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ABSTRACT 

This work investigates the thermomagnetic response of La2 O3 -doped ZrO2 /CoFeB heterostructures for energy harvesting 
applications. La2 O3 -doped ZrO2 ceramic tapes were fabricated via tape casting, followed by the deposition of CoFeB ferromagnetic 
thin films using magnetron sputtering. This combined approach enabled the realization of hybrid systems exhibiting enhanced 
thermoelectric performance driven by the anomalous Nernst effect (ANE). Structural characterization by scanning electron 
microscopy and X-ray diffraction confirmed the formation of La2 O3 -related phases in the ceramic matrix. Surface polishing 
improved the ceramic–ferromagnet interface, promoting the growth of soft magnetic CoFeB layers. The thermomagnetic response 
was evaluated by measuring the ANE under varying thermal gradients and external magnetic fields. The heterostructure with 
2% La2 O3 doping exhibited the highest performance, with an effective coefficient of 0 . 26 μV ∕K . These results demonstrate the 
potential of La2 O3 -doped ZrO2 /CoFeB heterostructures for thermomagnetic energy harvesting and highlight the effectiveness of 
this fabrication route for achieving tunable thermomagnetic responses. 
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 Introduction 

hermoelectric energy generation relies on the conversion of
hermal energy into electrical energy, driven by the physical and
hemical properties of materials [ 1–3 ]. Ceramic materials have
een extensively explored for promoting thermoelectric conver-
ion [ 4–7 ]. In some cases, ceramics serve as the active elements
n the conversion process, typically via the Seebeck effect [ 8, 9 ].
owever, the broad applicability of ceramic materials extends far
eyond thermoelectric applications. Ceramics play a central role
n capacitors [ 10, 11 ], dielectric [ 12–15 ], catalysts [ 16 ], refractories
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[ 17, 18 ], and thermal barrier coatings (TBCs) [ 19–22 ]. There are
various ceramic alloys tailored for different technological applica-
tions. Among them, zirconia (ZrO2 ) stands out as one of the most
interesting materials for TBC applications. Zirconia is widely
studied due to its remarkable physical properties, including high
hardness [ 23 ], compressive strength [ 24 ], high melting point
[ 25 ], and low thermal conductivity [ 26–28 ]. More recently, rare-
earth- doped ceramic materials have drawn increasing attention
from the scientific community due to their outstanding potential
for a wide range of technological applications [ 29–33 ]. Within
this context, La2 O3 -doped ZrO2 exhibits promising properties for
se, which permits use, distribution and reproduction in any medium, provided the 
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pplications in dielectrics [ 34–36 ], capacitors [ 37 ], and photo-
uminescence [ 38 ]. Moreover, La2 O3 -doped ZrO2 is particularly
nteresting due to its potential to modify the thermal and electric
onductivity of zirconia ceramics. Incorporating La2 O3 into the
rO2 lattice can alter the distribution of internal residual stresses,
eading to enhanced phonon scattering and thereby affecting the
aterial’s thermal and electric conductivity [ 39 ]. In particular, the
hermal conductivity of both bare and doped ZrO2 ceramics plays
 crucial role in ceramic applications involving thermomagnetic
ffects. 

hermomagnetic effects are promising mechanisms for convert-
ng thermal energy into electrical energy through ferromagnetic
aterials [ 40 ]. Among the thermomagnetic effects explored, the
nomalous Nernst effect (ANE) stands out for its high energy
onversion efficiency, even under small thermal gradients [ 41–
4 ]. In particular, the ANE differs from the conventional Nernst
ffect in the origin of the induced electric field during the mea-
urement. While the conventional Nernst effect arises from the
orentz force acting on charge carriers in nonmagnetic materials,
he ANE originates from the magnetization of a ferromagnetic
ample and is intrinsically associated with spin–orbit coupling
nd the Berry curvature of the electronic structure [ 45 ]. 

ore specifically, the ANE is the generation of an electric field

 ANE when a thermal gradient 
→

∇ 

𝑇 is imposed perpendicularly
o the sample plane with magnetization 

→

𝑀 

. From the theoretical
oint of view, this field can be written as [ 46–48 ], 

→

𝐸 ANE = −𝐶ANE 
( 

𝑀̂ ×
→

∇ 

𝑇 

) 

. (1)

here 𝐶ANE = 𝜆ANE 𝑀s 𝜇◦, with 𝑀s being the magnetization
aturation, 𝜇◦ is the vacuum magnetic permeability, and 𝜆ANE is
he ANE coefficient; 𝑀̂ is the unit vector of the magnetization 

→

𝑀 

.
hen a 

→

∇ 

𝑇 is applied to a magnetic conductor, thermally driven
harge carriers diffuse from the hot to the cold region. In ferro-
agnetic materials, the presence of spin–orbit coupling and/or
pontaneous magnetization leads to a transverse deflection of
hese carriers, analogous to the anomalous Hall effect [ 49–52 ].
s a consequence, charge accumulation occurs perpendicular to
oth the thermal gradient and the magnetization, giving rise to a
ransverse electric field ( 

→

𝐸 ANE ) [ 53, 54 ]. 

s observed, the ANE-induced electric field vector 
→

𝐸 ANE depends
n both the ferromagnetic properties of the material and the
pplied thermal gradient on the ferromagnetic material. There-
ore, when ferromagnetic thin films are used, the choice of
ubstrate plays a crucial role in the thermomagnetic response.
he thermal conductivity of the substrate modifies the 

→

∇ 

𝑇 felt
y the ferromagnetic thin film. For substrates with low thermal
onductivity, such as ZrO2 materials, the 

→

∇ 

𝑇will be concentrated
n the ferromagnetic thin film, leading to an enhancement of
he thermomagnetic voltage. On the other hand, for substrates
ith high-thermal conductivity the 

→

∇ 

𝑇 will quickly pass through
he ferromagnetic thin film, leading to a decrease in the ANE
esponse [ 55 ]. Ferromagnetic alloys can exhibit distinct magnetic
haracteristics (e.g., soft vs. hard magnetic behavior). 
of 11
For practical applications, ferromagnetic materials with high
saturation magnetization ( 𝑀s ), low coercive field ( 𝐻c ), and high
magnetic permeability are required to enhance the thermomag-
netic signal measured through the ANE. Therefore, the use of
soft ferromagnetic materials represents one of the most effective
strategies for thermoelectric energy conversion based on the
ANE. In addition, the incorporation of ferromagnetic materials
with tailored magnetic anisotropies provides an interesting route
to achieve tunable thermomagnetic responses as a function of the
external magnetic field [ 56 ]. 

Within this framework, the Ni81 Fe19 (Permalloy) alloy is a
well-established candidate for ANE studies, as it exhibits high
magnetic permeability, low coercivity, and can be easily engi-
neered to present different anisotropy configurations [ 57, 58 ].
However, Permalloy exhibits negligible magnetostrictive proper-
ties, which limit its potential for certain sensor and flexible-device
applications. 

In this regard, the Co40 Fe40 B20 alloy fulfills the required mag-
netic criteria while also presenting significant magnetostric-
tive properties, making it particularly attractive for sensor
and flexible-device applications [ 59–62 ]. Moreover, Co40 Fe40 B20 
exhibits low coercivity, moderate electric resistivity, and high
spin polarization, which are highly desirable characteristics for
thermomagnetic applications based on the ANE [ 59, 60, 63 ]. 

Typical ANE coefficient values reported for thin films of these
alloys range from approximately 0.1–1.0 μV ∕K for NiFe [ 64 ],
and 0.3–1.9 μV ∕K for CoFeB [ 47 ], placing them among the most
promising material systems for ANE-based energy conversion. 

Despite the extensive research on thermomagnetic effects in fer-
romagnetic thin films, their integration with functional ceramic
substrates such as La-doped ZrO2 remains essentially unexplored.
In particular, to the best of our knowledge, there are no previous
reports investigating the ANE in heterostructures composed
of soft ferromagnetic thin films deposited on La-doped ZrO2 
ceramic substrates. Therefore, the present study introduces a
new class of thermomagnetic heterostructures by combining
the favorable structural and electronic properties of La-doped
ZrO2 ceramics with soft ferromagnetic layers. This approach
opens a new pathway for exploring and tailoring thermomagnetic
responses, providing an alternative platform for the development
of ANE-based functional devices. 

In this study, we go beyond the production of ceramic tapes, pre-
pared by tape casting (TC). Here, we integrate TC and magnetron
sputtering to produce ceramic/ferromagnetic heterostructures
to explore the thermomagnetic effects. More specifically, we
provide a systematic investigation of, structural, morphological,
and dielectric properties of La2 O3 -doped ZrO2 tapes. These
ceramic tapes were used to support the deposition of Co40 Fe40 B20 
(CoFeB) thin films by magnetron sputtering, forming La2 O3 -
doped ZrO2 /CoFeB heterostructures for the study of ANE. 

This work addresses a key gap in the field by systematically
evaluating the potential of oxide-based ceramics in thermomag-
netic studies. These experimental insights enable us to assess the
influence of La2 O3 doping concentration on the thermomagnetic
response, providing a deeper understanding of the substrate’s
Journal of the American Ceramic Society, 2026
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TABLE 1 Materials and slurry formulations used for the tape casting processes. 

Function Component Supplier Amount (wt.%) 

Solvent Distilled water — 26 
Ceramic powder (ZrO2 )100 − x (La2 O3 )x Sigma Aldrich 45 
Dispersant Triton X-114 Sigma Aldrich 1.5 
Binder Polyvinyl alcohol Sigma Aldrich 25 
Plasticizer Glycerol Synth 1.5 
Antifoam Liofoam Sigma Aldrich 1.0 
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FIGURE 1 (a) La2 O3 -doped ZrO2 /CoFeB heterostructures pro- 
duced by integrating tape casting and magnetron sputtering techniques. 
(b) Thermomagnetic experimental setup for ANE measurements. The 
distance of the electric contact is ∼ 12 mm. 
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ctive role in modifying thermomagnetic behavior and advancing
he design of efficient ANE-based devices. 

 Experimental Procedure 

.1 Preparation of Ceramic Tapes 

ater-based casting formulation was employed to prepare
eramic tapes with variable compositions of (ZrO2 )100 − x (La2 O3 )x ,
here 𝑥 (wt . % ) ranged from 0 to 3, in mass. The resulting samples
ere designated as Zr–La x , with x being 0%, 1%, 2%, and 3%,
n mass, respectively. For this study, we employed ZrO2 and
a2 O3 powders obtained from Sigma Aldrich with purities of
9.99% and 99%. Initially, the ceramic powders were dispersed in
istilled water, which was used as the solvent in the presence of
 dispersing agent (Triton X-114). The dispersion was carried out
n a container with alumina balls serving as the grinding media
nd subjected to ball milling for 24 h. Subsequently, the binder
polyvinyl alcohol hydrolyzed at 16.6%), plasticizer (glycerol), and
ntifoaming agent (Liofoam) were added to the mixture and
urther homogenized by ball milling for an additional 24 h. Table 1
ummarizes the components used in the slurries, along with their
espective functions and quantities. 

he suspensions were cast using a TC machine TTC-1200 (Tape
asting Warehouse Inc.) at a casting speed of 20.2 cm/min, with
he doctor blade gap set to 0.55 mm. The resulting flexible tapes
ere dried in situ for 24 h and subsequently cut into circular
hapes. The dried sheets were then stacked and laminated into
0-layer blocks, followed by uniaxial pressing at 120 MPa for
 min at 70◦C. To remove the organic components, the samples
ere subjected to a thermal treatment at 600◦C for 1 h, with
 heating rate of 1◦C/min. Subsequently, the specimens were
intered at 1250◦C for 2 h and then allowed to cool naturally to
oom temperature. After drying, tapes with a thickness of around
00 µm were obtained. 

.2 Structural and Morphological 
haracterization 

he structural properties were studied through X-ray diffraction
XRD) using a Rigaku Mini-Flex II with Cu-K 𝛼 radiation, in
ragg–Brentano geometry. The measurement was recorded in the
ange 10◦ to 80◦ ( 2 𝜃), and with a step of 0 . 02◦ and scan rate
f 1 . 5 ◦/min. The morphological aspects were verified using a
canning electron microscope (SEM) with a field emission gun
ournal of the American Ceramic Society, 2026
(SEM-FEG) Zeiss Auriga 40 model. The elemental composition
of the samples was analyzed using energy-dispersive X-ray
spectroscopy (EDS) coupled with SEM-FEG equipment. 

2.3 Deposition of Thin Films 

Prior to thin film deposition and after structural, morphological,
and dielectric characterization, the ceramic substrates were pre-
pared for the ferromagnetic thin film. In this case, 10 layers with
circular geometry (12 mm in diameter) were considered for each
composition. To improve the quality of the interface, polishing
processes were performed on the ceramic substrate. In this case,
a procedure similar to that applied in a previous study conducted
by Neto et al. [ 65 ] was performed. The Co40 Fe40 B20 (CoFeB) thin
films with 𝑡f = 60 nm were deposited using magnetron sputtering
from a commercial target (99.99 purity). The target and the La2 O3 -
doped ZrO2 ceramic substrate were inserted in a chamber with
base pressure of 4 × 10 

− 6 Torr. During the depositions, a work
Ar pressure of 3 . 0 × 10 

− 3 Torr with a gas flux of 20 sccm were
maintained in the chamber, while a DC current of 101 mA was
set on the source. These deposition parameters allow reaching
a deposition rate of 0.089 nm/s. Deposition onto ceramic tapes
was performed on circular substrates with a 12 mm diameter, as
depicted in Figure 1a . For the thin film deposited onto a glass
substrate, a squared shape was considered, with 3 × 3 mm2 . All
thin films were deposited at room temperature and without any
external magnetic field. 

2.4 Magnetic and Thermomagnetic 
Characterizations 

The magnetic properties were measured in a Vibrating Sample
Magnetometer (VSM) LakeShore 7400 series. The external mag-
3 of 11

e C
om

m
ons L

icense



FIGURE 2 X-ray diffraction patterns for the La-doped ZrO2 ceramic 
tapes. The red line represents the best fit obtained from Rietveld 
refinement and phase identification. The peaks were indexed based on 
ICSD-85322 and ICSD-100209, for ZrO2 and La2 O3 phases, respectively. 
The plane (101) in red at 2 θ≈ 29.07◦ corresponds to the La2 O3 phase, while 
the other planes in black correspond to the ZrO2 phase. 
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TABLE 2 Parameters obtained from XRD Rietveld refinement and 
phase identification for Zr–La0%, Zr–La1%, Zr–La2%, and Zr–La3% 

samples. 

Material a (Å) c (Å) Rwp Rexp Rp 𝝌𝟐 Wt 

Zr–La0% 3.5986 5.1521 18% 15.2 14.6 1.40 ZrO2 = 100% 

Zr–La1% 3.5986 5.1522 17% 14.1 13.4 1.45 ZrO2 = 87% 

4.0270 6.8159 La2 O3 = 13% 

Zr–La2% 3.5988 5.1522 18.9% 15.5 14.7 1.49 ZrO2 = 83% 

4.0276 6.8162 La2 O3 = 17% 

Zr–La3% 3.5989 5.1524 18.9% 15.4 14.5 1.50 ZrO2 = 81% 

4.0366 6.8167 La2 O3 = 19% 
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reativ
etic field was applied in the CoFeB film plane and measured
t room temperature. The samples were rotated in the field to
rove the isotropic magnetic properties. The thermomagnetic
roperties were measured in a home-made system. In this system,
he thermal gradient ( 

→

∇ 

𝑇) is generated by a micro-Peltier module.
he micro-Peltier is responsible for heating the surface of the
eterostructure, while the opposite side of it is connected to a
hermal sink. Another thermal sink is connected to the bottom
f the substrate, which is responsible for dissipating the thermal
nergy, maximizing the temperature difference ( Δ𝑇) between the
op of the ferromagnetic thin film and the bottom of the ceramic
ubstrate (see Figure 1b ). The thermoelectric voltage is measured
y using a high-precision 7 1∕2 digits multimeter model 34470A
rom Keysight. The thermomagnetic voltage relates to the 

→

𝐸 ANE

an be obtained through [ 46 ], 

𝑉ANE = −
𝐿 

∫
0 

( 

→

𝐸 

⋅𝑑
→

𝑙 

) 

, (2)

here 𝐿 is the distance between the electric contacts ( 12 mm
n this case). The schematic representation of the experimental
etup can be observed in Figure 1b . To ensure optimal thermal
onductivity between the sample and the thermal sinks, a high-
hermal-conductivity paste was used during the experimental
etup. 

 Results and Discussion 

.1 Structural and Morphological Properties of 
a2 O3 -Doped ZrO2 Ceramic Tapes 

igure 2 shows the XRD patterns of the La2 O3 -doped ZrO2
eramic tapes. The patterns were analyzed and refined using
he Rietveld method in GSAS II [ 66 ]. In this case, the following
arameters were refined: scale factor, background, lattice param-
ters, profile half-width parameters ( u , v , w ), atomic positions,
sotropic thermal parameters, and occupancy. Based on the
ietveld refinement and phase identification (vide red line), Zr–
of 11
La0% shows a single ZrO2 phase, with tetragonal symmetry and
space group P42/nmc (ICSD-85322). 

The samples Zr–La1%, Zr–La2%, and Zr–La3% exhibit a new peak
at 2 θ ≈ 29.07◦ which corresponds to La2 O3 oxide with hexago-
nal symmetry and space group—P63/mmc (ICSD-100209). The
presence of the La2 O3 peak may be attributed to the interaction
between ZrO2 with La, leading to the formation of ZrO2 + La2 O3 .
The parameters obtained from Rietveld refinement are shown in
Table 2 . 

The structural parameters obtained from the Rietveld refinement
confirm that the undoped sample exhibits a single-phase ZrO2 
structure. With the introduction of La, the XRD analysis reveals
the emergence of a secondary La2 O3 phase coexisting with
the ZrO2 matrix. As the La concentration increases, a gradual
increase in the weight fraction of the La2 O3 phase is observed,
accompanied by a corresponding reduction of the ZrO2 phase
fraction. This behavior indicates that only a limited amount
of La can be incorporated into the zirconia lattice under the
present synthesis conditions, while the excess dopant tends to
segregate, forming a lanthanum oxide phase. In addition, subtle
variations in the lattice parameters of both phases suggest slight
structural distortions and lattice relaxation effects associated with
the presence of La and the progressive formation of La2 O3 .
Overall, these results indicate that La incorporation promotes
the gradual development of a secondary oxide phase while only
weakly affecting the crystalline framework of the ZrO2 host
structure. 

Figures 3a–d show the SEM micrographs for the studied materials
measured in the cross-section view. This analysis is particularly
useful for evaluating the densification of our materials after
the stacking, pressing, and sintering processes. These properties
have a direct influence on the material’s thermal conductivity,
which is a key factor for thermoelectric analyses. In general,
a good uniformity in densification can be observed for bare
ZrO2 (Zr–La0%,), Zr–La1%, and Zr–La3%. On the other hand,
for the Zr–La2% composition, a clear formation of overlapped
layers with a well-defined orientation is observed. This feature
may significantly affect the sample’s thermal conductivity due
to interfaces between successive layers. Considering the top-view
analyses, before the ferromagnetic thin film deposition, for a high
magnification (see Figure 3e–h ), it is observed that the presence
Journal of the American Ceramic Society, 2026
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FIGURE 3 SEM images obtained from the studied Zr–La x tapes. (a) Cross-section Zr–La0%, that is, for undoped ZrO2 . (b) Cross-section Zr–La1%. 
(c) Cross-section Zr–La2%. (d) Cross-section Zr–La3%. (e–h) Similar analyses for high magnifications to verify the porosity and grains sizes. The image 
is related to Zr–La0%, Zr–La1%, Zr–La2%, and Zr–La3%, respectively. (i–k) Representative color maps for the Zr–La1%. Similar elemental distributions 
were observed for the other compositions. 
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f distinct grain sizes, with irregular geometries. This feature is
elated to the mixing process and thermal heating during the
intering of the material [ 67 ]. At the same time, the increase in
ape porosity is imperceptible. These features are essential for
sing these materials as substrates for ferromagnetic layers. An
ncrease in the roughness of the substrate can induce internal
tress in the ferromagnetic layer deposited, which leads to an
ncrease of essential properties such as the magnetic coercivity
 58, 68–70 ]. Figures 3i–k depict the EDS results (color map) for the
epresentative Zr–La1%. As expected, the presence of the La2 O3 is
learly detected. The EDS spectra for all samples are available in
he Supporting Information . 

herefore, both XRD and SEM-EDS results confirm the suc-
essful incorporation of La2 O3 into the ZrO2 matrix. From this
oint onward, the focus shifts to magnetic and thermomagnetic
haracterization of the complete La2 O3 -doped ZrO2 /CoFeB het-
rostructures. Additionally, only La2 O3 -doped ZrO2 samples are
onsidered in the following discussion, as similar investigations
n undoped ZrO2 tapes have already been reported in the
iterature [ 48 ]. 
ournal of the American Ceramic Society, 2026
3.2 Magnetic Characterization of La2 O3 -Doped 

ZrO2 /CoFeB Heterostructures 

First, the normalized magnetization curves for the studied het-
erostructure are analyzed, as shown in Figure 4 . For this study,
we define 𝑀∕𝑀s the magnetization of the material for a given
set of magnetic field values ( 𝑀) normalized for the maximum
values of the magnetization, when the system is magnetically
saturated ( 𝑀s ). Here, the magnetic response of La2 O3 -doped
ZrO2 /CoFeB heterostructures is compared to that of a CoFeB
thin film deposited on a glass amorphous substrate (see bottom
inset of Figure 4a ). This comparison is essential for determining
whether La2 O3 -doped ZrO2 influences the quasi-static magnetic
properties of the CoFeB layer. The coercive field is between 10
and 13 Oe for all studied heterostructures, which is typical for this
alloy in thin film form [ 59, 71 ]. The magnetization curves exhibit
in-plane isotropic magnetic behavior, showing similar responses
for different orientations of the magnetic field applied within
the film plane, as depicted in Figure 4b . In this figure, repre-
sentative magnetization curves measured as a function of the
external magnetic field for different in-plane angles are presented.
5 of 11

e C
om

m
ons L

icense



FIGURE 4 (a) Normalized magnetization curves for the La2 O3 -doped ZrO2 /CoFeB heterostructures with the external magnetic field applied in the 
film plane. The top inset shows a representative La2 O3 -doped ZrO2 tape coated with a 60 nm CoFeB thin film. The bottom inset depicts the magnetization 
curves for CoFeB films grown on glass substrates. (b) Representative magnetization curves as a function of the external magnetic fields for distinct angles 
for CoFeB/ZrO2 –La2%. The inset shows the angle definitions for the external magnetic field applied to the film plane. 
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hese measurements were performed for the CoFeB/ZrO2 –La2%
eterostructure. Notably, all substrates, including the glass amor-
hous substrate, produce similar magnetic responses. With a
imilar coercive field 𝐻c . On the other hand, for the saturation
ield 𝐻s values the glass substrate presents a value of around
0 Oe, while for the CFB thin film growth onto ceramic substrates
hese values increase to around 50 Oe. This consistent magnetic
ehavior across different substrates is crucial, as it enables a direct
omparison of their thermomagnetic responses. Since the mag-
etization curves remain unchanged, any observed differences in
hermomagnetic behavior can be attributed primarily to varia-
ions in thermal conductivity and morphological characteristics
f the La2 O3 -doped ZrO2 tapes. 

.3 Thermomagnetic Response and ANE 

oefficient Extraction 

or the thermomagnetic characterization, the vector configura-
ion of the magnetization ( 

→

𝑀 

) and the thermal gradient ( 
→

∇ 

𝑇),
ith module of Δ𝑇, are depicted in Figure 5a . This configuration
s designed to maximize the thermomagnetic voltage ( 𝑉), as
he induced electric field ( 

→

𝐸 ANE ) aligns with the direction of
he electric contacts, as described by Equation ( 2 ). Moreover, to
btain the 𝑉ANE × Δ𝑇 dependence, which provides important
nformation on the thermoelectric energy conversion, the Peltier
odule was operated at distinct current levels (0–500 mA).
his generates distinct values of Δ𝑇, which is the temperature
ifference between the top and bottom of the La2 O3 -doped
rO2 /CoFeB heterostructure. Figure 5b shows the thermomag-
etic voltage of a representative CoFeB/Zr–La2% heterostructure.
imilar results, with distinct thermomagnetic voltage levels, were
bserved for other La concentrations. For Δ𝑇 = 0 K , no thermo-
agnetic voltage was observed, as expected (see Equation 1 ). On
he other hand, by increasing Δ𝑇, an increase of the induced
hermomagnetic voltage was noticed in the system. Although
ith a lower signal/noise ratio, the shape of the voltage curves
losely resembles the magnetization curves presented in Figure 4 .
o emphasize this correspondence, Figure 5c displays the nor-
of 11
malized magnetization and thermomagnetic measurements for
CoFeB/Zr–La2% submitted at Δ𝑇 = 16 K. The strong similarity
between the two curves confirms the reliability and effectiveness
of the ANE measurements. 

According to Equation ( 1 ), the maximum voltage ( 𝑉max 
ANE ), for a

magnetically saturated material, is expected to exhibit a linear
dependence on the applied temperature gradient ( 

→

∇ 

𝑇). The slope
of this linear relationship reveals the efficiency of thermoelectric
energy conversion of a given heterostructure, in which both the
ferromagnetic thin film and the substrate should be considered.
This slope is named as the effective coefficient ( 𝐶eff ). While the
CoFeB layer is the active component where ANE occurs, the
ceramic substrate influences the effective temperature difference
across the film ( Δ𝑇f ) due to its thermal conductivity. In this
study, a low La2 O3 concentration was selected to enable an initial
investigation of the ANE in this kind of heterostructure. This
reduced concentration was chosen to minimize changes in the
intrinsic properties of the ceramic matrix, allowing us to verify
whether the ANE could be detected and reliably measured in this
system. 

Figure 5d shows the 𝑉max 
ANE as a function of the Δ𝑇 for the

heterostructure studied. The expected linear behavior is verified
for all systems. The 𝐶eff reached values of 0 . 18 μV ∕K , 0 . 26 μV ∕K ,
and 0 . 20 μV ∕K , for the heterostructures with 1%, 2%, and 3% of
La doping, respectively. 

To extract 𝐶ANE from experimental parameters, the following
relation should be considered [ 46, 72 ], 

𝐶ANE =
𝑉max 
ANE 𝑡f 

𝐿Δ𝑇f 
, (3)

with Δ𝑇f the temperature difference between the top and bottom
of the thin ferromagnetic film, given by [ 72 ] 

Δ 𝑇f =
𝑡f 𝜅S 
𝑡S 𝜅f 

Δ𝑇 (4)
Journal of the American Ceramic Society, 2026
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FIGURE 5 (a) Vector configuration of magnetization and thermal gradient during the thermomagnetic measurements. The thermal gradient 
→

∇ 

𝑇

with modulus Δ𝑇 is applied between the top of the thin film and the bottom of the ceramic substrate. (b) Thermomagnetic voltage as a function of 
the external magnetic field for distinct Δ𝑇 values. (c) Comparison between thermomagnetic voltage and magnetization curve for the representative 
CoFeB/Zr–La2% heterostructure. (d) 𝑉max 

ANE 
as a function of Δ𝑇 for the studied heterostructures. 
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here 𝜅S is the thermal conductivity of the ceramic substrate
ith thickness 𝑡S , and 𝜅f the thermal conductivity of the CoFeB
hin film with thickness 𝑡f . It is important to point out that the
emperature difference across the thin film ( Δ𝑇f ) is considerably
maller than the overall temperature difference across the entire
eterostructure. This is primarily due to the considerable differ-
nce between the thicknesses of the thin film and the ceramic
ubstrate. In summary, the 𝐶eff reflects the thermoelectric energy
onversion efficiency of the full heterostructure and serves as
 practical thermo-to-electric energy conversion application. In
ontrast, 𝐶ANE is an intrinsic property of the ferromagnetic alloy
nd is used to validate the experimental results with respect to the
aterial’s ANE response. 

egarding 𝐶eff , it is essential to consider the thermal conductivi-
ies of both the ceramic substrate and the ferromagnetic metallic
hin film. In this case, the structural properties, specifically the
olycrystalline nature of the La2 O3 -doped ZrO2 ceramic substrate
nd the CoFeB thin film, play a central role in determining the
inal thermal conductivity. For composites and polycrystalline
eramic materials with multiple phases, as observed in this study,
he rule of mixtures can be applied to estimate the overall thermal
onductivity [ 73 ]. 

he rule of mixtures assumes that the overall thermal transport
esults from the weighted contribution of each constituent phase.
ournal of the American Ceramic Society, 2026
In this approach, the effective thermal conductivity of the system
is obtained by combining the thermal conductivities of the
individual phases according to their respective volume or weight
fractions [ 74, 75 ]. Thus, phases with higher thermal conductivity
contribute proportionally more to the overall heat transport,
while phases with lower conductivity tend to reduce the effective
value of the composite. Although this method provides only
an approximate description, it is widely used as a first-order
estimation for polycrystalline ceramics and multiphase systems,
where heat transport is primarily governed by phonon propaga-
tion and scattering at grain boundaries and phase interfaces. In
the present case, this approach allows a reasonable estimation
of the effective thermal conductivity of the La2 O3 –ZrO2 ceramic
substrate by considering the relative fractions of the ZrO2 and
La2 O3 phases obtained from the Rietveld refinement. Table 3
shows the estimated thermal conductivity ( 𝜅) for the ceramic
substrates ( 𝜅s ) and the thin film ( 𝜅f ), as well as the respective
thicknesses [ 76–78 ]. Using these parameters in Equation ( 4 ),
it is possible to calculate the temperature difference across
the CoFeB thin film ( Δ𝑇f ). At the same time, the anomalous
Nernst coefficient ( 𝐶ANE ) of the material can be estimated using
Equation ( 3 ). 

Figure 6 depicts the behavior of 𝐶ANE and 𝐶eff as a function of La%
content. A small increase in 𝐶eff is observed for the CoFeB/Zr–
La2% heterostructure, which correlates to the modification
7 of 11
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TABLE 3 Estimated thermal conductivity ( 𝜅) and thickness of 
La2 O3 -doped ZrO2 ceramics and CoFeB thin film components. The 
nominal values of thermal conductivity were obtained in the references 
[ 76–78 ]. 

Material 
Comp. 
(wt.%) 

𝜿

(W/m ⋅K) 
𝜿

(W/m ⋅K) Thickness 

ZrO2 –La1% 87% ZrO2 
13% La2 O3 

ZrO2 ≈ 2.0 
La2 O3 ≈ 4.0 

2.26 0.58 mm 

ZrO2 –La2% 83% ZrO2 
17% La2 O3 

ZrO2 ≈ 2.0 
La2 O3 ≈ 4.0 

2.34 0.59 mm 

ZrO2 –La3% 81% ZrO2 
19% La2 O3 

ZrO2 ≈ 2.0 
La2 O3 ≈ 4.0 

2.38 0.45 mm 

Co40 Fe40 B20 
40% Co 
40% Fe 
20% B 

Co ≈ 100 
Fe ≈ 80 
B ≈ 27 

86.7 60.0 nm 

FIGURE 6 Anomalous Nernst effect coefficient as a function of the 
La content in the La2 O3 -doped ZrO2 /CoFeB heterostructures. 
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f the cross-section structure verified in the SEM analyses.
onversely, a slight decrease in 𝐶ANE is noted, likely due to
nterfacial modifications between the ceramic substrate and the
oFeB thin film. It is important to point out that for this analysis,
e intentionally used the theoretical thermal conductivity
alues reported in Table 3 as reference values to calculate the
NE coefficient ( 𝐶ANE ), ensuring a consistent and comparable
nalysis across all samples. However, it is important to highlight
hat small structural modifications (observed in SEM and XRD)
re sufficient to deviate these theoretical values in practical
pplications, which explains the modifications observed in our
alues, especially for the sample with a La2 O3 doping level of 2%.

hese findings confirm the successful integration of ceramic
ubstrates and thin ferromagnetic films to generate functional
eterostructures suitable for thermoelectric energy conversion
pplications. 

he mean value obtained for 𝐶eff was approximately 0 . 26 μV ∕K

 𝐶ANE = 0 . 38 μV ∕m K ), which is consistent with values reported
n the literature [ 46 ]. To compare our findings with the literature
t is important to point out that the comparison should be related
o Co-based alloys, since the magnetic properties are fundamental
or the thermomagnetic response. Within this context, it is
bserved a wide range of values for the 𝐶eff and/or 𝐶ANE . For
o2 Ti0.6 V0.4 Sn values of around 1 . 8 μV ∕K was observed at 220
 [ 51 ]. On the other hand, for the Co/Pt multilayer, the reported
alues were 0 . 9 μV ∕K . Considering a very similar CoFeB alloy,
amino et al. [ 47 ] investigated bare CoFeB thin films as well
of 11
as CoFeB/nonmagnetic metal (Pd, Ta, and Ru). For the bare
CoFeB thin film, 𝐶𝐴𝑁𝐸 reached around 1 . 95 𝜇𝑉 ∕𝐾 . On the
other hand, for the CoFeB/Pd, CoFeB/Ta and CoFeB/Ru bilayers
values of 0 . 36 μV ∕K , 0 . 92 𝜇V∕K , and 0 . 14 𝜇V∕K were reported,
respectively [ 47 ]. 

4 Conclusions 

This study fills an important gap in the field of thermoelectric
and thermomagnetic materials by introducing La2 O3 -doped ZrO2 
ceramic tapes as functional substrates for ANE-based heterostruc-
tures, an approach not extensively explored in the literature.
While previous studies have focused largely on metallic or semi-
conductor substrates, our results demonstrate that oxide-based
ceramics, fabricated via scalable aqueous TC, can be effectively
integrated with ferromagnetic thin films for thermoelectric
applications. 

The La2 O3 -doped ZrO2 substrates exhibited tunable structural
and dielectric properties (see the Supporting Informat ion)
depending on the La content. When combined with Co40 Fe40 B20 
thin films deposited by magnetron sputtering, these substrates
enabled the formation of high-quality heterostructures with
uniform growth and preserved magnetic behavior. 

Thermomagnetic measurements confirmed the presence and
reproducibility of the ANE, with the effective coefficient ( 𝐶eff )
reaching 0 . 26 μV ∕K ( 𝐶ANE = 0 . 38 μV ∕m K ), in agreement with
reported values for CoFeB. Additionally, the effective conver-
sion coefficient revealed how substrate composition, particularly
the presence of La phases, influences the thermal-to-electric
response. Overall, this work not only demonstrates the via-
bility of La2 O3 -doped ceramic substrates for thermomagnetic
applications but also establishes a versatile platform for engi-
neering oxide/ferromagnetic interfaces in next-generation energy
conversion devices. 
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