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M Check for updates

Thermoelectric generation using the anomalous Nernst effect (ANE) has great
potential for applicationin energy harvesting technology because the transverse

geometry of the Nernst effect should enable efficient, large-area and flexible coverage
of aheat source. For such applications to be viable, substantialimprovements will be
necessary not only for their performance but also for the associated material costs,
safety and stability. In terms of the electronic structure, the anomalous Nernst effect
(ANE) originates from the Berry curvature of the conduction electrons near the Fermi
energy"?. To design alarge Berry curvature, several approaches have been considered
using nodal points and lines inmomentum space®*°. Here we performa
high-throughput computational search and find that 25 percent doping of aluminium
and galliumin alphairon, a naturally abundant and low-cost element, dramatically
enhances the ANE by a factor of more than ten, reaching about 4 and 6 microvolts per
kelvin at room temperature, respectively, close to the highest value reported so far.
The comparison between experiment and theory indicates that the Fermi energy
tuning to the nodal web—aflat band structure made of interconnected nodal lines—is
the key for the strong enhancement in the transverse thermoelectric coefficient,
reaching avalue of about 5 amperes per kelvin per metre with alogarithmic
temperature dependence. We have also succeeded in fabricating thin films that
exhibit alarge ANE at zero field, which could be suitable for designing low-cost,
flexible microelectronic thermoelectric generators' ™2,

Thermoelectricity, the conversion of heat current into electric
energy, provides a key technology for versatile energy harvesting
and for heat flow sensors. Thereis arapidly growing demand for novel
energy-harvesting technology to power Internet of Things sensors and
wearable devices, particularly in the form of flexible, durable micro-
thermoelectricgenerators (u-TEGs). So far, the technology has relied
on the longitudinal thermoelectric response known as the Seebeck
effect . Recently, its transverse counterpart in ferromagnets, the
anomalous Nernst effect (ANE), has gained increasing attention, as it
has anumber of potential benefits® '8, For example, the transverse
geometry of the Nernst effect enables efficient, large-area and flexible
coverage of acurved heat source (Fig.1a, left). It substantially reduces
the number of production processes as well as the contact resistance
ofathermopile, compared with a conventional thermoelectric device
(Fig.1a, right). Inaddition, the transverse geometry is hypothetically
better suited for thermoelectric conversion as the Ettingshausen heat
current should support the Nernst voltage, whereas the Peltier heat
current may suppress the Seebeck voltage'®. However, the ANE is too
small compared with the Seebeck effect for any thermoelectric appli-
cation. Thus, it isimportant to develop an approach to design a new

class of materials that exhibit a large ANE at zero field. Moreover, as
the use of rare and toxic elements would pose a barrier for applica-
tions, low-cost and safe elements should be used for thermoelectric
materials.

Here we introduce two iron-based cubic compounds Fe,X (where
Xis Ga or Al) as materials suitable for designing such low-cost, flex-
ible L-TEGs, in particular by using their thin-film forms. As detailed
in Methods, our successful fabrication of their thin films enables us
to obtain alarge ANE of about 4 pV K™ for Fe;Ga and about 2 pV K™ for
Fe;Al at room temperature using an in-plane temperature gradient
(Extended Data Fig. 3a). In addition, our films of Fe;Ga and Fe,Al have
in-plane magnetization with a coercivity B, of about 40 Oe and 20 Oe,
respectively, and exhibit a spontaneous ANE at zero field (Fig. 1c) for
the out-of-plane temperature gradient. This enables us to design a
muchsimpler p-TEG than the conventional Seebeck analogues (Fig. 1a,
Extended Data Fig. 4)'°. Moreover, the specific power generation capac-
ity I =P..,,/(A(AT)?) is estimated to be of the same order as or potentially
greater than that of conventional p-TEGs (Methods), where P,,.,,, A and
ATare the maximum power, the area of the thermopile device and the
temperature difference, respectively . In the following, we discuss
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Fig.1| Transverse thermoelectric conversion, iron compounds and anodal
web. a, Thermopiles based on the ANE (left) and the Seebeck effect (right) have
thetransverse (V L AT) and longitudinal (V|| AT) geometries betweenthe
voltage (V) and temperature difference (AT), respectively. Compared with the
pillar structure using p- and n-type semiconductors for the conventional
thermoelectrics (right), the thermopile structure using the ANE may be as
simple as, for example, afilm type (yellow) deposited on aflexible substrate
(left)'®. M, magnetization. b, Crystal structures of Fe;X (Where X is Ga or Al)
(left) and a-Fe (right). ¢, Magnetic field dependence of the Nernst voltage -V,
for the thin films of Fe,Ga, Fe;Aland a-Fe. As -V, depends on the sample

how we discovered these materials, their detailed physical properties
using bulk single crystals and the origin of the large ANE.

Recent developmentsin the understanding of topological aspects
in electronic transport led to the discovery of the large anomalous
Hall and Nernst effects in spin liquids and antiferromagnetic met-
als#6101719-22 ¢ also fostered the finding that designing the electronic
structure to locate the nodal points called Weyl points near the Fermi
energy is crucial to enhance the Berry curvature and thus for ferro-
magnets to exhibit alarge ANE beyond the conventional linear scaling
law with magnetization®®. The most popular ferromagnet is elemental
alphairon (a-Fe), whichadopts abody-centred cubic (bcc) structure.
Although its natural abundance is the highest among the magnetic
elements, it does not exhibit a large ANE by itself" (Fig. 1c, Extended
Data Fig. 3a). It would be useful for applications such as versatile
energy harvesting and heat flow sensors if we could find a large ANE
iniron-based compounds. To find candidate compounds efficiently,
we used a high-throughput computational method to screen materials
without synthesizing them first.

Theinverse band-structure problem, namely identifying a material
withgiven electronic properties, has a 20-year history?. Recently, trig-
gered by the combination of advanced ab initio calculation methods
and intelligent data-mining techniques for huge databases, in silico
design has made great progress in a variety of fields in materials sci-
ence® 28, However, high-throughput materials design for transport
properties such as the ANE still remains amajor challenge, as accurate
calculation of not only one-particle quantities (such as the Kohn-Sham
energy) butalso two-particle quantities (such as the response function)
isrequired. In addition, for the ANE, we need to calculate the Berry
curvature using a sufficiently dense k-mesh in the three-dimensional
(3D) Brillouin zone (BZ).

Toreducethe formidable numerical cost for materials screening, we
recently developed a code (a new version of pw2wannier in Quantum
Espresso; Methods) that enables us to perform an efficient Wannier
interpolation for calculations with relativistic ultrasoft pseudopo-
tentials. We then performed a calculation for roughly 1,400 magnets
available in the Materials Project®® (Methods, Supplementary Table 1)
to provide acomprehensive set of calculations for the transport prop-
erties of magnets. Among more than 250 iron-based compounds,
we focused on binary compounds from the perspective of future
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geometry and measurement conditionssuch as AT, we performed the
measurements for all films with the same conditions (thickness, measurement
set-upandsoon). The temperature gradientin the sample (MgO substrate/
Fe,Ga, Fe;Al or a-Fe/Mg0), VT, is monitored tobe 3.0 Kmm™. The temperature
gradientin the Fe,Ga (Fe,Al) layeris estimated tobe V7= 0.86 Kmm™
(1.0Kmm™) (Methods).d, Energy dispersion of the conduction band (red) and
thevalenceband (blue) around the L pointonthe BZboundary for Fe;Ga. The
nodalweb is made of nodal lines, shown by the yellow lines (the same asin
Fig.4d), along which the flat portions of the conduction and the valence bands
toucharoundtheL point.

applications. In Table 1, we list the five most promising candidates
that would potentially exhibit a large ANE, with a transverse thermo-
electric coefficient a,, of more than 2.4 AK™ m™. Here we select Fe,Ga
asatarget material (Fig. 1b, Methods, Extended Data Figs. 1, 2), owing
toitslarge |a,,| and toits high Curie temperature 7.~ 720 K (Table 1)
Inaddition, its sister compound Fe,Al (T. = 600 K) isalso of great inter-
est fundamentally and technologically, as aluminium andiron are the
mostabundant metal elementsin Earth’s crust. Furthermore, asboth
compounds have the same cubic structure (Fig. 1b), we find all the
properties to be nearly isotropic, which is convenient for application
(Supplementary Information, Extended Data Figs. 6, 8, 9).

First, we present our experimental observation of the giant ANE
in Fe;Ga and Fe;Al at room temperature. Figure 2a shows that the
field dependence of the anomalous Nernst coefficient, S,,, for Fe;Ga
and Fe,Al saturates to a value as high as around 6 pvV K and around
4 pVK™, respectively, comparable to the value reported for Co,MnGa
(ref.”). This is striking as it indicates that 25% gallium doping leads to
20-fold enhancement in the ANE, compared with about 0.3 pvV K™ for
a-Fe" (Fig.2a), which shares the same bce structure as Fe;Ga and Fe, Al
(Fig.1b).Inaddition, the Hall resistivity saturates to about 3 pQ cm, one
order magnitude larger than about 0.2 pQ cm for a-Fe" (Fig. 2b). As
showninFig.2c,-S,,(7) exhibits a T-linear increase at low temperatures
and saturation on heating above room temperature. The Hall resistivity
also exhibits a systematic increase on heating for the entire range of
temperatures (Fig. 2d).

In general, the anomalous Nernst coefficient is composed of two
terms, thatis, S, = a,,p,, - 0,,0,,S... Where p, and o, are the longitudinal
resistivity and Hall conductivity, respectively (Supplementary Infor-
mation, Extended DataFigs. 6,7)'°. Namely, the transverse charge flow
comes from the transverse thermoelectric current a,,(-VT) and the
Hall current. Figure 3a shows the temperature dependence of —a,, (7).
Fe;Gaand Fe,Al share acommon feature: anearly isotropic broad peak
following the TInT form, as we will discuss. It is also notable that -a,,(T)
in Fe,Ga peaksataround 200K, reachingaround 5.2 AK™m™, the largest
value for any magnetic compound. By contrast, the Hall conductivity is
nearly Tindependent for both compounds, ranging between 350 and
600 Q' cm™ (Fig. 3b), the size of which is consistent with the scaling
law with the longitudinal conductivity o, for the intrinsic mechanism
of the anomalous Hall effect (Supplementary Information, Extended
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Fig.2|Large anomalous Nernst and Hall effects of Fe,X. a, b, Magnetic field B
dependence of the ANE S, (a) and the anomalous Hall effect p, (b) measured
atroomtemperature. The magnitude of Bin the horizontal axisis corrected for
the demagnetization effect. The data for a-Fe are also plotted for comparison.
¢, d, Temperature dependence of -S,, (c) and p,, (d) measured under amagnetic
field of 2 Talong[100]. B, Qand Irefer to the directions of the magnetic field,
heatand electric currents, respectively.

DataTable1). Asaresult, S, is dominated by the component a,,(-VT)

for Fe,Ga, as shown in Extended Data Fig. 7.
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Inferromagnets, the Mottrelationa, = j (where kg,
E=E;

e, Eand E; are the Boltzmann constant, elementary charge, energy and
Fermi energy of the electrons, respectively) normally holds at T« T¢
and thus a,, exhibits the Fermi liquid 7-linear dependence. Infact,
-a,,/T shows a nearly T-constant behaviour at low temperatures for
bothFe;Gaand Fe;Al (Fig. 3a, inset). To further examine the Tdepend-
ence, inFig.3cwe plotg(T/T,,) = (a,./a,(T.,))(T,/T) versus T/T,, where
gisanormalized transverse thermoelectric coefficient and T, refers
to the temperature where |a,,| attains its maximum (Extended Data
Table1). Interestingly, g for both Fe;Ga and Fe,;Al shows aInT depend-
ence up to the highest temperature of our measurements, and shows
saturation at large values below 7/T, = 0.5. Similarly, we also plot
0,,/0,(T,) for both compounds versus 7/T;, and find that they roughly
scaleat T/T,,> 0.5 (Fig. 3d).

Usingthe Berry curvature expression for intrinsic o, at T=0given by
0y (Ep) = - (€2 /)Y, x @ -(K)O(E; - &,,), the Mott relation can be re-

. 2 J2T 02 .
written asa, = 525 X, k Q. (K6(E; ~ €,,4), where the summation

istaken for all the occupied states, Q, (k) is the Berry curvature along
the Z direction, nis the band index, O(¢) is the unit step function, 6(¢)
is the Dirac delta function and &, k and ¢, are Planck’s constant,
the wavevector and the energy of the electronsin band n, respectively.
Thus, itis essential to find the mechanism to simultaneously enhance
the density of states and Berry curvature at the Fermi surfaces to obtain

alarge -a,,/Tas observed in Fe;Ga and Fe,Al. Using the Kubo formula,
. . (nluy | WX’ vy I n)
the Berry curvature canbedescribedasQ, ,,=i% ., e

Here, |n) and ¢, are the cell-periodic Bloch eigenstates and eigenvalues,
andv,andv,are velocity operators along directions g and v. The veloc-

ity operator is defined as uﬂ(v)=g’:—((k)), using the k-dependent
(v,

Table 1| The five most promising iron-based binary
compounds obtained from the high-throughput
computation

Formula Space group Opax (AK'M™) T.(K)
Fe;Pt Pm3m 6.2 450
Fe,Ga Fm3m 3.0 720
Fe Al Fm3m 27 600
Fe,Si Fm3m 25 840
Fe,N Pm3m 24 760

The compounds are sorted by the size of a,,,,, that is, the maximum value of a,, estimated at
the Fermi energy at T < 500 K. T, is the experimentally obtained Curie temperature®-*,

Hamiltonian H(k) =e **He* where r is the position vector and His the
original Hamiltonian. This equationindicates that the Berry curvature
would be strongly enhanced in the vicinity of the gapped line structure,
which originally belongs to the nodal lines before introducing the
spin-orbit coupling (SOC) (Fig. 1d). Moreover, the density of states
(DOS) would be highly increased when the nodal lines are not only
energy independentbutalsointerconnected, forminga quasi-2D net-
work. In the following, we show that such a ‘nodal web’ structure may
arise when two nearly flat valence and conduction bands touch around
ahighly symmetric point (Figs. 1d, 4b-d) and eventually lead toalarge
Berry curvature oninclusion of SOC.

Figure 4ashows the band dispersion calculated using density func-
tional theory (DFT) along highly symmetric lines in the momentum
space. The numerically obtained 0,,and do,,/0F exhibitaclear kink and
anassociated peak around 60 meV, respectively (Extended DataFig. 5a,
b). Correspondingly, we find that the temperature dependence of a,/ T
below about 200 K depends strongly on the energy £ around 60 meV.
In particular, a,,/T exhibits the logarithmic temperature dependence
over awide Trange at 62 meV (Extended Data Fig. 5¢). Notably, using
their own T, (Extended Data Table 1), experiment and theory are in
agreement when plotting g = (a,,/a,(T,,))(T,/T) versus T/T,, (Fig. 3c).
Thisindicates that the experimental results can be well reproduced by
assuming that £ is located at about E; = +74 meV for Fe;Ga and about
E.=+86 meV for Fe,;Al. Moreover, the reasonable agreement can be
also found in the temperature dependence of the Hall conductivity
by using the same set of parameters (Fig. 3d). In addition, theory indi-
cates that the dominant band is made of minority-spin states and thus
the upward shifts in £ with respect to £; can be naturally understood
given that the magnetizationis slightly overestimated in theory (Sup-
plementary Information).

Figure 4b shows the 3D network made of the nodal lines calculated
for Fe;Gawithoutintroducing SOC. All the nodal lines go through the
whole BZ and are interconnected with each other, instead of forming
aclosed loop inside the BZ. In particular, we highlight the nodal-line
network with anearly flat energy dispersionat £=+74 meV as the nodal
web (red andblueinFig.4b, ¢, yellowlinesin Fig. 4d) around the L point.
As two mirror eigenstates should be degenerate within each mirror
plane (green shaded planes in Fig. 4d), the symmetry-protected six
nodal lines branch off from another nodal line connecting the I and
L points (Fig. 4c).

Afterintroducing SOC, agap opens alongthenodallinesandinduces
the Berry curvature. We expect that the Berry curvature becomes sub-
stantially enhanced near the momenta that originally belong to the flat
nodal web, suchas the onearound the L point. Thisis because along the
nodalline, the gap betweenthe two bands forming the nodal web should
be small (Supplementary Information, Extended Data Fig. 5d-f) and,
moreover, the flat energy dispersion must enhance the DOS associated
with the Berry curvature.

To confirm this, we show the contour plot of the Berry curvature in
Fig.4e. The strongly enhanced Berry curvature is particularly seen at
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a,b, Temperature dependence of the transverse thermoelectric conductivity
-a,,(a) and the Hall conductivity -o,, (b) obtained for various directions of B.
Inb, we define the datasymbols for the combination of Q (I) and B directions
foraandb.Both-ay, and -0, exhibit nearlyisotropicbehaviours. Theinsetina
shows -a,,/Tversus T.c,d, Scaling relations of -a,, (c) and o, (d) versus /T, for
M ||[100]. Here,Mand T, refer to the magnetization and temperature at which
|| attainsits maximum (Extended Data Table1). The solid lines are obtained
from first-principles calculations at E=+74 meV (orange) and £=+86 meV
(green). Theinsetincshows the ~In|E - £ dependence (black solid line) of
a;'—x =- qag% withg= "T% calculated inthe vicinity of E,=+62 meV above the
Fermienergy. The vertical brokenlinesindicate the characteristicenergies
E=74meV (orange) and £=86 meV (green). Nearly isotropic character is found

for M||[100], [110] and [111] (Supplementary Information, Extended DataFig.9).

the momentaconnecting the edge of the nodal web around the L point
onthe BZboundary, extending over a quasi-2D area spanned by the web.
Thissituation could be comparable to the case of the band edge of the
1D system being accompanied by alogarithmicincrease of the DOS as
afunction of energy. Similarly, do,,/0E exhibits a logarithmic energy
dependence near £ =62 meV, indicating a divergent behaviour of the
Berry curvature (Fig. 3¢, inset). This leads to the -InT dependence in
a,,/Tfoundat 62 meV (Fig. 3¢, Extended DataFig. 5), the breakdown of
the Mott relation. Such-InT dependence hasbeen previously discussed
for the Lifshitz quantum critical point between type [ and type Il Weyl
fermions found for Co,MnGa (ref.”). Our scenario indicates that even
without having Weyl points nearby, the formation of a flat nodal web
may lead to the logarithmic enhancement of the transverse thermo-
electric conductivity a,,.

Our discovery of the large spontaneous transverse thermoelectric
effects indicates that two iron-based compounds, Fe;Ga and Fe;Al,
should be suitable for designing low-cost, flexible u-TEGs by using their
thin-film form. To gain a stable performancein daily use, itisimportant
to enhance the coercivity further. Finally, it would be also an inter-
esting future direction to look for an enhanced output by combining
the ANE with the spin Seebeck effect, both of which occur in the same
transverse geometry>* >,

Note added in proof: During the review process of this paper, we
became aware of awork by Nakayama et al.’8, the received date of which
is one week later than ours. While they observed an enhancement in
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Fig.4|Evidence for the nodal web structure. a, Band structure around the
Fermienergy. Red (blue) lines correspond to up (down) spinbands computed
without SOC. Dashed lines show the bands calculated including SOC.

b, BZshowingthe nodal-line network. The nodal web formed around the L point
is highlighted by the colour, which shows the energy dispersion of the nodal
linesonalinearscaleinanarrowrangebetween 0.04 eV (blue) and 0.08 eV
(green) above the Fermi energy. ¢, Three-dimensional network forming the
nodal web around the L point. The k., kxy and ki, axesindicate the directions
parallelto W-W’,K-UandT-L, respectively. The nodal line (green) connecting
thel and L pointsbranches offinto three nodal lines (red-blue) at the L point.
d, Nearly flatenergy dispersion of the nodal lines (yellow) forming the web
structurearound the L point, on the plane perpendiculartol-L. The ky,.and
kyyaxes arethesameasthoseincandthezaxisindicates theenergy. A
higher-energy (red) and alower-energy (light blue) band touches with each
other sharing gapless nodal lines (yellow lines, the same asin Fig. 1c) along the
mirror planes (shaded green planes) in the case without SOC. e, Contour
plotoftheBerry curvature Q, ,of the lower-energy band n (ind) around the

L pointand nodallines. The zdirectionis along [001] parallel to the
magnetization. The Berry curvature was integrated within [-Ak, Ak] along the
kr axis; Q,, , (kyw k) =jffk dkp Q,, . (kww» ks ki )- Akwas chosentobe
sufficient toinclude the nodal web structure. The Berry curvature is strongly
enhancedinthe extended region around the nodal web structure (yellow lines)
(Methods, Extended Data Fig. 5d-f).

the ANE by gallium doping in bcc-Fe inits thin-film form, the materi-
als used in their study are in a disordered phase, not the ordered DO,
phaseas studied in this work. Moreover, the maximum of |S,,| in Nakay-
ama et al.”® is less than half of the values found in our experiment and
does not appear at x=0.25 (that is, Fe,Ga). As aresult, the transverse
thermoelectric conductivity a, is about five times smaller than our
estimate, highlighting the importance of both the ordered DO, crys-
tal structure and the stoichiometry of Fe;Ga. Our work also contains
the experimental results using not only thin films but also bulk single
crystals over awide temperature range with different field orientations.
The combination of our comprehensive experimental observations
and theoretical analysis have revealed that a ‘nodal web’ structure in
the vicinity of the Fermi energy plays animportant role in enhancing



the Berry curvature and thereby the transverse thermoelectric effect.
In addition to the in-plane heat current configuration, we performed
ANE measurements with the heat current applied perpendicularto the
thin film, whichreveals the zero-field spontaneous anomalous Nernst
voltage with a coercivity of about 40 Oe in Fe,Ga.
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Methods

Single-crystal growth and experimental methods
Single crystals of Fe;X (where X is Ga or Al) were prepared by the
Czochralski method after making polycrystalline samples by arc melt-
ing. As-grown single crystals were used for all the measurements. Our
analyses using both inductively coupled plasma spectroscopy and
energy dispersive X-ray analysis indicate that our single crystals are
stoichiometric within a few percent resolution. The samples were ori-
ented by the Laue backscattering method and subsequently cut by spark
erosion. The bar-shaped sample with flat polished surfaces was used
for all the transport measurements, including the electric resistivity
and Hall, Seebeck and Nernst effects in a commercial system (thermal
transport option (TTO) of physical property measurement system
(PPMS), Quantum Design). A schematic of the measurement setup is
provided in Extended Data Fig. 3b. The three gold-plated copper leads
were attached to the sides of arectangular parallelepiped sample with
silver epoxy, which were connected to one resistive heater and two
(hotand cold) Cernox1050 thermometers by screws. Two copper wires
were also attached on the side surfaces of the sample with silver epoxy,
which were used to measure the Hall and Nernst voltages. One of the
edges of the sample was directly clamped to the heat sink of the TTO
puck by the screw. The magnetic field B was applied along [100], [110]
or[111]. The electric (thermal) current I (Q) was applied perpendicular
to B, namely I (Q) || [001] or [011] for B || [100], [001] or [110] for
B||[110], and [112] for 1(Q) || [111] without a transverse component (adi-
abatic Nernst effect). Allthe transport properties represent steady-state
values, which were taken under a constant heat/electric current. Mag-
netization was measured by using acommercial SQUID magnetometer
(MPMS, Quantum Design) after reshaping the single crystal into a tiny
piece (about 0.1mg). During the measurement, the magnetic field was
fixed at each measurement point in the persistent mode.

The anisotropy in the Nernst and Hall effects and magnetization
was found to be small, as we discuss in Supplementary Information
(Extended DataFigs. 6, 8, 9).

Crystal structure

Fe;X has abcc derivative structure, namely, an ordered DO, structure
(Fm3m), partially ordered B, structure (Pm3m), which corresponds to
stoichiometric Fe;X phase, and fully disordered A, structure (/m3m).
Our single crystals were confirmed to have a DO, structure by X-ray
diffraction (XRD) (Extended DataFig.1a,b) and selected area electron
diffraction (Extended Data Fig.1c). The XRD patternis well reproduced
by the Rietveld analysis as shown by the solid line in Extended Data
Fig.1a, b, indicating the single phase of the DO, Fe;X with alattice con-
stant of a=5.80 A for Fe,Gaand a=5.79 A for Fe,Al. For Fe,Al, (111) peak
is clearly observed around 26 = 27° (where 260 is the angle between
incident and diffracted X-ray beam directions), indicating the DO,
orderedstructure. For Fe;Ga, the (111) peakis expected to be very small
(about 0.8% of the (220) peak) and cannot be observed in our experi-
ment. Nevertheless, we detect the signal from (111) by the electron
diffraction as shownin Extended Data Fig. 1c. While the (111) and (200)
reflections are detected by a charge-coupled device camera for Fe,Al,
they are detected by only animaging plate with long exposure time for
Fe,Ga. Note that the effect of multiple reflection and diffraction from
the oxide appears due to the high sensitivity of the imaging plate and
long exposure time. For the powder XRD measurements, we annealed
the sample at 630 °C for about 10 h for Fe;Ga, and 400 °C for about
20 hfor Fe,Al after making powder from single crystals to remove the
strains and distortions introduced by the crushing procedure.

Fabrication and characterization for Fe;Al and Fe;Ga thin films

Fe,Al films were fabricated on MgO(001) substrates by a molecular
beam epitaxy method under ultrahigh vacuum (UHV). The base pres-
sure of the UHV chamber was below 2 x 1078 Pa. Before the deposition,

the substrates were annealed at 800 °Cfor 10 minin the UHV chamber.
AnMgO layer (5 nm) was deposited at a rate of 0.1A s™ at room tempera-
ture onthe MgO substrate as a seed layer for the Fe,Al layer. The Fe,Al
layer (50 nm) was deposited at a rate of 0.2 A s™ at room temperature
and subsequently it was annealed at 450 °C for 30 min.

Fe,Ga films were fabricated on MgO(001) substrates by a d.c. mag-
netron sputtering method. The base pressure of the chamber was
below 5 %107 Pa. Before the deposition, the substrates were annealed
at800 °Cfor10 mininthe chamber. AnFe;Galayer (50 nm) was depos-
ited atarate of 0.4 A s at room temperature and subsequently it was
annealed at 500 °C for 30 min.

The compositions of the Fe;Al and Fe;Ga layers were estimated
to be Fe,,Al,; and Fe, ,,Ga,,;, respectively, by scanning electron
microscopy-energy dispersive X-ray spectroscopy. To prevent oxida-
tion, the Fe;Al and Fe;Ga layers were both capped with MgO (5 nm)
under the same conditions as described for the seed layer.

Thesstructural properties of the Fe;Al and Fe,Ga films were analysed
by XRD measurements using a Cu-Ka source. Extended Data Fig. 2a
shows the XRD patterns (20/w-scan) of the Fe;Al and Fe,Ga films made
by the solid phase epitaxy. We confirmed the (002) and (004) peaks
in the Fe;Al and Fe;Ga films indexed by the Bravais lattice of the bcc
structure with the lattice constants of c=5.71A and c=5.74 A, respec-
tively. Extended Data Fig. 2b presents the XRD patterns (¢-scan) of
the {202} planes of the Fe;Al and Fe;Ga films, and the MgO substrate.
The reflections of both Fe;Al and Fe;Ga films show fourfold symme-
try with 90° intervals. These XRD patterns indicate that these layers
are grown epitaxially with a well-defined in-plane orientation. As the
peaks of Fe,X {202} are shifted by 45° with respect to the corresponding
{202} peaks of MgO, the crystallographicrelationship is determined to
be Fe;X(001)[110]|MgO(001)[100]. The presence of the superlattice
(111) peak was further examined to determine whether the films are
chemically ordered in the DO, type. Extended Data Fig. 2c shows the
(111) peaksin the XRD pattern (26/w-scan) for the Fe;Al and Fe,Ga thin
films, indicating the DO, structure.

Magneto-thermoelectric transport properties of Fe;Al and
Fe,Gathin films
To estimate the anomalous Nernst coefficient S, of the Fe;Gaand Fe;Al
thin films, we performed the Nernst voltage measurements with the
temperature gradient VT alongboth the in-plane and the out-of-plane
directions. For the measurements using the former ‘in-plane’ VT con-
figuration, we employed the same apparatus (TTO of PPMS) and the
same temperature gradient configuration as used to measure the bulk
Fe;Gaand Fe;Alsamples (see ‘Single-crystal growth and experimental
methods’ and Extended Data Fig. 3b). Note that VT in the thin film s
determined by the VTin the substrate for the ‘in-plane’ VT configura-
tion, as the thermal resistance of the sample (MgO substrate (500 pm)/
Fe,X (50 nm)/MgO capping layer (5 nm)) is dominated by the MgO
substrate as follows. The total thermal resistance 6,,,, is described as
1/6,0ta1 = 1/ Ogupstrate T 1/6c Xt 1/6.,, where 6, ,pqracer Ore x and 6,,, are the
thermal resistance of the MgO substrate including the seed layer, Fe,X
(50 nm) and MgO capping layer, respectively. Each thermal resistance
can be estimated by using the sample dimensions as described in
Extended Data Fig. 3b as well as the thermal conductivity of MgO and
Fe;X, Kugo = 60 W K m™ and s x = 20 W K™ m™ (refs. *%%). As
Oaubsirate ~ 150 KW is much smaller than both 6, y~4.5x10°KW™and
Ocap = 1.5x 10" KW, 1/6¢, y and 1/6,, are negligibly small and thus we
donotneedto consider any contributions other than the one from the
MgO substrate to estimate the in-plane temperature gradient of the
sample. Independently, we carried out the thermal conductivity meas-
urement of the same sample and confirmed that the thermal conduc-
tivity is estimated tobe 56 WK™ m™, whichis consistent with the above
estimate based on literature®.

Extended DataFig.3ashows thefield dependence of the anomalous
Nernst coefficient for the in-plane temperature gradient VT (heat



current Q|| [110]) and the perpendicular magnetic field (B || [001]) at
300 K. The Nernst coefficient is estimated to be |S,| =4.0 pV K™,
1.8uVK'and 0.3 pvVK*for the Fe,Ga, Fe;Al and a-Fe (50 nm) thin films,
respectively, consistent with the bulk results. Note that the a-Fe (50 nm)
film was epitaxially grown by the molecular beam epitaxy method on
the MgO(001) substrate with the same in-plane orientation as the Fe,X
films, and the linear-in-B ordinary Nernst effect N=—0.05 pV KT is
subtracted for the a-Fe sample.

In addition to the abovementioned ‘in-plane’ VT and out-of-plane
B configuration, we performed the Nernst effect measurements with
‘out-of-plane’ VT and in-plane B, which is a more practical configura-
tion for the magneto-thermoelectric devices.

The films used for the ‘out-of-plane’ VT measurements are sand-
wiched from top to bottom, in the following order, as illustrated in
Extended Data Fig. 3c: [(1) Resistive heater] + [(2) Copper heat sink] +
[(3) Thermalinterfacesilicone soft pad (TIP) (500 pum)] +[(4) MgO cap-
pinglayer (5nm)] +[(5) Sample: Fe;Ga, Fe;Al or a-Fe (50 nm)] + [(6) MgO
substrate (500 pm)] +[(7) TIP (500 pm)] +[(8) Copper heat sink]. Here
we used a thermal interface silicone pad TC-50HSV-1.4 (thermal con-
ductivity, k=1.3 WK m™; thermal resistance, about 1.1IK W; Shin-Etsu
Silicone) for both TIP layers. In the measurements, the magnetic field
and heat current were respectively applied to [110] and [001] directions
of each film. As the stacking structure is complicated, it isimportant
to make further confirmations of the Nernst effects using several inde-
pendent methods to estimate the temperature gradient/difference.

Figure 1c shows the field dependence of the Nernst voltage of the
Fe;X and a-Fe thin films at room temperature. AT, is monitored to be
1.5Kinallthe samples by two calibrated thermocouples placed on the
top and bottom surfaces of the samples (Extended Data Fig. 3¢c). The
Fe,Ga (Fe,Al) sample shows a sharp hysteresis with a zero-field value
of 19.8 uV (10.6 pV) and coercivity of 40 Oe (20 Oe). These signals are
muchlarger than those obtained for a-Fe. Anisotropic character of the
anomalous Nernst coefficient, as confirmed in the bulk Fe;X measure-
ments (Supplementary Information, Extended Data Fig. 8), allows us
to adopt the in-plane Nernst coefficient (Extended Data Fig. 3a) to
estimate the applied out-of-plane temperature difference. The tem-
perature difference and temperature gradient of the Fe;Ga (Fe,Al) layer
are estimated to be about 4.5 x 10 K and 0.9 Kmm™ (5.4 x 10~ K and
11K mm™), respectively. These values are consistent with the tem-
perature difference and gradient estimated by another independent
method, as we will discuss below.

To estimate the temperature difference and gradient applied in the
Fe,X film (50 nm), the Nernst effect of an a-Fe epitaxial thin film (50 nm)
was measured under the same conditions as in the case of the Fe,Al
film. By assuming that the a-Fe film has the same anomalous Nernst
coefficient S, and thermal conductivity as those reported for the bulk
o-Fe (S, ore = 0.3 LV K™ (ref. ") and &, p = 80 WK™ m™ (ref. *)), the tem-
perature gradient, temperature difference and heat flux of the a-Fe film
(50 nm) canbe estimatedtobe VT, ;.=0.19 Kmm™, AT, . =1.0x10°K
and Q.. = 0.21 W, respectively.

As we use the same stacking sequence and temperature gradient
(difference) for both a-Fe and Fe;X on MgO (thatis, VT,,=3.0 Kmm,
AT,;=15K), theheat current of Fe;X is expected to be almost the same,
that is, Q. x = 0-21 W. By using the thermal conductivity & g,
(KFesAl) =19.0 (17.4) WK™ m™ of Fe,X presented in Extended Data Fig. 6
(Supplementary Information), the temperature gradient and tem-
perature difference applied in the Fe;Ga (Fe;Al) film can be estimated
tobe VT, g, =0.82Kmm™and ATy, ,=4.1x10°K (VT o =0.89Kmm™
and ATy, ,=4.5x107K), respectively. Theseare nearly the same values
as those calculated using the Nernst voltage (Fig. 1c) and the Nernst
coefficients obtainedinthe ‘in-plane’ VT configuration (Extended Data
Fig.3a), indicating that our method to estimate the temperature gradi-
ent is reasonable. Another way of confirming the validity for the
‘out-of-plane’ VT measurement is to examine the Nernst coefficients
using the above estimates of the temperature difference and the Nernst

voltage. The obtained Nernst coefficients are estimated to be
S,x=4.4pVK'and 2.2 pV K™ for the Fe,Ga and Fe;Al 50-nm thin films,
respectively, which are nearly the same values as those found using
the Nernst effect measurements in the ‘in-plane’ VT configuration
(Extended Data Fig. 3a).

Estimation of the specific power generation capacity
rP=Pmax/(A(AT)2)

In this section, we evaluate how much power can be obtained from
the p-TEG using the anomalous Nernst effect of Fe;X. Extended Data
Fig.4 shows a schematic of the u-TEG based on the anomalous Nernst
effect’. The thermopile consists of an alternating array of the Fe,X
(yellow) and electrode (gold) wires placed on a substrate. Two-hundred
wires, whose thickness, width and length are designed tobe t=1pm,
w=20pmand /=9 mm, respectively, are aligned in the substrate with
the area of A =1cm?. Owing to the lateral configuration of the anoma-
lous Nernst effect, atemperature difference ATis applied perpendicu-
lar to the plane and the resultant voltage is V/AT=LS,,/t=2001S,,/t =
10.8 VK™ for Fe;Ga (S, = 6 pV K™ and 7.2 VK™ for Fe;Al (S, = 4 uV K™),
where L is the total length of the material. Note that this ‘geometrically
enhanced’ Nernst voltage is comparable to the p-TEG output for the
25,000 p-n pairs of Bi,Te,. For practical applications, the main con-
cernis not widely used efficiency or figure of merit ZT, but specific
power generation capacity [, =P,/ (A(AT)?), which indicates how much
power is generated from a temperature difference AT (refs. ™).
I, for our p-TEG design is estimated to be I, = LwS >/ (4tp)/(1 cm?) =
324 uW (K2 cm?)*for Fe,Ga and 144 pW (K2 cm?) ' for Fe,Al. The values
estimated here are the hypothetical upper limit. Although the actual
values may be reduced by a factor of about ten in a practical p-TEG,
they would be still comparable to or higher than those reported for
conventional p-TEGs to date™ =,

High-throughput calculation of thermoelectric conductivity

For the crystal structures in the Materials Project®, the electronic struc-
tures were calculated within the generalized gradient approximation
using the Quantum Espresso code*?. The crystal structure was analysed
using cif2cell** and ultrasoft pseudopotentialsin the PSLibrary* were
used. The magnetic moment was assumed along the zaxis and the SOCs
wereincluded. Wannier interpolation was automatically performed by
using the wannier90 code® with the appropriate initial orbitals and
energy ranges; thatis, the atomic orbitals whose energy levelis higher
than -1Rydberg (Ry) were selected as initial orbitals and the Kohn-
Sham orbitals with the energy range below E; of +1 eV were fully used
to construct the Wannier orbitals. The script used for this calculation
is available at https://github.com/wannier-utils-dev/cif2qewan/. For
each Wannier interpolated Hamiltonian, we confirmed that the energy
difference between the interpolated band and the original DFT band
isless than 0.2 eV. In terms of the computational cost, we limited the
number of atoms in the unit cell to be less than eight atoms. With this
criterion, the number of successfully obtained Wannier Hamiltonians
is1,419,including 265 iron-based compounds. The list of &, calculated
for all the 1,419 compounds are shown in Supplementary Table 1.

For all these Wannier Hamiltonians, the intrinsic contribution of
the anomalous Hall conductivity g,, and the anomalous transverse
thermoelectric conductivity a,, were calculated through the Berry
curvature formula as

2
O (T, 1) =~ %f%o&z(k)ﬁtk 1)
(T, ) =- %J‘ds[—%}&y(o, s)% (2)

wheree, h, ¢, f, pand Q, , are the elementary charge with a negative
sign, the reduced Planck constant, the band energy, the Fermi-Dirac
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distribution function with the band index n and the wavevector k,
the chemical potential and the zcomponent of the Berry curvature,
respectively.

To select the candidates, we first sorted the list by the magnitude
of a,,,x, which refers to the maximum value of |a,,| estimated at the
Fermi energy below 500 K. Then, we focused on the iron-based com-
pounds as iron is the least expensive element. Finally, we removed
paramagnets, antiferromagnets and the materials that do not existin
past experimental reports.

DFT calculation

Theelectronic structures of Fe;X were obtained by using the OpenMX
code*®, where the exchange-correlation functional within the
generalized-gradient approximation and norm-conserving pseudo-
potentials* were employed. The spin-orbitinteraction wasincluded
by using total angular momentum-dependent pseudopotentials*s.
The wave functions were expanded by a linear combination of multi-
ple pseudoatomic orbitals*. A set of pseudoatomic orbital basis was
specified as Fe6.0-s3p3d3, Al7.0-s3p3d1 and Ga7.0-s3p3d3, where the
number after each element stands for the radial cutoff in the unit of
Bohr and the integer after s, p and d indicates the radial multiplic-
ity of each angular momentum component. The cutoff energies for
acharge density of 800.0 Ry and a k-point mesh of 35 x 35 x 35 were
used. The lattice constants of Fe,;Ga and Fe,Al were set to 5.80 A and
5.79 A, respectively’®*.. The evaluated magnetic moments of Fe,Ga
and Fe,Al are 6.69 Bohr magneton per formula unit (g; f.u.™) and
5.93 u; f.u.”, respectively, which are close to the experimentally
obtained values and consistent with previously calculated results®>*,
The nodal lines were obtained by monitoring the degeneracy of
eigenvalues in the momentum space based on the electronic
structure without SOC.

Wannier representation and transport properties

FromtheBloch states obtained in the DFT calculation described above,
aWannier basis set was constructed by using the wannier90 code*. The
basis was composed of d-character orbitals localized at each Fe site,
(s,p)-character ones at the Al sites and p-character ones at the Gasites,
thatis, 38 orbitals per f.u. of Fe;Al and 36 orbitals per f.u. of Fe;Gain
total, including the spin multiplicity. These sets were constructed from
the Bloch functionsin the energy window ranging from-15eVto50eV,
whichinclude 92 bands for Fe;Al and 110 bands for Fe,Ga.

The anomalous Hall conductivity o,,and the anomalous transverse
thermoelectric conductivity a,, thatintrinsically appearin crystalline
systems can be expressed with the out-of-plane component Q, (k)
of the Berry curvature as described in equations (1) and (2). g,, and
a,, shown in Fig. 3¢, d were calculated according to the above equa-
tions in the Wannier representation. For the numerical integration, a
k-point mesh of 100 x 100 x 100 and in addition an adaptive mesh of
N,4p=3x3 x3inregions with large Q, , were used. This adaptive mesh
isalready sufficiently large as we confirmed that the relative change of
-0, calculated with N,4,=3x3x3and 6 x 6 x 6 is less than1%.

Extended Data Fig. 5a, b shows the energy dependence of the Hall
conductivity -0, and the transverse thermoelectric conductivity esti-
mated using the Mott relation, namely a /T = - q(00,,/OE)¢-f, With

2 42
q= HT % Extended DataFig.5c shows the temperature dependence of

—a,,/T calculated using equation (2) for various energies.
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Extended DataFig.1|Evidence for the DO,structure of Fe;X.a, b, XRD
pattern for Fe,Ga (a) and Fe,Al (b) obtained by Cu-Ka radiation (1=1.5401A) at
room temperature. The solid circles and the solid line (red) represent the
experimental results and the Rietveld refinement fit, respectively. The final
weighted and expected Rindicators and goodness-of-fitindicator Sare
Ryp=2.34%,R.=1.49% and S=1.55for Fe;Gaand Ry, =1.91%,R.=1.27% and

1 I/nm

Fe,Al

S=1.48for Fe,Al, respectively. Vertical bars (green) below the curvesindicate
the major peak positions calculated for DO, Fe;Gaand Fe;Al, which are more
than1% of the main peak. The lower curve (orange) represents the difference
betweenthe experimental result and the Rietveld refinement. /, intensity.
c,Selected areaelectron diffraction pattern for our single crystals of Fe;Ga
(left) and Fe,Al (right) taken from the [110] plane.
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Extended DataFig.2|Evidence for DO;structure of Fe3Gaand Fe;Al thin
films. a, Room temperature spectraobtained by XRD 26/w-scans for the Fe,;X
thin filmsonanMgO substrate and the MgO substrate itself. The theoretical
simulation patterns for the DO, Fe;Gaand Fe;Al structures are presented at the
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gradient. b, Schematic of the experimental setup for the ANE measurement
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Extended DataFig. 6 | Longitudinal electric and thermal transport
propertiesand magnetization for Fe;X. a, b, Temperature dependence of the
longitudinal resistivity p,, for Fe;Ga (a) and Fe,Al (b). ¢, d, Temperature
dependence of the Seebeck coefficient S,, for Fe;Ga (c) and Fe,Al (d).

e, f, Temperature dependence of the thermal conductivity k,, for Fe;Ga (e) and
Fe,Al (f). #100, #110 and #111represent the samples used for the transport
measurementsinB||[100], [110] and [111], respectively. The insetinbshows the
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Extended DataFig. 8| Anisotropy inthe Nernst coefficient and Hall B|[[100], [110] and [111]. e-h Temperature dependence of =S, for Fe;Ga (e) and

resistivity. a-d, Magneticfield dependence of the Nernst coefficient -S,, for Fe;Al(f),and p,, for Fe;Ga(g) and Fe,Al (h) inB || [100], [110] and [111].
Fe;Ga(a) and Fe,Al (b), and the Hall resistivity p,, for Fe;Ga (c) and Fe,Al (d) in



a
-
£ M| [110] _
5
\E 1 I . |
S
I t Me
)
0L f L
0.1 1
TIT,,
C
Fe;Ga »
. 1 | Q@@ (« 7 |
tE (@
¢ o5 i1
\§ .
o
74 meV
6 me
0 L. " L]
0.1 1
TIT,
e

M || [110] ar (A2

104

103

102

0.3 0
K (270/2)

0.3

Extended DataFig.9|Anisotropyinthe transverse thermoelectric
conductivity -a,,, Hall conductivity -0, and Berry curvature. a, b, Scaling
relation of —a;, for M || [110] (a) and M || [111] (b) versus 7/T,,.c,d, Scaling relation
of -0, forM|| [110] (c) and M| [111] (d) versus T/T;,. The solid linesina-d are
obtained by the first-principles calculations. The scaling parameters used here

M [111]

05| M| [111]

cyx/ Gyx (Tm)

“ me \
| 0b me\
Yo

T,

m

M || [111]

0.3 0
K (270/2)

aresummarizedin Extended Data Table 1. Details are the same as Fig. 3¢, d for
M||[100]inthe maintext. e, f, Contour plot of the Berry curvature Q, , of the
lower-energy band nin the vicinity of the nodal web structure around the L
point for M || [110] (e) and M || [111] (f). Details are the same as Fig. 4e for

M || [100]in the main text.
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Extended Data Table 1| List of the scaling parameters and magnitude of 0, and o,,at T=0

M T ~U(Tw) | —Ou(Tim) |loy,(T ~ 0)| 10,,(T - 0)|
unit - K AK'm™1 Q'cm™ Q'cm™ | e?(2ha) | Q'cm™ | e?(2ha)

[100] 200 5.2 610

Fe,;Ga [110] 210 5 570 ~600 ~0.9 ~31000 ~47
[111] 200 5.1 550
[100] 180 3.6 460

FesAl [110] 180 3.8 460 ~370 ~0.55 ~20000 ~30
[111] 180 3.3 460
[100] 320 3.3 730
74 meV | [110] 340 2.8 610
[111] 340 2.7 590
[100] 370 3.3 670
86 meV | [110] 370 2.8 560
[111] 380 2.7 540

The first two rows indicate the experimental values obtained for Fe;Ga and Fe Al and the last three rows the theoretical values obtained for E = +74 and E = +86 meV. Each has three consecutive
rows corresponding to the orientation of the magnetization. Here, T, is the temperature where the transverse thermoelectric conductivity |a,,| attains its maximum |a,,(T;,)I.
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