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ABSTRACT

Transverse thermoelectric generation (TEG) based on the anomalous Nernst effect (ANE) is
a promising technology capable of converting waste heat into electricity. The transverse TEG
device can operate without applying an external magnetic field by implementing permanent
magnets, such as Nd,Fe;,B-type magnets. However, the transverse thermoelectric properties
of the rare-earth (RE) based compounds have not been systematically studied and understood
so far. In this work, we have explored the potential of RE;Fe;,B and Nd,(Fe, Co)4B compounds
and systematically investigated the transverse thermoelectric properties at room temperature.
We obtained the negative anomalous Nernst coefficient (Sane) for all the RE,Fe 4B (RE = Tb, Dy,
Ho, and Nd) alloys regardless of the RE element and the highest negative Sane of —0.67x 107°
VK" for Tb,Fe;,B among them, which is comparable to that of the commercial Nd,Fe;,
B permanent magnets with an optimized microstructure. The substitution of Co for Fe site in
Nd,(Fe;,Cop)q14B alloys causes sign reversal (from negative to positive) of Sane values. The
transverse thermoelectric conductivity is responsible for the sign change in Sane values. As
a result, the Nd,(Feg4Cooe)14B alloy shows the highest positive Sane of 1.87 x 107° VK,
revealing that the RE and 3d transition metal elements play distinct roles on the transverse
thermoelectric performance in RE,(Fe,Co);4B compounds.

ARTICLE HISTORY
Received 15 December 2024
Accepted 11 June 2025
Revised 15 May 2025

KEYWORDS

Anomalous Nernst effect;
permanent magnets;
transverse thermoelectric
conversion

Investigation on transverse thermoelectric conversion of RE,(Fe,Co),,B (RE = rare-earth) compounds
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This work systematically investigates rare-earth-based RE2Fe;«B compounds, uncovering tun-
able transverse thermoelectric properties, including anomalous Nernst coefficient sign reversal
and a twofold enhancement via Co substitution, advancing efficient transverse thermoelectric
generation technologies.

1. Introduction
TEG devices face unique challenges: thermal degrada-

Transverse thermoelectric generation (TEG) has gar-
nered significant attention due to its ability to directly
convert heat into electricity [1,2]. A typical TEG
device based on the Seebeck effect consists of multiple
p-type and n-type semiconductor legs, connected elec-
trically in series and thermally in parallel using a large
number of electrodes. However, such longitudinal

tion at the hot side of the contacts, which significantly
deteriorates the devices’ output power, and perfor-
mance degradation due to interfacial thermal and
electrical resistances at many junctions [1,3,4]. In
this context, transverse TEG devices offer key advan-
tages over longitudinal TEG devices due to their sim-
pler structures, which enables less junctions and
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Figure 1. (a) Schematic of AEE in a ferromagnet in the in-plane magnetization configuration. j, ae, jo, and M denote the AEE-
induced heat current, charge current applied to the ferromagnet, and magnetization vector. (b) Schematic of the LIT measurement
set-up configurations. J. denotes the square-wave amplitude of the charge current applied to the sample.

electrodes in modules. Consequently, these devices
avoid the above degradations, significantly increasing
efficiency closer to the theoretical limit than the con-
ventional TEG devices [3-5].

In various transverse thermoelectric phenomena,
the anomalous Nernst effect (ANE) has received
much interest because of its simple lateral device
structures and its intriguing physical mechanisms
[6-18]. ANE refers to the generation of an electric field
(Eang) orthogonal to the magnetization direction and
applied temperature gradient (VT) in magnetic
materials:

Eane = Sang(m x VT) (1)

where m is a unit vector of the magnetization. The
anomalous Ettingshausen effect (AEE) is the recipro-
cal to ANE in which the transverse heat current is
generated in the direction orthogonal to the magneti-
zation direction and applied charge current in mag-
netic materials, shown in Figure 1(a) [19-26]. The heat
current density driven by AEE (jg sgp) is defined as

Jgaee = Iage (jc X m) (2)

where j. and Ilapp respectively denote the charge
current density and anomalous Ettingshausen coeffi-
cient (ITpagg = SaneT) [23,25-27]. Based on
Equations 1 and 2, a finite spontaneous magnetization
is required in materials for the manifestation of the
ANE/AEE in transverse thermoelectric applications.
Although elemental transition metals (e.g. Fe, Co)
exhibit trivial ANE/AEE, recent development of spin
caloritronics and topological materials science has
revealed several magnetic alloys with large Syng and
Mg [6,7,11,15,16,27-30]. For example, Sakai et al.
observed giant ANE in Co,MnGa alloys with Syng
~6 x 107° VK" at room temperature by focusing on
the Berry curvature of conduction electrons around
Fermi energy [28]. Gautam et al. reported another
strategy of enhancing ANE/AEE from the viewpoint
of nanostructure engineering using iron-based

amorphous alloys [30]. However, most of the ANE-
based TEG devices using these materials require an
external magnetic field (H) to align the magnetization
direction.

To solve this problem, the use of permanent mag-
nets with large remanent magnetization in ANE-based
TEG devices is useful, enabling their thermoelectric
operation without applying an external magnetic field
[4,25,26]. Miura et al. investigated the transverse ther-
moelectric properties of different commercial sintered
magnets and reported SmCos-type (Nd,Fe;4B-type)
permanent magnets under zero magnetic fields give
the maximum Sng 0f 3.10 x 107° VK™ (-0.76 x 107°
VK™') at room temperature [25]. Recently, Ando et al.
constructed a bulk TEG device consisting of these
SmCos- and Nd,Fe; B-type permanent magnets and
demonstrated the largest anomalous Nernst power
density of 65 uWcem™> under zero magnetic field [4].
However, the research so far on transverse thermo-
electric properties of bulk permanent magnets has
been focused on the commercially available magnets
designed for the maximum energy product.
Development of permanent magnets with excellent
transverse thermoelectric properties requires funda-
mental research on their alloy and microstructure
design.

In this work, we have systematically studied the
transverse thermoelectric properties of RE,Fejy
B-type compounds by changing the RE (RE = Tb,
Dy, Ho, and Nd) elements. The f-electron system
was chosen to make the compounds that exhibit
strong magnetocrystalline anisotropy, particularly
due to the RE - Fe exchange interactions and crystal
electric field effects on the RE site [31]. This magnetic
order affects charge carrier dynamics and thermal
transport, which may favor the improvement in trans-
verse thermoelectric properties. We found that all
these compounds show negative Syng regardless of
RE elements, and Tb,Fe 4B exhibits the largest Sang
among them. In addition, we found that substitution
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of Co for the Fe site in the Nd,Fe;4B system can
change the sign of Sang; from negative in Nd,Fe;,
B to positive in Nd,Co,4B. At the intermediate com-
position for Nd,(Feq 4Cog¢)14B, the largest Sxng of
1.87 x 107° VK was observed. This study provides
guidelines for the alloy design of permanent magnets
for the development of transverse TEG devices.

2. Materials and methods

A series of RE,Fe 4B (RE = Tb, Dy, Ho, and Nd) and
Nd,(Fe;_,Co,)14B (p=0, 0.2, 0.4, 0.6, 0.8, and 1.0)
alloys were prepared by an induction melting process
under an Ar atmosphere. The as-cast alloys were
homogenized at 1150°C for 24 h in high vacuum
conditions and quenched in water. The phase analy-
sis of the ingots was evaluated by X-ray diffraction
(XRD) (MiniFlex600, Rigaku) with Cr-Ka radiation.
The XRD patterns were analyzed by the Rietveld
method using the FullProf Suite [32].
Microstructural and chemical analyses were per-
formed using a scanning electron microscope
(SEM) (CrossBeam 1540 EsB, Carl Zeiss) equipped
with an energy-dispersive X-ray spectroscopy (EDS)
detector.

To investigate the transverse thermoelectric
properties of RE,(Fe,Co);4B alloys, we performed
AEE using the lock-in thermography (LIT) techni-
que using Enhanced Lock-In Thermal Emission
(ELITE, DCG Systems G.K.) (Figure 1(b)) [23,25-
27]. AEE measurements were conducted on rectan-
gular-shaped samples (width and thickness of ~2-
3mm and a length of ~15mm). The samples were
placed on a plastic slab, which has a low thermal
conductivity to reduce the heat loss due to thermal
conduction. To enhance the infrared emissivity and
ensure the homogenous emission properties, the
top surface of the samples was coated with
a black ink, the emissivity of which is>0.94 (JSC-
3, JAPANSENSOR Corporation). The AEE mea-
surements were conducted under the application
of magnetic field, yoH=1T, with an atmospheric
temperature and pressure. The thermal images were
attained while applying a square-wave-modulated
charge current with an amplitude J., frequency f,
and zero offset to the sample along the x-direction
and H along the y-direction. By extracting the first-
harmonic component of the temperature modula-
tion signal, the contributions of thermoelectric
response, i.e. AEE and the Peltier effect, free from
Joule heating, can be detected because Joule heating
generated by such a charge current is constant over
time [19,20,22,25]. The detected thermal images are
transformed into the lock-in amplitude A and
phase ¢ via Fourier analysis, where the A image

B. MADAVALI et al.

gives the distribution of the magnitude of tempera-
ture modulation signals and the ¢ image shows the
sign of the temperature modulation as well as the
time delay due to thermal diffusion. By performing
the LIT measurements under positive and negative
H and evaluating the H-odd component of A and ¢
(Aoaa and ¢oqq, respectively), we can visualize the
distribution of AEE-induced temperature modula-
tion signals without the parasitic contribution by
the Peltier effect [4,27,30]. In the present study,
LIT measurements were performed at yoH=+1T.
Since the present compounds are isotropic ferro-
magnetic ingots, it is necessary to accurately eval-
uate the magnetization at yoH =1T, M, by taking
into account the shape magnetic anisotropy.
Therefore, we carefully determine M;r using the
same size Ni slab as a reference sample by vibrating
sample magnetometry (VSM) and the same slabs
used for the AEE measurement. The measurements
of the anomalous Hall effect (AHE) were per-
formed to estimate the transverse electrical resistiv-
ity p,, using a physical property measurement
system (PPMS, Quantum Design, Inc.). For this
measurement, we applied H perpendicular to
a DC charge current of 100 mA. The Seebeck coef-
ficient S,, and electrical conductivity ¢ of the sam-
ples were measured by Seebeck Coefficient/Electric
Resistance Measurement System (ZEM-3,
ADVANCE RIKO, Inc.). The thermal diffusivity
measurements using the laser flash method and
the specific heat measurements using the differen-
tial scanning calorimetry were performed to evalu-
ate the thermal conductivity «.

3. Results and discussion
3.1. Structural analysis of REFe,B alloys

The crystal structure and chemical composition
analyses of RE,Fe;,B alloys are depicted in
Figure 2. The XRD patterns were analyzed through
Rietveld refinement, identifying the polycrystalline
2:14:1 phase as the main phase and indexed with
(hkl) planes accordingly. The detailed Rietveld
refinement analysis of all RE,Fe;,B alloys is
shown in supplementary Figures S1-S4 and where
several secondary phases were identified in addition
to the main phase. The identified secondary phases
include bcc-Fe, NdFe B,, TbFe,, HoFe;, HogFe,s,
and DyFe, and represent <10% in weight of the
alloy phases [33,34]. The detailed microstructure
characterization using SEM-EDS gives evidence
that the samples are mainly made of 2:14:1 phase
polycrystals as the matrix phase with homoge-
neously dispersed secondary phases (Figure 2(b)).
The secondary phases identified by XRD can be
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Figure 2. (a) Crystal structure analysis using XRD and (b) chemical composition analysis using SEM-EDS for the RE,Fe 4B alloys.

correlated to the different composition regions
found in the SEM-EDS images, as examples are
shown in supplementary Figures S1-S4. However,
the identification of all secondary phases in the Ho,
Fe;4B system remains challenging, and some of the
secondary reflections found in XRD would not be
identified with the existing phases.

3.2. Transverse thermoelectric properties of RE,
Feq4B alloys

Figure 3(a) represents the A,qq and ¢,qq images at J.
=1.0A, yoH==1T, and f=1hz for the RE,Fe,
B slabs. A clear current-induced temperature mod-
ulation was observed on the surface of the slabs due
to the generation of j, \zr along the z direction

through the x-directional input j. and y--
directional m. Although the Tb,Fe 4B, Ho,Fe B,
and Nd,Fe,,B slabs show the uniform distribution
of the Ayqq and ¢oqq signals, the inhomogeneous
distribution of the signals was observed in Dy,Fe,,
B, which can be explained by that only a part of
magnetic domains reacts to the applied magnetic
field due to the largest magnetocrystalline aniso-
tropy among the RE,Fe;4B slabs (Figure 3(c)).
Importantly, the sign of the AEE-induced tempera-
ture modulation on the surface for all the RE,Fe 4
B slabs is negative (¢oqa ~180°), suggesting the
negative sign of ITxgg and Sang [25]. This result
indicates that the substitution of the RE site has
a minor influence on the sign of ITxgg and Sang for
RE,Fe;4B. To estimate the Syng value from the
results of the LIT measurements, we measured the
fdependence of A,4q per unit charge current density
je (i-e. Aoad/jc) for RE Fe 4B. The A,qq value at each
fwas defined by averaging the A 44 values within the
area defined by the rectangle of 1.2 x 3.9 mm? as
indicated in Figure 3(a). As shown in Figure 3(b),

the magnitude of A,q4/jc gradually decreases with
increasing f, which can be well reproduced by con-
sidering the thermal diffusion in the sample via the
one-dimensional heat diffusion equation in the fre-
quency domain (solid curves in Figure 3(b)) [25,27].
From the fitting curve in Figure 3(b), we estimated
the Aoqa/jc value at the steady state, i.e. f=0hz,
denoted as Aodds/jC at 1 T. The magnetization
M curves of RE,Fe 4B were plotted in Figure 3(b).
We found that M did not saturate at 1 T but
increases up to 14 T (the maximum applied mag-
netic field in PPMS) (Figure 3(c)). Here, the
M values at 14 T, M1, are regarded as the satura-
tion magnetization M, because they are comparable
to the reported M in the literature (Supplementary
Table S1) [35]. IIxgg at the saturation state is thus
estimated as [26]

ZKAgdd ) M14T

3
jct MIT ( )

AEE =
where t is the thickness in the z direction.
Figure 4(a) shows the IT5gr and Sang values for the
RE,Fe 4B alloys. The calculated value of IIagg
(Sang) for Tb,yFe; B is —2.02 x 107* V (-0.67 X
107° VK™"), which is the highest among them and
comparable to the commercial Nd,Fe,
B permanent magnet [4,25]. It is noteworthy that
the current RE,Fe;4B alloys do not have any micro-
structure control and texture, leaving room for
further improvement of Sang through the nano-
and/or microstructure engineering [30], as sug-
gested by the difference in Sang between our Nd,
Fe 4B and commercial Nd,Fe 4B slabs. Figure 4(b)
shows the o values, gradually increased from 0.42
to 1.10 x 10° Sm™' by changing Tb to Nd in the
RE,Fe 4B systems. These findings show a similar
trend with the work of Stankiewicz et al. which
showed that heavy RE such as Tb,Fe;4B systems
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Figure 3. () Aogqg and Poqq images at J. = 1.0 A, upH =+ 1T, and f= 1 Hz for the RE,Fe 4B (RE = Tb, Dy, Ho and Nd) alloys. (b) Frequency
f dependence of Ayqd/jc. () Magnetic field H dependence of the magnetization M for the same RE,Fe4B (RE = Tb, Dy, Ho and Nd) alloys.

exhibit lower electrical conductivity (1/p,,) than
Nd,Fe 4B system at ambient temperature [36].
Meanwhile, the commercial Nd,Fe;4B-type perma-
nent magnet shows 35% lower ¢ than the Nd,Fe;,
B ingot. Since the commercial Nd,Fe ;B magnet
had microstructural engineering, the charge carriers
with low kinetic energies may get stopped by the
presence of high density of grain boundaries, which
leads to lower o values compared to the ingots [37].
The x values followed a similar trend to ¢ values in
RE,Fe, B systems, except  for Tb,Fe 4
B (Figure 4(c)). For a systematic understanding of
K, we estimated the electronic contribution ko and
phonon contribution «,; of the thermal conductiv-
ity using kg = oLT and xp, = k — ke, where L is
the Lorenz number (2.44x10™® WQK ™) and T is
the absolute temperature (300 K) [2,30]. Not only
ke but also xp, shows a similar trend to o except
for Tb,Fe 4B (Figure 4(d)). The uneven distribution
of RE-rich phases (Figure 2(b)) may strongly scat-
ter phonons at their interfaces with matrix, which
is absent in the TbzFe,4B, resulting in higher x,p[2].
the Nd,Fe;4B-type

Interestingly, commercial

permanent magnet shows lower x values than our
Nd,Fe 4B ingot. The x. (xpn) is decreased from
8.31 (5.22) Wm 'K to 5.42 (4.49) Wm 'K™" for
the commercial Nd,Fe,B-type permanent magnet.
The %, is decreased due to their low ¢ values and
Kkph is decreased due to microstructural engineering
and significant reduction in grain size compared to
current ingots, which may induce the phonon scat-
tering [37]. As a result, the obtained total x values
are lower than our ingot. Nevertheless, the inter-
granular phase particularly in the ultra-fine grain
sized permanent magnets influences the thermal
conductivity, as demonstrated by Kautsar et al. in
the grain boundary engineered hot-deformed Nd-
Fe-B magnets [38]

3.3. Evaluation of contribution factors for ANE in
RE,Fe,,B alloys

The dominant contribution in ANE/AEE for our RE,
Fe4B systems is distinguished as follows. Syng can be
divided into two components as [7,10,12-15,27,39]:
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SANE = Py + Py = S1 4+ 52 4)

where p = 1/0 is the longitudinal resistivity and
Oy (ocx),) the diagonal component (off-diagonal com-
ponent) of the thermoelectric conductivity tensor. S;
originates from the transverse thermoelectric conduc-
tivity () and S, is attributed to the synergistic action
of the Seebeck effect and AHE. The S, term can be
written as S, = -S,tanOayp, where S, =p, . and
tanOapg, = Py /P, with 8, being the anomalous
Hall angle [25,30]. We first evaluated tanO,ug by
measuring the H dependence of p,, of the samples.

Figure 5(a) shows Py, s a function of H for the RE,

Fe, 4B samples. In the present work, we assumed that
the contributions of the ordinary Nernst/
Ettingshausen effect and the magnetic field depen-
dence of the longitudinal transport properties are neg-
ligibly small in our samples. Using the p, , values at g

H=14 T, taken as the AHE contribution, we calcu-
lated the tanf, 5 values as shown in Figure 5(b). The
tanO g values are positive for all the RE,Fejy
B samples and Dy,Fe 4B shows the highest tanf,yg.
Figure 5(c) represents S,, for the RE,Fe 4B samples.
The magnitude of S, is comparable for all the RE,Fe;,

B samples. Figure 5(d) shows a,,, estimated by sub-
stituting SANEg» P> Sxw and tanO, g into Equation (4).
The RE,Fe;4B samples show negative a,, and Nd,Fe;,
B shows the highest value among them. Furthermore,
the S, and S, contributions to AEE/ANE are shown in
Figure 5(e). Sang is determined by the compensation
of the S; and S, contributions. It is clearly observed
that the suppression of S, term while sustaining large
negative S; term majorly decides the magnitude of the
Sang values in the RE,Fe 4B samples.

3.4. Structural analysis of Nd,(Fe;.,Co,)4B alloys

In this section, we did the same investigation on the
substitution of the Fe site with Co in the Nd,(Fe;_,Co,
)14B alloys. The phase and purity of the Nd,(Fe,_,Co,)
14B (p=0, 0.2, 0.4, 0.6, 0.8, and 1.0) homogenized
alloys are depicted in Figure 6(a,b), respectively.
XRD peak positions shift towards higher 20 angles
upon the Co substitution in Fe site in the Nd,(Fe;_,
Coy)14B (p=0, 0.2, 0.4, 0.6, 0.8, and 1.0) alloys, evi-
dencing a decrease in the lattice parameters. Rietveld
refinement of the XRD patterns confirms the decrease
in the lattice parameters a and ¢ with the substitution
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of Fe for Co, by a total of 1.78% and 2.75%, respec-
tively (see Table 1). This decrease in the lattice para-
meters is in agreement with the smaller atomic radius
of Co compared to that of Fe, as well as previous
literature [40]. The Rietveld refinement analysis of
XRD (Supplementary Figures S5-59) revealed that in
addition to 2:14:1 matrix phase, some minor phases
which often form as metallic or oxide phases in the
2:14:1 system including bec-Fe, NdCo,, NdCo,B, and
NdCos exist in the homogenized Nd,(Fe,,Co,)
14B alloys [41]. However, precise identification of the
few secondary phases remains challenging, as they are
present in a small volume fraction and might not be
able to detectable in low-magnification SEM images,
which provide more local information.

3.5. Transverse thermoelectric properties of Nd,
(Fe;xCo,)14B alloys

The LIT technique was utilized to investigate AEE in the
Nd,(Fe,.,Co,);4B samples in the same manner as the

previous experiments. The extracted A,qq and ¢oqq
images for Nd,(Fe; ,Co,)4B are shown in Figure 7(a).
The clear current-induced temperature modulation was
obtained on the whole surface of the slabs. Although the
¢oda image of Nd,Fe; 4B shows ~180°, the Co-substituted
Nd,(Fe;.,Co,)14B samples show a phase reversal to ~0°
on the top surface [25,27,30]. The substitution of the
transition metal in Nd,Fe;,B plays a significant role on
the sign of ITxgg and Sang. Figure 7(b) shows the
f dependence of the A,4q/j. values for the Nd,(Fe;_,Co,)
14B slabs, which are estimated by averaging the A 4q
values within the area defined by the rectangle of 1.5 x
4.9 mm? as indicated in Figure 7(a). The Co-substituted
Nd,(Fe;_,Co,)14B samples show higher magnitude of
Aoad/jc than the pristine Nd,Fe;4,B and Nd,(Fe, 4Coq )
14B exhibits the highest Aodds/jC value among them. The
magnetization curves for the Nd,(Fe,_,Co) 4B alloys are
plotted in Figure 7(c).

Figure 8(a) shows the ITpgg and Sang values for the
Nd,(Fe;_,Co,)14B alloys. The ITxgg (Sang) value sig-
nificantly improves more than twice in Nd,(Feg 4Coq ¢
)14B. Note that no strong correlation was found



Sci. Technol. Adv. Mater. 26 (2025) 8 B. MADAVALI et al.

a

Intensity [arb.units]
[
[223]
[303]
* . [322]

54 56 60

58
26[deg.]
Figure 6. (a) Crystal structure analysis using XRD and (b) chemical composition analysis using SEM-EDS for the Nd,(Fe;.,Cop,)14B (p
=0,0.2,0.4, 0.6, 0.8, and 1.0) alloys.

Table 1. Lattice parameters for Nd,(Fe;.,C0,)14B (p=0,0.2,04,  between the Syng and M, (Supplementary Figure S10)
06, 0.8, and 1) alloys. [5]. The o and «x values are shown in Figure 8(b,c),

Nd(Fer ,Cop)148 ah < respectively. The magnitude of the ¢ values exhibits
528-2 g:ggg gfgg a minimum for p = 0.4 in the Nd,(Fe;_,Co,)4B alloys.
p=04 8.749 12,112 Gu et al. reported that Fe d-orbital electrons primarily
Z :g:g Sf—,}; }fg;; contribute to the total density of state (TDOS) at the
p=10 8.651 11872 Fermi level, with 2.31 states/eV atom in Ndz2Fe;4B.
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Figure 7. (a) Aoaq and @oqq images at Jo=1.0 A, uoH =+ 1T, and f= 1 Hz for the Nd,(Fe;.,C0,)14B (p =0, 0.2, 0.4, 0.6, 0.8, and 1.0)
alloys. (b) f dependence of Aqqq/jic. (c) H dependence of M for the same Nd,(Fe;.,Co,)14B (p=0, 0.2, 0.4, 0.6, 0.8, and 1.0) alloys.
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This value is decreased to 2.06 states/eV atom when
Co replaced for Fe, where the Co d-orbital electrons
become responsible for the TDOS at Fermi level in
Nd2Co,4B [42,43]. By assuming the rigid band model,
the decrease in o observed in the present work can be
attributed to the slight reduction in TDOS at the Fermi
level due to domination of the Co d-orbital electrons
in the Nd,(Fe; ,Cop)14B system. On the other hand,
the x values are slightly decreased for the Co-
substituted Nd,(Fe; ,Co,)14B alloys, and the values
are spread in the 9-12 Wm 'K range. The «x,and
kph contributions to the total x are shown in
Figure 8(d). The «p, has similar values but is signifi-
cantly reduced for Nd,Co;4B. The alloys with
p 20.8 have a higher density of Nd-rich phases
(Figure 6(b)) compared to the others, which may
scatter the phonons at their interfaces with matrix,
leading to a decrease in xyp[2].

3.6. Evaluation of contribution factors for ANE in
Nd,(Fe;.,Cop)14B alloys

To elucidate the contribution factors for transverse
thermoelectric properties in the Nd,(Fe;_,Co,)

14B alloys, we estimated S; and S,. The H dependence
of Py for the Nd,(Fe,.,Co,)14B alloys is shown in
Figure 9(a). The Py values at yoH =14 T are taken as

the AHE contribution. By using the p,, values, tanfp

is evaluated and shown in Figure 9(b). The estimated
tanf g values are positive for all the Nd,(Fe;_,Co,)
14B samples, and Nd,Co;4B shows the smallest magni-
tude among them. The S, values for all the ingots are
shown in Figure 9(c) and all of them exhibit negative
sign. The magnitude of S, is comparable for all samples
except for Nd,Coy4B. Using the obtained Sang, Sy and
tanf,pg values, a, is estimated and shown in
Figure 9(d). It is found that, although the pristine Nd,
Fe 4B exhibits negative sign of a,,, the Co-substituted
Nd,(Fe;.,Co,)14B samples display positive sign. This
change might be due to the modification of the TDOS
at the Fermi level, primarily caused by the change in the
lattice parameter and contribution of Co d-orbital elec-
trons in the Co-rich Nd,Fe,,B alloys [42,43]. Notably,
the sign of «,, is prominently responsible for the sign
changes in the Syng values of Nd,(Fe; ,Co,).4B. The
obtained S; and S, values are positive for the Co-
substituted Nd,(Fe,.,Co,)4B (Figure 9(e)). Based on
the outcomes, it is argued that the S; and S, values
constructively contribute to the total Sang.
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Finally, we quantitatively compared the Syng and  literature with our alloys (Figure 10(a,b)). zang T for
dimensionless figure of merit zangT values for the transverse thermoelectric conversion due to ANE is
commercial Nd,Fe;4B permanent magnet in the  estimated by the following expression [25-27,30]:
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Figure 10. Comparison of (a) Sane and (b) zane T for commercial Nd,Fe 4B permanent magnets with those for our alloys measured
at room temperature. The error bars represent the standard deviation of the measurements.
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Using the measured Spng, 0 and « values, zangT is
estimated using Equation (5). Importantly, the Tb,
Fe,,B and Nd,Fe, B alloys show almost similar nega-
tive Sang, but lower zang T than the commercial Nd,
Fe,4B magnet due to higher « values. In turn, the Nd,
(Fe;,Cop)14B alloys show the sign change and signifi-
cant improvement in Sang as well as zangT. The
largest estimated zangT of 8.29 x 107" is obtained for
the Nd,(Fep4Cop6)14B composition due to their
higher Saxng. We found that zyngT in the Nd,(Feg 4
Coy¢)14B alloys is more than nine folds higher than
that of the pristine Nd,Fe ;B alloy. These results high-
light the importance of fundamental research to
improve the transverse thermoelectric properties of
compounds with large magnetocrystalline anisotropy.
Such studies will guide material selection for the devel-
opment of permanent magnets with optimized micro/
nanostructures for transverse thermoelectric genera-
tion devices with improved anomalous Nernst power
density.

4. Conclusions

We systematically investigated ANE/AEE in RE-
based alloys with large magnetocrystalline aniso-
tropy for ANE-based TEG devices operating with-
out an external magnetic field. We observed that
all RE,Fe 4B alloys exhibit negative Sang due to
the negative sign of the transverse thermoelectric
conductivity a,, regardless of the RE element.
Among them, Tb,Fe 4B compound shows the lar-
gest negative Sang, comparable to that of the
commercially available Nd,Fe;,B-type permanent
magnet. Our work also confirmed that substituting
Co for Fe site in the Nd,(Fe;_,Co,);4B compounds
alters the sign of Sang. A more than twofold
improvement in the magnitude of Sang was
obtained in the Nd,(Feg 4Co¢¢)14B alloy compared
with the pristine Nd,Fe;4B. Both S; and S, con-
tributions constructively increase Sxng in the Nd,
(Fe;_,Cop)14B compounds. The Syng values of the
developed RE-TM-B alloys are comparable to
those of existing commercial permanent magnets.
This result suggests a significant potential for
further enhancement of Sanyg by controlling
microstructures and processing parameters, paving
the way for sustainable energy applications using
ANE-based TEG devices.
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