voltage induced in the system. Further, we demonstrated
that the employment of thermopiles consisting of Co-rich ribbon /Pt heterostructures in
a parallel association increases the thermoelectric current induced in the system, a fact
related to the considerable decrease in the electric resistance in the system. Specifically, a
linear increase in the thermoelectric current signal was observed with the increase in the
number of ribbons in the thermopile, a fact that is relevant for sensor applications, although
the number of ribbons can limit the thermopile dimensions. Our findings bring to light
noticeable efficiency of the Co-rich ribbon/Pt heterostructure to be used for the conversion
of thermoelectric energy through ANE or LSSE.
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