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Heat loss 
~ - Need for eco-friendly energy sources

- Need for the reduction of CO2 emission

One good aid:  Thermoelectric (TE) conversion

waste heat

natural heat sources

Energy / Environmental issues 

Importance of Thermoelectricity

Studies of thermoelectricity contribute to SDGs (Sustainable Development Goals)
The Role of Physics in Supporting Sustainable Development Goals



Waste Heat 

https://www.fueleconomy.gov/feg/atv.shtml

Heat loss 
~ 60 %



Collaborative research, 2022-2024

This cooperative research project aims to achieve high-
performance thermoelectrics based on two-dimensional atomic 
layers and topological materials using cutting-edge 
computational tools assisted by experimental data. By this 
integrated approach, the project may give better thermoelectric 
materials design that will contribute to understanding both 
conventional and exotic thermoelectric materials as well as to 
the development of new thermoelectric applications.

Data-driven computational design of high-performance 
thermoelectrics in atomic layers and topological materials



Goal of the project
• Achieving ZT>2 in 2D and topological 

materials
• Generating more than 10,000 

thermoelectric  data sets for databaseIntroduction

Thermoelectric figure of merit

: Seebeck or Nernst coefficient
: Electric conductivity
: Lattice , electronic thermal conductivity

The practical benchmark is ZT > 1.

: Temperature

Thermoelectric generation

! = #,%

I focus on lattice thermal conductivity !!



Present ZT

(2014) used DC hot pressing process to prepare layered flake
Cu1.94Al0.02Se, found that under the linkage of the disordered
movement of the liquid phase of the Cu ion layer and the low
symmetry, a maximum ZT value of 2.62 appeared. And SnSe,
BiCuSeO, GeTe, and other materials have also found great
thermoelectric figures of merit in recent studies (Gelbstein
et al., 2013; Sui et al., 2013; Zhao et al., 2014a; Li et al., 2018;
Qin et al., 2020). These materials are expected to further improve
thermoelectric performance through methods, such as further
parameter optimization, nanostructure design, and tape structure
engineering.

For today’s rapid development of modern technology, it is
necessary to improve the ZT value of thermoelectric materials
through different strategies. It has been shown that the strategy
to improve the ZT value are mainly focused on the design of
defect engineering. The first one is the energy band
engineering design by adding atomic or second phase
doping (Bell, 2008; Pei et al., 2011), which is done to
optimize the carrier concentration and to increase the
carrier mobility and thus obtain a more significant power
factor. The doping process inevitably introduces lattice
defects and distortions, which greatly affect the physical
properties of the material. It is worth noting that the
electric field, magnetic field, and light radiation can also
stimulate and control the carrier concentration by

cooperating with thermal energy transmission (Horbach
et al., 2001; Du et al., 2011; Levin et al., 2011; Chen et al.,
2013; Kraemer et al., 2015). The second is to rely on phonon
engineering through nanostructures of different scales or
mesoscale materials to reduce the lattice thermal
conductivity lL through phonon scattering at the interface
and crystal plane (Heremans et al., 2008; Biswas et al., 2012;
Tan et al., 2014). Here we review recent advances in several
aspects of thermoelectric materials, such as carrier
concentration, carrier mobility, effective mass, lattice
thermal conductivity and evidence of low thermal
conductivity materials, and then summarise the effects of
electro-acoustic decoupling effects on thermoelectric
materials, finding commonalities in these materials through
the above sections and refining rational design strategies for
exploring materials with high thermoelectric efficiency.

ADJUSTMENTS OF CARRIER
PARAMETERS TO IMPROVE ZT

Carrier Concentration
The fundamental challenge of high ZT thermoelectric material
design stems from S, σ, and l. Through the strong correlation of
carrier concentration n, the energy level can generally be adjusted

FIGURE 2 | The figure of merit of TE, thermoelectricity in recent years (Ioffe et al., 1959; Cutler et al., 1964; Hicks and Dresselhaus, 1993; Horbach et al., 2001; Yang
et al., 2001; Dashevsky et al., 2002; Kuznetsov et al., 2002; Hsu et al., 2004; Shutoh and Sakurada, 2005; Heremans et al., 2008; Poudel et al., 2008; Wang et al., 2008;
Yang et al., 2008; Zhao et al., 2008; Xie et al., 2009; Bergum et al., 2011; Du et al., 2011; Levin et al., 2011; Pei et al., 2011; Li et al., 2012; Liu et al., 2012; Chen et al.,
2013; Gelbstein et al., 2013; Sui et al., 2013; Yamini et al., 2013; Yan et al., 2013; Hu et al., 2014; Lee et al., 2014; Tan et al., 2014; Wu et al., 2014; Zhao et al.,
2014a; Zhao et al., 2014b; Zhong et al., 2014; Kim et al., 2015; Kraemer et al., 2015; Tan et al., 2015a; Tang et al., 2015; Liu et al., 2016; Tan et al., 2016a; Liu et al.,
2017; Roychowdhury et al., 2017; Zhang et al., 2017; Chang et al., 2018; Li et al., 2018; Zhou et al., 2018; Xiang et al., 2019; Chong et al., 2020; Feng et al., 2020; Qin
et al., 2020; Yvenou et al., 2020; Selimefendigil et al., 2021; Su et al., 2022).
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Sun et al. Thermoelectric Figure in Thermoelectric Materials

Y. Sun et al., Front. Chem., 10, 865281(2022). 
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and σ over the full range of temperature (Fig. 5a). The σ markedly 
increases with the higher Na content in the temperature range 300–
523 K. This leads to the enhanced thermoelectric performance of 
the samples in the low- to mid-temperature regime, a big improve-
ment over previous polycrystalline SnSe thermoelectrics that suffer 
from low σ in that range, resulting in poor ZT values. The x = 0.03 
sample shows the σ of 140 and 118 S cm–1 at 423 and 783 K measured 
parallel to the SPS direction, and 181 and 132 S cm–1 at the same 
temperatures perpendicular to the SPS direction.

The Seebeck coefficients (S) of the NaxSn0.995−xSe samples are 
nearly the same along the parallel and perpendicular direction of 
SPS (Supplementary Fig. 10). Because of the higher hole concen-
tration, the S values are lower than in the undoped SnSe samples  
(Fig. 5b). S slightly increases with the higher Na concentration 
consistent with the multi-band nature of the valence band in this 
material, which enhances the effective hole mass with higher hole 
concentrations as the Fermi level lowers to cross several valence 
bands according to our theoretical calculations (Supplementary  
Fig. 11) and the previous report10. Their S is slightly increased by our 
purification process making the Na doping more effective. For exam-
ple, the maximum S for the x = 0.03 sample is +322 and +342 μV K–1 
at 673 K before and after the purification process, respectively. The 
high reproducibility of σ and S values were confirmed using numer-
ous independently synthesized specimens (Supplementary Fig. 12).

The simultaneously increased σ and S of the purified NaxSn0.995−xSe 
samples result in the improved power factor (Fig. 5c) that trends 
higher with the rising Na concentration. The x = 0.03 sample exhibits 
power factors near 9 μW cm–1 K–2 in the wide range of temperature 
473–783 K with a maximum of roughly 9.62 μW cm–1 K–2 at 498 K 
parallel to the SPS direction. The maximum power factor is roughly 
12.06 μW cm–1 K–2 at 473 K perpendicular to the SPS direction, which 
is the highest value reported for polycrystalline SnSe-based materials.

Thermoelectric figure of merit. The purification process concur-
rently enhances σ and S, and decreases κtot for the NaxSn0.995−xSe 
samples, leading to an extraordinarily high thermoelectric figure of 
merit ZT. It increases with higher Na concentration. The x = 0.03 
sample exhibits the maximum ZT (ZTmax) roughly 3.1 at 783 K, 
which is the highest reported for any thermoelectric system. This 
ultrahigh thermoelectric performance is attained below the phase 
transition temperature as observed in our DSC results (Fig. 4b), 
affirming no overestimation of ZT by the phase transition. In com-
parison, p- and n-type SnSe single crystals exhibit a ZTmax of roughly 
2.6 at 923 K (ref. 9) and 2.8 at 773 K (ref. 11), respectively (Fig. 5d). 
Among the highest performance polycrystalline thermoelectric sys-
tems have been PbTe-8%SrTe doped with 2% Na (ZTmax roughly 2.5 
at 923 K, ref. 8) and ball-milled and H2-reduced SnSe-5%PbSe doped 
with 1% Na (ZTmax roughly 2.5 at 773 K, ref. 12). ZT for Na0.03Sn0.965Se 
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Fig. 4 | SnSe crystal structure and lattice, κlat, and total thermal conductivities, κtot, as a function of temperature for the undoped and Na-doped 
polycrystalline SnSe samples before and after the purification process. a, Room temperature crystal structure (Pnma space group) viewed down the 
b axis9: Sn atoms, blue; Se atoms, red. b, Temperature-dependent heat capacity (Cp) measured by DSC for the purified Na0.03Sn0.965Se samples. Orange, 
green and purple solid lines denote the Cp recorded at the heating rate of 5, 7.5 and 10!K!min−1, respectively. The averaged Cp values are represented by red 
circles, which are used to calculate the κtot. Cp values derived from the previous work are included for comparison (black circles)10. c, κlat for the untreated, 
H2-reduced without Sn purification and purified SnSe samples. d, κlat for the NaxSn0.995–xSe (x!=!0.01, 0.02 and 0.03) samples in comparison with that for the 
untreated and purified SnSe samples. e, κtot of the Na0.03Sn0.965Se sample calculated using the Cp obtained by our DSC experiments (red circles) and derived 
from the previous works (black circles)10. f, The reproducibility of κtot for ten independently synthesized samples, cross-checked at SNU (samples 1–4), 
Netzsch Instruments (Netzsch, samples 5–7) and Northwestern University (NU, samples 8–10). κlat and κtot for a SnSe single crystal along the a axis are 
given for comparison9 in c,d,f. Polycrystalline samples were measured parallel to the SPS direction.
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In Seebeck effect, ZT > 2 has already been achieved, but it occurs at high 
temperatures (600-800K), and in many systems, ZT < 1 at room temperature 
(300K) (e.g., SnSe).  Since N/S < 1/100, the ZT of Nernst effect is less than 
1/10000 of that of Seebeck effect.  Example calculations:

• CoMnSb: ZNT ~ 6x10^-5 (490K)
• MnBi2Te4: ZNT ~ 1.5x10^-3 (20K)

vdW SnSe



Thermoelectric properties of 
topological materials?





Topology

Möbius strips

Mug into a doughnut (torus) 

Cow into a sphereen.wikipedia

The properties of a geometric object that are 
preserved under continuous deformations

It is characterized by topological index.



Topology
Gauss-Bonnet Theorem 

that an ant crawling on a nontrivial (g > 0) surface may walk around some closed
paths that cannot be smoothly shrunk to a point on the surface.

1.2.2 Euler characteristic
We have considered smooth surfaces so far, but topological invariants are based on
the more general condition of continuity, and—to the delight of mathematicians—
unsurprisingly can be defined even for pathological surfaces (“manifolds” in
topology-speak). The simplest non smooth case addresses polyhedra, where the
Gaussian curvature is either zero (on the faces) or singular (at vertices and edges).

The Euler characteristic is defined as χ = V −E +F , where V is the number of
vertices, E is the number of edges, and F is the number of faces. If we address the set
of regular polyhedra (tetrahedron, cube, octahedron, dodecahedron, icosahedron) it
is easily verified that χ = 2. All these surfaces can be continuously deformed into
(“are homeomeorphic to”) each other, and into a sphere. In fact there is a one-
to-one relationship between the Euler characteristic and the genus: χ = 2(1 − g).
Polyhedra can also have χ "= 2, like the doughnut-shaped one shown in Fig. 1.4.

1.3 Electronic wavefunctions
In the domain of electronic structure, the typical object addressed via geometrical
and/or topological concepts is the electronic ground state of some system. Whenever
an observable effect has the nature of a topological invariant, i.e. it is an integer
number, two remarkable features occur. (1) The observable is measurable in
principle with infinite precision (10−9 is actually attained for the quantum Hall
effect). (2) The observable is very robust under even strong variations of the
sample conditions; a very disruptive perturbation is needed to switch from one

Figure 1.3: Some surfaces and their genus
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Figure 1.2: A sphere of radius R, and
its tangent plane in a generic point. The
Gaussian curvature in this trivial case is
Ω = 1/R2.

The Gaussian curvature Ω is by definition the determinant of the Hessian at the
tangency point. It is obviously constant and equal to 1/R2 at any point of the
sphere; notice that the orientation of the z axis (either inwards or outwards) is
irrelevant. The integral of Ω over the whole closed surface is 4π.

Next we consider a smooth (i.e. twice differentiable) surface of arbitrary shape:
the Gaussian curvature is defined as the determinant of the Hessian at the tangent
plane, similarly to what we did for the sphere:

Ω = det

(
∂2z
∂x2

∂2z
∂x∂y

∂2z
∂y∂x

∂2z
∂y2

)
. (1.3)

In general, Ω can be positive, negative (at a saddle point), or zero (e.g. for a plane
or a cylinder).

So far, we have looked at a 2d surface in a 3d space; but Gauss’ great intuition—
the ‘theorema egregium”—is that the concept of curvature is intrinsic to the 2d
surface itself. An ant crawling on the surface can measure the curvature in two
equivalent ways; either via parallel transport, or measuring angles. Suppose we join
three points on a surface by the shortest paths (geodesics). Then the sum of the
angles in the triangle is π on a flat surface, greater than π if Ω is positive (like on
the sphere), and smaller than π if Ω is negative. The angular mismatch per unit
area defines indeed the Gaussian curvature.

The Gauss-Bonnet theorem states that for any closed smooth surface

1

2π

∫

S

dσ Ω = 2(1− g), (1.4)

where g is a nonnegative integer, called the “genus” of the surface. Surfaces which
can be continuously deformed into each other (i.e. “homeomorphic”) have the same
genus. For the sphere and any surface homeomorphic to it g = 0; both the coffee
cup and the doughnut, Fig. 1.1 have g = 1; a double-handle cup has g = 2. The
genus is thus the mathematical definition for the number of handles. Notice also
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Gaussian curvature: 

The Hessian at the tangent plane
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surface itself. An ant crawling on the surface can measure the curvature in two
equivalent ways; either via parallel transport, or measuring angles. Suppose we join
three points on a surface by the shortest paths (geodesics). Then the sum of the
angles in the triangle is π on a flat surface, greater than π if Ω is positive (like on
the sphere), and smaller than π if Ω is negative. The angular mismatch per unit
area defines indeed the Gaussian curvature.

The Gauss-Bonnet theorem states that for any closed smooth surface

1

2π

∫

S

dσ Ω = 2(1− g), (1.4)
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Hall conductivity 
and  Chern number

(Thouless, Kohmoto, Nightingale, den Nijs, 1982)

VOLUME 49, NUMBER 6 P H YS ICAL RK VIE%' LETTERS 9 AUGUST 1982

sical theory of the Hall current suggests, but ae-
eording to Laughlin each subband must carry an
integer multiple of the Hall current carried by
the entire Landau level. This result appears even
more paradoxical when it is realized that p, the
number of subbands, can become arbitrarily large
by an arbitrarily small change of the f1ux density.
This paper contains a calculation of the Hall con-
ductance for such a system, both in the limit of
a weak periodic potential and in the tight-binding-
limit of a strong periodic potential. We have de-
rived explicit expressions for the Hall currents
carried by the various subbands, and show how

the paradox is resolved.
We consider electrons in a potential U(x, y)

which is periodic inx, y with periods a, b, and in
a uniform magnetic induction & perpendicular to
the plane of the electrons. The band structure of
such a system depends critically on p =abeB/k,
which is the number of flux quanta per unit cell.
We take p to be a rational number p/q; the be-
havior for irrational values of p can be deduced
by taking an appropriate limit. We use the Landau
gauge in which the vector potential has compo-
nents (0, eBx). In this gauge the eigenfunctions of
the Schrodinger equation can be chosen to satisfy
the generalized Bloch condition

and are eigenfunctions of a Hamiltonian

1 . 8 2
H(k k ) = —ih—+8k, + —i@ +hk -eBx—+ U'Q y).

2ppg g~ ~
2yyz gy

The components of the velocity operator are then given by @ ' times the partial derivatives of H with
respect to 4„&2.
There are two quite different approaches to the problem of calculating the Hall conductance o H.

Laughlin' and Halperin' have studied the effects produced by changes in the vector potential on the
states at the edges of a finite system. By this technique the quantization of the conductance is made
explicit, but it is not obvious that the result is insensitive to boundary conditions. An alternative ap-
proach is to use the Kubo formula for a bulk two-dimensional conductor. In previous work using this
method' ' it has not been made obvious that an integer value for the conductance must be obtained.
Because of the relation between the velocity operator and the derivatives of H, the Kubo formula can

be written as
ie' ~ ~ (BH/ski) 8(BH/sk, )8 —(BH/Bk, )„q(BH/Bk, )~„+H 2

&~&EF &g B)F (~n —~S)
where A, is the area of the system and &,& ~ are
eigenvalues of the Hamiltonian. This can be re- only change
lated to the partial derivatives of the wave fune- when 0, is eh
tions u, and gives integrand re

by an x-independent phase factor 0
anged by 2~/aq or k, by 2~/b. The
duces to &8/Bk, . The integral is 2i

times the change in phase around the unit cell and
must be an integer multiple of 4~i.
The problem of evaluating this quantum number

remains. We have considered the potential

ie 2 2 Bg+ Ba Ba+ std

g,,»(x + qa, y)exp(- 2~ipy/b —ik,qa) =g,,„,(x,y + b)exp(- ik,b) =(&„,(x,y ), (I)
where k, (modulo 2&/aq) and k, (modulo 2ii/b) are good tluantum numbers. ' We ean now define functions
ii», =g» exp(-ik, x -ik, y) which satisfy the generalized periodic boundary conditions

a, , (x+qa, y)e """'=&0»(xiy + ) =&k,»&iy) i (2)

where the sum is over the occupied electron sub-
bands and the integrations are over the unit cells
in ~ and 4 space. The integral over the k-space
unit cell has been converted to an integral around
the unit ce11 by Stokes's theorem. For nonover-
lapping subbands g is a single-valued analytic
function everywhere in the unit cell, which ean

U(x,y) =U, cos( &2x/a)+U, e s(o2vy/b),

both in the limit of a weak periodic potential (I&l
«Ii~, ) and in the tight-binding limit of a strong
periodic potential. In the weak-potential limit
the wave function can be written as a superposi-
tion of the nearly degenerate Landau functions in

406

※ For any insulator or 
isolated band,

C: Chern number
�H = C

e2

h
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 k(r) = eik·ruk(r)
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Chern number contributes to thermoelectric effect in Magnet
�ij ⌘ �H(i 6= j)
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Progress of Berry phase theory in the 
physics of ferroelectrics and topological 

insulator
Berry connection
→ Electric polarization in 
insulators
Berry curvature  
→ Anomalous Hall conductivity

• Electric polarization in insulators, RMP, 66,899(1994)
• Anomalous Hall effect and related issues, 
    RMP, 82,1539(2010), 82,1959(2010) 

• Topological insulators, RMP, 82, 3045(2010)

• Weyl and Dirac semimetals, RMP, 90, 015001(2018)

 k(r) = eik·ruk(r)
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Iron-based binary ferromagnets for 
transverse thermoelectric conversion

Akito Sakai1,2,3,10, Susumu Minami4,5,10, Takashi Koretsune6,10, Taishi Chen1,3,10,  
Tomoya Higo1,3,10, Yangming Wang1, Takuya Nomoto7, Motoaki Hirayama5, Shinji Miwa1,3,8,  
Daisuke Nishio-Hamane1, Fumiyuki Ishii4,5, Ryotaro Arita3,5,7 & Satoru Nakatsuji1,2,3,8,9ಞᅒ

Thermoelectric generation using the anomalous Nernst e!ect (ANE) has great 
potential for application in energy harvesting technology because the transverse 
geometry of the Nernst e!ect should enable e"cient, large-area and #exible coverage 
of a heat source. For such applications to be viable, substantial improvements 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 e!ect 
(ANE) originates from the Berry curvature of the conduction electrons near the Fermi 
energy1,2. To design a large Berry curvature, several approaches have been considered 
using nodal points and lines in momentum space3–10. Here we perform a 
high-throughput computational search and $nd that 25 percent doping of aluminium 
and gallium in alpha iron, 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—a #at band structure made of interconnected nodal lines—is 
the key for the strong enhancement in the transverse thermoelectric coe"cient, 
reaching a value of about 5 amperes per kelvin per metre with a logarithmic 
temperature dependence. We have also succeeded in fabricating thin $lms that 
exhibit a large ANE at zero $eld, which could be suitable for designing low-cost, 
#exible microelectronic thermoelectric generators11–13.

Thermoelectricity, the conversion of heat current into electric 
energy, provides a key technology for versatile energy harvesting 
and for heat flow sensors. There is a rapidly growing demand for novel 
energy-harvesting technology to power Internet of Things sensors and 
wearable devices, particularly in the form of flexible, durable micro-
thermoelectric generators (µ-TEGs). So far, the technology has relied 
on the longitudinal thermoelectric response known as the Seebeck 
effect11–15. Recently, its transverse counterpart in ferromagnets, the 
anomalous Nernst effect (ANE), has gained increasing attention, as it 
has a number of potential benefits6–9,16–18. For example, the transverse 
geometry of the Nernst effect enables efficient, large-area and flexible 
coverage of a curved heat source (Fig. 1a, left). It substantially reduces 
the number of production processes as well as the contact resistance 
of a thermopile, compared with a conventional thermoelectric device 
(Fig. 1a, right). In addition, 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 voltage18. However, the ANE is too 
small compared with the Seebeck effect for any thermoelectric appli-
cation. Thus, it is important 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 Fe3X (where 
X is Ga or Al) as materials suitable for designing such low-cost, flex-
ible µ-TEGs, in particular by using their thin-film forms. As detailed 
in Methods, our successful fabrication of their thin films enables us 
to obtain a large ANE of about 4 µV K−1 for Fe3Ga and about 2 µV K−1 for 
Fe3Al at room temperature using an in-plane temperature gradient 
(Extended Data Fig. 3a). In addition, our films of Fe3Ga and Fe3Al have 
in-plane magnetization with a coercivity Bc 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 
much simpler µ-TEG than the conventional Seebeck analogues (Fig. 1a, 
Extended Data Fig. 4)16. Moreover, the specific power generation capac-
ity ΓP = Pmax/(A(∆T)2) is estimated to be of the same order as or potentially 
greater than that of conventional µ-TEGs (Methods), where Pmax, A and 
∆T are the maximum power, the area of the thermopile device and the 
temperature difference, respectively11–13. In the following, we discuss 
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the use of rare and toxic elements would pose a barrier for applica-
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Data Table 1)1. As a result, Syx is dominated by the component αyx(−∇T) 
for Fe3Ga, as shown in Extended Data Fig. 7.

In ferromagnets, the Mott relation  
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 (where kB, 

e, E and EF are the Boltzmann constant, elementary charge, energy and 
Fermi energy of the electrons, respectively) normally holds at T ≪ TC 
and thus αyx exhibits the Fermi liquid T-linear dependence. In fact, 
−αyx/T shows a nearly T-constant behaviour at low temperatures for 
both Fe3Ga and Fe3Al (Fig. 3a, inset). To further examine the T depend-
ence, in Fig. 3c we plot g(T/Tm) ≡ (αyx/αyx(Tm))(Tm/T) versus T/Tm, where 
g is a normalized transverse thermoelectric coefficient and Tm refers 
to the temperature where |αyx| attains its maximum (Extended Data 
Table 1). Interestingly, g for both Fe3Ga and Fe3Al shows a lnT depend-
ence up to the highest temperature of our measurements, and shows 
saturation at large values below T/Tm ≈ 0.5. Similarly, we also plot 
σyx/σyx(Tm) for both compounds versus T/Tm and find that they roughly 
scale at T/Tm > 0.5 (Fig. 3d).

Using the Berry curvature expression for intrinsic σyx at T = 0 given by  
σ E e h Ω Θ E ε( ) = − ( / )∑ ( ) ( − )yx n n z nF
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, , F ,kk k , the Mott relation can be re -
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kk k , where the summation 
is taken for all the occupied states, Ωn,z(k) is the Berry curvature along 
the ẑ direction, n is the band index, Θ(ε) is the unit step function, δ(ε) 
is the Dirac delta function and h, k and εn,k are Planck’s constant, 
the wavevector and the energy of the electrons in band n, respectively. 
Thus, it is essential to find the mechanism to simultaneously enhance 
the density of states and Berry curvature at the Fermi surfaces to obtain 
a large −αyx/T as observed in Fe3Ga and Fe3Al. Using the Kubo formula, 

the Berry curvature can be described as Ω = i ∑n µν n n
n v n n v n

ε ε, ′≠
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( − )

µ ν
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2 . 

Here, |n, and εn are the cell-periodic Bloch eigenstates and eigenvalues, 
and vµ and vν are velocity operators along directions µ and ν. The veloc-
ity operator is defined as kv =µ ν

H
k( )

∂ ( )
∂ µ ν( )

, using the k-dependent  

Hamiltonian H(k) = e−ikrHeikr where r is the position vector and H is the 
original Hamiltonian. This equation indicates 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 independent but also interconnected, forming a 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 
a highly symmetric point (Figs. 1d, 4b–d) and eventually lead to a large 
Berry curvature on inclusion of SOC.

Figure 4a shows the band dispersion calculated using density func-
tional theory (DFT) along highly symmetric lines in the momentum 
space. The numerically obtained σyx and ∂σyx/∂E exhibit a clear kink and 
an associated peak around 60 meV, respectively (Extended Data Fig. 5a, 
b). Correspondingly, we find that the temperature dependence of αyx/T 
below about 200 K depends strongly on the energy E around 60 meV. 
In particular, αyx/T exhibits the logarithmic temperature dependence 
over a wide T range at 62 meV (Extended Data Fig. 5c). Notably, using 
their own Tm (Extended Data Table 1), experiment and theory are in 
agreement when plotting g = (αyx/αyx(Tm))(Tm/T) versus T/Tm (Fig. 3c). 
This indicates that the experimental results can be well reproduced by 
assuming that E is located at about EF = +74 meV for Fe3Ga and about 
EF = +86 meV for Fe3Al. 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 E with respect to EF can be naturally understood 
given that the magnetization is slightly overestimated in theory (Sup-
plementary Information).

Figure 4b shows the 3D network made of the nodal lines calculated 
for Fe3Ga without introducing SOC. All the nodal lines go through the 
whole BZ and are interconnected with each other, instead of forming 
a closed loop inside the BZ. In particular, we highlight the nodal-line 
network with a nearly flat energy dispersion at E ≈ +74 meV as the nodal 
web (red and blue in Fig. 4b, c, yellow lines in 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 Γ and 
L points (Fig. 4c).

After introducing SOC, a gap opens along the nodal lines and induces 
the Berry curvature. We expect that the Berry curvature becomes sub-
stantially enhanced near the momenta that originally belong to the flat 
nodal web, such as the one around the L point. This is because along the 
nodal line, the gap between the 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 

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

Formula Space group αmax (A K−1 m−1) Tc (K)

Fe3Pt Pm3m 6.2 450

Fe3Ga Fm3m 3.0 720

Fe3Al Fm3m 2.7 600

Fe3Si Fm3m 2.5 840

Fe4N Pm3m 2.4 760

The compounds are sorted by the size of αmax, that is, the maximum value of αxy estimated at 
the Fermi energy at T ≤ 500 K. Tc is the experimentally obtained Curie temperature29–33.
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Fig. 2 | Large anomalous Nernst and Hall effects of Fe3X. a, b, Magnetic field B 
dependence of the ANE −Syx (a) and the anomalous Hall effect ρyx (b) measured 
at room temperature. The magnitude of B in the horizontal axis is corrected for 
the demagnetization effect. The data for α-Fe are also plotted for comparison17. 
c, d, Temperature dependence of −Syx (c) and ρyx (d) measured under a magnetic 
field of 2 T along [100]. B, Q and I refer to the directions of the magnetic field, 
heat and electric currents, respectively.

56 | Nature | Vol 581 | 7 May 2020

Article

the momenta connecting the edge of the nodal web around the L point 
on the BZ boundary, extending over a quasi-2D area spanned by the web. 
This situation could be comparable to the case of the band edge of the 
1D system being accompanied by a logarithmic increase of the DOS as 
a function of energy. Similarly, ∂σyx/∂E exhibits a logarithmic energy 
dependence near E = 62 meV, indicating a divergent behaviour of the 
Berry curvature (Fig. 3c, inset). This leads to the −lnT dependence in 
αyx/T found at 62 meV (Fig. 3c, Extended Data Fig. 5), the breakdown of 
the Mott relation. Such −lnT dependence has been previously discussed 
for the Lifshitz quantum critical point between type I and type II Weyl 
fermions found for Co2MnGa (ref. 7). 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 αyx.

Our discovery of the large spontaneous transverse thermoelectric 
effects indicates that two iron-based compounds, Fe3Ga and Fe3Al, 
should be suitable for designing low-cost, flexible µ-TEGs by using their 
thin-film form. To gain a stable performance in daily use, it is important 
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 geometry34–37.

Note added in proof: During the review process of this paper, we 
became aware of a work by Nakayama et al.38, the received date of which 
is one week later than ours. While they observed an enhancement in 

the ANE by gallium doping in bcc-Fe in its thin-film form, the materi-
als used in their study are in a disordered phase, not the ordered D03 
phase as studied in this work. Moreover, the maximum of |Syx| in Nakay-
ama et al.38 is less than half of the values found in our experiment and 
does not appear at x = 0.25 (that is, Fe3Ga). As a result, the transverse 
thermoelectric conductivity αyx is about five times smaller than our 
estimate, highlighting the importance of both the ordered D03 crys-
tal structure and the stoichiometry of Fe3Ga. Our work also contains 
the experimental results using not only thin films but also bulk single 
crystals over a wide 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 an important role in enhancing 
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Fig. 3 | Giant transverse thermoelectric conductivity for Fe3X.  
a, b, Temperature dependence of the transverse thermoelectric conductivity 
−αyx (a) and the Hall conductivity −σyx (b) obtained for various directions of B.  
In b, we define the data symbols for the combination of Q (I) and B directions 
for a and b. Both −αyx and −σyx exhibit nearly isotropic behaviours. The inset in a 
shows −αyx/T versus T. c, d, Scaling relations of −αyx (c) and σyx (d) versus T/Tm for 
M || [100]. Here, M and Tm refer to the magnetization and temperature at which 
|αyx| attains its maximum (Extended Data Table 1). The solid lines are obtained 
from first-principles calculations at E = +74 meV (orange) and E = +86 meV 
(green). The inset in c shows the −ln|E − E0| dependence (black solid line) of 

q= −
αyx

T

σyx
E

∂

∂  with q = k
e

π 2

3
B
2

 calculated in the vicinity of E0 = +62 meV above the 
Fermi energy. The vertical broken lines indicate the characteristic energies 
E = 74 meV (orange) and E = 86 meV (green). Nearly isotropic character is found 
for M || [100], [110] and [111] (Supplementary Information, Extended Data Fig. 9).
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b, BZ showing the nodal-line network. The nodal web formed around the L point 
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enhanced in the extended region around the nodal web structure (yellow lines) 
(Methods, Extended Data Fig. 5d–f).



Temperature gradient  
driven electric current 
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Thermoelectric Effect 

Seebeck coefficient
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2. Electric field is induced along x-direction
3. System becomes stationary

j = �̃E+ ↵̃(�rT )

jx = 0
<latexit sha1_base64="cKsvbDtVhQ3QEY8i2xboBjRrXm8="></latexit><latexit sha1_base64="BQtU+8yew6F9CGgpo3BwsfXJzsE="></latexit><latexit sha1_base64="BQtU+8yew6F9CGgpo3BwsfXJzsE="></latexit><latexit sha1_base64="aYCT/JhLX8X4PfLJVksgCRl8q0o="></latexit>

=
↵xx

�xx
<latexit sha1_base64="mFVEI3XRmu4Vx59EWQHwqDhm/34="></latexit><latexit sha1_base64="JrE0nB3fADNBHfDeEEt7xHJyvpE="></latexit><latexit sha1_base64="JrE0nB3fADNBHfDeEEt7xHJyvpE="></latexit><latexit sha1_base64="o8ga3NJg1uzLLy/uo7eerho4gJQ="></latexit>

jx
<latexit sha1_base64="7tEbhItdAAVDOKcxc5tl3A9GzzY="></latexit><latexit sha1_base64="X7I7NIaJYGlanMC+lemmbRMyY5w="></latexit><latexit sha1_base64="X7I7NIaJYGlanMC+lemmbRMyY5w="></latexit><latexit sha1_base64="tWK4l14plD7D/GVSx/JvmZ/fIIY="></latexit>

20



Thermoelectric Effect in 
MAGNET 

Nernst coefficient
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Y. P. M. & F. Ishii, Sci. Rep. 6, 28076 (2016). JPS Conf. Proc. 3, 017035(2014), ibid. 5, 011023 
(2015).

Coefficients in linear response

Energy (      )-dependence of 
   conductivities at zero temperature 
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Applications
 Part I

①Half-Heusler Alloy CoMnSb
      ・S. Minami, FI, Y.P. Mizuta and M. Saito, 
     Appl. Phys. Lett. 113, 032403 (2018).

② Fe3X(X=Al, Ga)
Sakai, S. Minami, T. Koretsune, T. Chen, T. Higo, Y. Wang, T. 
Nomoto, M. Hirayama, S. Miwa, D. Nishio-Hamane, FI, R. 
Arita and S. Nakatsuji, 
Nature 581, 53-57 (2020). 
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Questions to be solved

1. Which contribution is dominant in real materials?
2. What is the key to enhance Nernst coefficients? 
3. Can we predict the behavior of Nernst effect ?     
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Application ①: Half-Heusler alloy
Introduction Computational details Nonmagnetic state Ferromagnetic state Summary

Introduction

• In recent years, anomalous Nernst effect(ANE) has attracted
attention.

1 Skyrmion crystal system1

2 Heusler Alloy: Mn3Sn (Antiferromagnetic system)2

• Merit of ANE is
• Easy to modularize.
• Good energy conversion efficiency

→Its comes from the electrical conduction perpendicular to a
temperature gradient.

Physical properties of (half) Heusler alloy
·Narrow gap semiconductor ·Spin gapless semiconductor
·Ferromagnetic(Half-metal) ·Antiferromagnetic
·Semimetal ·Topological insulator

1Y. P. Mizuta, and F. Ishii , Sci. Rep. 6, 28076, (2016).
2Ikhlas, M. et al., Nat. Phys. (2017).
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1. Introduction

The history of one of the most exciting material classes can be
traced back to the year 1903 when Fritz Heusler discovered that an
alloy with the composition Cu2MnAl behaves like a ferromagnet,
although non of its constituent elements is magnetic by itself [1,2].
This remarkable material and its relatives, which by now comprise
a vast collection of more than 1000 compounds, are now known as
Heusler compounds. They are ternary semiconducting or metallic
materials with a 1:1:1 (also known as “Half-Heusler”) or a 2:1:1
stoichiometry. Fig. 1 shows an overview of possible combinations of
elements forming these materials.

Surprisingly, the properties of many Heusler compounds can
be predicted by simply counting the number of valence electrons
[3]. For example, non-magnetic Heusler compounds with
approximately 27 valence electrons are superconducting. Semi-
conductors display another major sub-class with more than 250
representatives and are considered to be novel materials for
energy technologies. Their band gaps can easily be tuned from 0 to
z4 eV by changing their chemical composition. Thus, they
attracted remarkable attention as potential candidates for both,
solar cell and thermoelectric applications. In fact, excellent ther-
moelectric properties have recently been demonstrated for
TiNiSn-based materials [4]. On the basis of their calculated elec-
tronic band structures a new class of Heusler compounds was
predicted only lately: multifunctional topological insulators, i.e.
a new state of matter, in which spin-polarized edge and surface
states are topologically protected against impurity scattering
[5,6]. The introduction of multifunctionality, i.e. the combination
of two or more functionalities, such as superconductivity and
topological edge states in onematerial, is easily possible in ternary
compounds [5]. The large class of magnetic X2YZ compounds
shows all kinds of magnetic behavior and multifunctional
magnetic properties, such as magneto-optical [7], magnetocaloric
[8] and magneto-structural characteristics [9]. The large family of
magneto-electrical Heusler compounds, the half-metallic ferro-
magnets are semiconducting for electrons of one spin orientation,
whereas they are metallic for electrons with the opposite spin
orientation. Such compounds exhibit nearly fully spin polarized
conduction electrons, making them suitable materials for spin-
tronic applications. Half-metallic Co2-based Heusler compounds
continuously attract interest due to their high Curie temperatures
[10] and, in fact, are being used today in magnetic tunnel junctions

[11]. In this review article, we anticipate to give a detailed
description of all rules of thumb known about Heusler compounds
to provide an insight into this exceptional class of materials. Both,
the structure-to-property relations as well as the outstanding
properties of Heusler compounds are reviewed in context of
various possible applications.

This review article is organized as follows. First of all, we present
general statements for Heusler compounds and explain both, the
nomenclature and the crystal structure (Sections 2 and 3). After this
basic introductory part, we address their physical properties
starting with semiconductors (Section 4). In the following, their
structural properties with focus on disorder phenomena (Section
5), magnetic materials, their magneto-optical properties and their
applications in spintronics (Sections 6e8), shape memory alloys
(Section 9), superconductors and thermoelectrics (Sections 10 and
11), as well as Kondo systems and materials with heavy-Fermion
behavior (Section 12) are discussed. Finally, the recently discovered
topological insulators are reviewed (Section 13). After that, Section
14 gives an overview of some basic points concerning the synthesis
of Heusler materials. Additionally, the properties of Heusler nano-
particles are described in Section 15. Section 16 is dedicated to
research done by industrial companies to incorporate these new
materials into their products. Moreover, we discuss the relationship
of Heusler compounds with other material classes (Section 17), in
particular the hexagonal analogues, but also the tetragonally dis-
torted variants, layered structures derived from the Heusler struc-
ture, and point out analogies between perovskites, REME phases
and Heusler compounds.

Additionally, short rules are formulated that simplify the
understanding of the properties of the Heusler compounds. Design
criteria to adjust the desired properties are given in “shopping lists”
at the beginning of each section.

2. Nomenclature of Heusler compounds

2.1. Half-Heusler compounds

In general, Half-Heusler materials XYZ can be understood as
compounds consisting of a covalent and an ionic part. The X and Y
atoms have a distinct cationic character, whereas Z can be seen as
the anionic counterpart. The nomenclature in literature varies
a lot, ranging from sorting the elements alphabetically, according to
their electronegativity or randomly, and thus, all three possible

Fig. 1. Periodic table of the elements. The huge number of Heusler materials can be formed by combination of the different elements according to the color scheme.

T. Graf et al. / Progress in Solid State Chemistry 39 (2011) 1e50 3

Combination of the elements for Heusler alloy
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CoMSb (M=Sc-Mn)

experimental lattice constants have been reported for Sc and
Cr, we used interpolated ones calculated based on those of
M¼Ti, V, and Mn. CoTiSb is a semiconductor with 18
valence electron count and a narrow gap. CoVSb and CoMnSb
are ferromagnetic compounds with Curie temperatures of 58 K
and 490 K, respectively.20,21

We conducted first-principles calculations based on the
non-collinear density functional theory27 (DFT) with
OpenMX code.28 DFT calculations are performed through
the exchange-correlation functional of the generalized gradi-
ent approximation.29 We used norm-conserving pseudopo-
tentials.30 The spin-orbit interaction (SOI) is included by
using j-dependent pseudopotentials.31 The wave functions
are expanded by a linear combination of multiple pseudo-
atomic orbitals.32 The basis functions of each atom are two
s-, two p-, two d-, and one f- character numerical pseudo-
atomic orbitals. The cutoff-energy for charge density is
250.0Ry. We use a 24" 24" 24 uniform k-point mesh for
self-consistent calculations. We construct maximally local-
ized Wannier functions (MLWFs) from DFT calculation
results using the Wannier90 code33 and calculate the trans-
port properties from the MLWF by using the semiclassical
Boltzmann transport theory.34

The formulae for the TE coefficients can be derived
from the linear response relation of charge current, j ¼ ~rE
þ ~að%rTÞ, where E and rT are the electric field and tem-
perature gradient, respectively,. By using the conductivity
tensors ~r ¼ ½rij( and ~a ¼ ½aij(, the Seebeck and anomalous
Nernst coefficients are, respectively, expressed as14,15
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H

; (1)

N ) Sxy )
Ex
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¼ N0 % hHS0

1þ h2
H

: (2)

Here, we defined the conventional (pure) Seebeck, Hall
angle ratio, and pure anomalous Nernst coefficient by using
the conductivity tensors as follows: S0 ) axx=rxx; hH ) rxy=
rxx; N0 ) axy=rxx. The longitudinal conductivity tensor is

calculated as rxx ¼ e2s
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x ; enk;Xn
z , and l

denote the relaxation time (assumed to take constant value
s), Fermi-Dirac distribution function, group velocity of

electrons, energy and k-space Berry curvature, and chemical
potential, respectively. The Berry curvature is determined by
XnðkÞ ) ih$kunkj" j$kunki. The subscript n is the band
index. Note that the conventional Seebeck coefficient S0 is
calculated by setting hH¼ 0 and N0¼ 0 in Eq. (1). We focus
on the intrinsic contribution of rxy and neglect the extrinsic
ones caused by impurities or defects. Here, in order to dis-
cuss the chemical potential (l) dependence of TE coeffi-

cients, we introduce Mott’s formula, S0 ’ að1Þxx =rxx; N0

’ að1Þxy =rxx, where að1Þij , defined as að1Þij ðlÞ ) % p2

3

k2
BT
e
@rijðeÞ
@e je¼l

with Boltzmann’s constant kB, is the low T approximation
to aij.

Because N0 and hH are zero for nonmagnetic materials
(CoScSb and CoTiSb) and the nonmagnetic (paramagnetic)
phase of CoVSb, CoCrSb, and CoMnSb, we first calculate
the conventional (pure) Seebeck coefficient S0.

Figure 2 shows the electronic structure, density of states
(DOS), and electrical conductivity at 0 K of CoTiSb. The
calculated bandgap for 1.06 eV is in good agreement with
the experimental bandgap of 0.95 eV.35 The Fermi energies
(EF) are calculated by the rigid band approximation (RBA)
for other half-Heusler compounds, namely, CoScSb, CoVSb,
CoCrSb, and CoMnSb.

Figure 3 shows carrier concentration dependence of S0,
which is estimated by two approaches: (i) RBA in CoTiSb
and (ii) self-consistent field (SCF) calculation by hole- or
electron- doping around each pristine CoMSb. The trends of
the carrier concentration dependence of S0 are broadly con-
sistent between RBA and SCF.

Positive (negative) S0 values are observed on the left
(right) side of CoTiSb in Fig. 3, which can be attributed to
the hole- (electron-) doped semiconductor, respectively. The
S0 values of 0.05e/f.u. hole- and electron-doped CoTiSb cal-
culated by RBA are 138 lV/K and %125 lV/K, respectively;
these are in good agreement with the experimental values of
178 lV/K and %163 lV/K observed in CoTi0.95Sc0.05Sb and
CoTi0.95V0.05Sb, respectively.36 On the other hand, the
Seebeck coefficient calculated by SCF of CoVSb is around
three times larger than the calculated RBA, which is much
closer to the experimental value37 of %45 lV/K.

The trend of the carrier concentration dependence of S0

can be roughly interpreted using Mott’s formula. Because

TABLE I. Basic properties of CoMSb. aexp and acal are the experimental
and theoretical lattice constants, nv is the number of valence electrons per
f.u., and TC is the Curie temperature. Our calculation was performed by

using a we estimated.

M a (Å) aexp. (Å) acalc (Å) nv TC (K)

Sc 6.06 … 6.09 (Ref. 22) 17 …

Ti 5.88 5.88 (Ref. 23) 5.88 (Ref. 24) 18 …

V 5.80 5.80 (Ref. 25) 5.81 (Ref. 24) 19 58 (Ref. 21)

Cr 5.79 … 5.79 (Ref. 22) 20 …

Mn 5.87 5.87 (Ref. 26) 5.82 (Ref. 24) 21 490 (Ref. 20)

FIG. 2. Band structure (a), density of states (b), and electrical conductivity
at 0 K with a relaxation time of s¼ 10 fs (c) of CoTiSb. The origin of the
energy is taken at the Fermi energy of CoTiSb. The colored lines show the
Fermi energy of CoMSb according to the rigid band approximation.

032403-2 Minami et al. Appl. Phys. Lett. 113, 032403 (2018)

Large Seebeck coefficient         is reported for doped CoTiSb
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Band structure and DOS of CoMnSb

rxx at EF of CoScSb, CoCrSb, and CoMnSb has a negative
slope in Fig. 2(c), að1Þxx is positive. On the other hand, because
rxx at EF of CoVSb has a positive slope, að1Þxx ðEFÞ is negative.
For M¼Cr, the sign of S0 between RBA and SCF is differ-
ent, implying that RBA using the band structure of CoTiSb
is not appropriate for CoCrSb.

We investigate CoMnSb because of its applicability for
ANE-based TE modules that can operate above room tem-
perature. Figure 4 shows the band structure and DOS for
CoMnSb. At the Fermi level, the majority (minority) spin
shows an electron- (hole-) like band structure around the X
(C) point in Figs. 4(a) and 4(b). A comparison of the DOS at
EF of the nonmagnetic and ferromagnetic phases in Figs.
2(b) and 4(c) indicates that the ferromagnetic phase has
smaller D(EF) $2/eV/f.u. than D(EF) $ 9/eV/f.u. in the non-
magnetic phase. This change in D(EF) can be attributed to
ferromagnetic phase transition induced by Stoner instability.
The total magnetic moment is $3 lB/f.u. Moreover, the
obtained atomic magnetic moments of Co, Mn, and Sb are
%0.3, 3.6, and %0.3 lB/f.u., respectively.

Table II shows the TE properties of CoMnSb at EF. We
found unique TE properties in the ferromagnetic phase: the
ferromagnetic phase shows negative S, whereas the nonmag-
netic phase shows positive S (Fig. 3). A large anomalous
Nernst coefficient (N) that reaches %1.02 lV/K at 300 K was
also found; this value is fairly large compared to that of the
reported ferromagnetic metals, for example, $0.6 lV/K for
the L10-ordered FePt thin film.6 The main component of N
[referring to Eq. (2)] is the pure anomalous Nernst coefficient
(N0). The contributions of two components N0 and S0hH are
$80% and $20%, respectively.

To understand the unique TE properties in the ferromag-
netic phase of CoMnSb, we show the chemical potential
dependence of the TE coefficient at 100 and 300 K and the
electrical conductivity at 0 K in Figs. 5 and 6, respectively.
First, we discuss the Seebeck coefficient (S). The negative
sign of S at EF can be understood from Mott’s formula:
að1Þxx ðEFÞ is negative because rxxðEFÞ has a positive slope, as
shown in Fig. 6(a). The peak of S in Fig. 5(a) is around EF,
and the maximum is $15 lV/K at 300 K, which is not so
large compared with that of typical TE materials. Next, we
discuss the anomalous Nernst coefficient (N). N shows two
peaks in Fig. 5(b) at the lower- and higher-energy sides of
lP & %85 meV. The chemical potential of lP is indicated by
the vertical dotted line in Figs. 5 and 6. For N, the two peaks
show opposite signs owing to the almost-even functional
form rxyðe% lPÞ ’ rxyð%eþ lPÞ in Fig. 6(b), leading to the
almost-odd functional form of its first derivative, to which
að1Þxy is proportional as shown in Mott’s formula.

FIG. 3. Valence electron count dependence of the Seebeck coefficient in
CoMSb at 100 K and 300 K. The solid lines show the Seebeck coefficient
according to rigid band approximation. Squares and circles show the
Seebeck coefficient calculated by using the electronic structure with the self-
consistent field calculation.

FIG. 4. Band structure of CoMnSb
without SOI (a), with SOI (b), and total
and projected density of states for
CoMnSb (c). Red and blue lines show
the majority and minority spins,
respectively. The Fermi energy is set
to 0 eV.

TABLE II. Each component of the calculated thermoelectric coefficients
(lV/K), Hall angle ratio, and evaluated relaxation time (fs) for CoMnSb at
Fermi energy (l¼ 0).

Temperature (K) S0 N0 hH ½)10%2* S N sa

100 %5.80 %0.11 %0.42 %5.79 %0.13 7.0

300 %16.00 %0.85 %1.02 %15.99 %1.02 2.9

as is estimated as s ¼ s0ðqcalc=q exp Þ, where qcalc ¼ 1=rxxðs0Þ is the calculated

electrical resistivity and qexp is the experimental one reported in Ref. 20.

032403-3 Minami et al. Appl. Phys. Lett. 113, 032403 (2018)
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Seebeck and Nernst coefficient in
 CoMnSb3

and CoMnSb, we first calculate the conventional (pure)
Seebeck coefficient S0 at first.

Figure 2 shows the electronic structure, density of
states (DOS), and electrical conductivity at 0K of Co-
TiSb. The calculated band gap for 1.06 eV is in good
agreement with the experimental band gap of 0.95 eV35.
The Fermi energies (EF) are calculated by the rigid band
approximation (RBA) for other half-Heusler compounds,
namely, CoScSb, CoVSb, CoCrSb, and CoMnSb.

Figure 3 shows carrier concentration dependence of S0.
S0 is estimated by two approaches: (i) RBA in CoTiSb
and (ii) self-consistent field (SCF) calculation by hole- or
electron-doping around each pristine CoMSb. The trends
of the carrier concentration dependence of S0 are broadly
consistent between RBA and SCF.

Positive (negative) S0 values are observed on the
left (right) side of CoTiSb in Fig. 3, which can be
attributed to as hole- (electron-) doped semiconduc-
tor, respectively. The S0 values of CoTi0.95Sc0.05Sb
and CoTi9.95V0.05Sb at 300K as calculated by RBA is
138µV/K and -125µV/K, respectively; these are in good
agreement with the experimental values of 178 µV/K and
-163µV/K36 . On the other hand, the Seebeck coefficient
calculated by SCF of CoVSb is around three times larger
than the calculated RBA, which is much closer to the
experimental value37 of -45 µV/K.

The trend of the carrier concentration dependence of
S0 can be roughly interpreted using Mott’s formula. Be-
cause σxx at EF of CoScSb, CoCrSb, and CoMnSb has

negative slope in Fig. 2(c), α(1)
xx is positive. On the other

hand, because σxx at EF of CoVSb has positive slope,

α(1)
xx (EF) is negative. For M= Cr, the sign of S0 between

RBA and SCF is different, implying that RBA using the
band structure of CoTiSb is not appropriate for CoCrSb.
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FIG. 4. Band structure without SOI (a), with SOI (b), total
and projected density of states(c) for CoMnSb. Blue and red
lines show the majority and minority spin, respectively. The
Fermi energy is set to 0 eV.

Ferromagnetic phase in CoMnSb. We investigate
CoMnSb because of its applicability for an ANE-based
TE module that can operate below room temperature.
Figure 4 show the band structure and DOS for CoMnSb

TABLE II. Each component of calculated thermoelectric co-
efficients (µV/K), Hall angle ratio, and evaluated relaxation
time (fs) for CoMnSb at Fermi energy(µ = 0).

Temperature(K) S0 N0 θH [×10−2] S N τ
100 - 5.80 -0.11 -0.42 -5.79 -0.13 7.0
300 -16.00 -0.85 -1.02 -15.99 -1.02 2.9
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FIG. 5. Thermoelectric properties for CoMnSb at 100K and
300K. Each panel show Seebeck coefficient and Hall angle
ratio(300K) (a), anomalous Nernst coefficient (b).

. At the Fermi level, the majority (minority) spin shows
an electron- (hole-) like band structure around the X
(Γ) point in Figs. 4(a) and (b). A comparison of the
DOS at EF of the nonmagnetic and ferromagnetic phases
in Fig. 2(b) and Fig. 4(c) indicates that the ferro-
magnetic phase has smaller D(EF) ∼ 2 /eV/f.u. than
D(EF) ∼ 9/eV/f.u. in the nonmagnetic phase. This
change in D(EF) can be attributed to ferromagnetic
phase transition induced by Stoner instability. The total
magnetic moment is ∼ 3µB/f.u.. Moreover, the atomic
magnetic moments of Co, Mn, and Sb are obtained -0.3,
3.6, and -0.3 µB/f.u., respectively.
Table II shows the TE properties of CoMnSb at

EF. The relaxation times τ are estimated as τ =
τ0(ρcalc/ρexp), where ρcalc = 1/σxx(τ0) is the calcu-
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To clarify the origin of negative peak rxyðlPÞ, we focus
on the band structure and iso-energy surface at lP because in
general large rxy comes from energy splittings in time-rever-
sal-symmetry-breaking electronic bands induced by SOI in
ferromagnetic states.38,39 The anomalous Hall conductivity

and Berry curvature are calculated as rxy ¼ $ e2

!h

P
n

Ð
dk

Xn
z ðkÞf ðenkÞ and Xn

z ðkÞ ¼ $2Im
P

m 6¼n
vnm;xðkÞvmn;yðkÞ
½emðkÞ$enðkÞ&2

, respec-

tively.40 Here, vnm;aðkÞ is the matrix elements of the
Cartesian velocity. This expression of Berry curvature,
which is proportional to the inverse of the energy difference,
suggests that large rxy comes from avoided crossings of the
energy bands caused by SOI. Figure 7(a) shows the band
structure along the symmetry lines in the part of Brillouin
zone where large Berry curvature was found (kz ¼ 2p=a
plane). A small energy splitting originating from SOI is

found on the Z 0; 0; 2p
a

" #
$ Uz p

2a ;
p
2a ;

2p
a

" #
line.

The iso-energy surface and summed Berry curvature
around Z 0; 0; 2p

a

" #
are shown in Figs. 7(b) and 7(c), respec-

tively. While we assumed the magnetic easy axis as the
[001] direction in a cubic system, the calculated easy axis of
magnetization is slightly tilted from the [001] direction. The
weak asymmetry of the Berry curvature in Fig. 7(c) is

induced by the slight tilting of magnetization. Largely nega-
tive summed Berry curvature (!Xk ' $104) appears near
Uz p

2a ;
p
2a ;

2p
a

" #
. This peak shows that the summed Berry cur-

vature changes discontinuously at these boundaries, indicat-
ing that the upper band [corresponding to the purple one in
Fig. 7(a)] has large positive Berry curvature. Furthermore, it
can be predicted that lower band [corresponding to the yel-
low one in Fig. 7(a)] has large negative Berry curvature. It is
obvious that the peak of N and rxy results from such a change
in the Berry curvature on the Z 0; 0; 2p

a

" #
$ Uz p

2a ;
p
2a ;

2p
a

" #
line.

In summary, systematic DFT calculations are used to
determine the carrier concentration dependence of the TE
properties in CoMSb (M¼Sc, Ti, V, Cr, and Mn). In the
nonmagnetic phase, the calculated Seebeck coefficient of
0.05e/f.u. hole and electron-doped CoTiSb shows good
agreement with the experimental data of CoTi0.95Sc0.05Sb
and CoTi0.95V0.05Sb. In the ferromagnetic phase, we focus
on half-metallic CoMnSb because of its high TC. The
Seebeck coefficient shows opposite sign to that in the non-
magnetic phase. Furthermore, the large anomalous Nernst
coefficient (N) reaches $1.02 lV/K. We conclude that
the peaks of N originate from the large Berry curvature on
the Z-Uz line. These results should help in understanding the
mechanism of large ANE in half-Heusler compounds.

This work was supported by Grant-in-Aid for Scientific
Research on Innovative Area, “Nano Spin Conversion
Science”: Grant No. 17H05180. This work was also
supported by JSPS Grant-in-Aid for Scientific Research on
Innovative Areas, “Discrete Geometric Analysis for

FIG. 6. Chemical potential dependence of electrical conductivity rxx(S/m) at
0 K with relaxation time s¼ 10 fs (a) and anomalous Hall conductivity
rxy(S/m) at 0 K (b).

FIG. 7. Band structure with SOI (a), iso-energy surface for e¼$85 meV
(b), and sum of Berry curvature over occupied states !Xk (

P
n $Xn

z ðkÞfnðeÞ
on the kz ¼ 2p

a plane (c) for CoMnSb.

FIG. 5. Thermoelectric properties for CoMnSb at 100 K and 300 K. Each
panel shows the Seebeck coefficient and Hall angle ratio (300 K) (a) and
anomalous Nernst coefficient (b).
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③  FeX3(X=Al, Ga)
In 2018, two groups discovered Fe-based 
thermoelectric materials independently.
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Data Table 1)1. As a result, Syx is dominated by the component αyx(−∇T) 
for Fe3Ga, as shown in Extended Data Fig. 7.

In ferromagnets, the Mott relation  






α = −yx
k T

e

σ

E
E E

π
3 | |

∂

∂
=

yx2

F

B
2

 (where kB, 

e, E and EF are the Boltzmann constant, elementary charge, energy and 
Fermi energy of the electrons, respectively) normally holds at T ≪ TC 
and thus αyx exhibits the Fermi liquid T-linear dependence. In fact, 
−αyx/T shows a nearly T-constant behaviour at low temperatures for 
both Fe3Ga and Fe3Al (Fig. 3a, inset). To further examine the T depend-
ence, in Fig. 3c we plot g(T/Tm) ≡ (αyx/αyx(Tm))(Tm/T) versus T/Tm, where 
g is a normalized transverse thermoelectric coefficient and Tm refers 
to the temperature where |αyx| attains its maximum (Extended Data 
Table 1). Interestingly, g for both Fe3Ga and Fe3Al shows a lnT depend-
ence up to the highest temperature of our measurements, and shows 
saturation at large values below T/Tm ≈ 0.5. Similarly, we also plot 
σyx/σyx(Tm) for both compounds versus T/Tm and find that they roughly 
scale at T/Tm > 0.5 (Fig. 3d).

Using the Berry curvature expression for intrinsic σyx at T = 0 given by  
σ E e h Ω Θ E ε( ) = − ( / )∑ ( ) ( − )yx n n z nF

2
, , F ,kk k , the Mott relation can be re -

written as α Ω δ E ε= ∑ ( ) ( − )yx
k T

e
e
h n n z n

π
3 | | , , F ,

2 2
B
2

kk k , where the summation 
is taken for all the occupied states, Ωn,z(k) is the Berry curvature along 
the ẑ direction, n is the band index, Θ(ε) is the unit step function, δ(ε) 
is the Dirac delta function and h, k and εn,k are Planck’s constant, 
the wavevector and the energy of the electrons in band n, respectively. 
Thus, it is essential to find the mechanism to simultaneously enhance 
the density of states and Berry curvature at the Fermi surfaces to obtain 
a large −αyx/T as observed in Fe3Ga and Fe3Al. Using the Kubo formula, 

the Berry curvature can be described as Ω = i ∑n µν n n
n v n n v n

ε ε, ′≠
+ | | ′,+ ′ | | ,

( − )

µ ν

n n′
2 . 

Here, |n, and εn are the cell-periodic Bloch eigenstates and eigenvalues, 
and vµ and vν are velocity operators along directions µ and ν. The veloc-
ity operator is defined as kv =µ ν

H
k( )

∂ ( )
∂ µ ν( )

, using the k-dependent  

Hamiltonian H(k) = e−ikrHeikr where r is the position vector and H is the 
original Hamiltonian. This equation indicates 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 independent but also interconnected, forming a 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 
a highly symmetric point (Figs. 1d, 4b–d) and eventually lead to a large 
Berry curvature on inclusion of SOC.

Figure 4a shows the band dispersion calculated using density func-
tional theory (DFT) along highly symmetric lines in the momentum 
space. The numerically obtained σyx and ∂σyx/∂E exhibit a clear kink and 
an associated peak around 60 meV, respectively (Extended Data Fig. 5a, 
b). Correspondingly, we find that the temperature dependence of αyx/T 
below about 200 K depends strongly on the energy E around 60 meV. 
In particular, αyx/T exhibits the logarithmic temperature dependence 
over a wide T range at 62 meV (Extended Data Fig. 5c). Notably, using 
their own Tm (Extended Data Table 1), experiment and theory are in 
agreement when plotting g = (αyx/αyx(Tm))(Tm/T) versus T/Tm (Fig. 3c). 
This indicates that the experimental results can be well reproduced by 
assuming that E is located at about EF = +74 meV for Fe3Ga and about 
EF = +86 meV for Fe3Al. 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 E with respect to EF can be naturally understood 
given that the magnetization is slightly overestimated in theory (Sup-
plementary Information).

Figure 4b shows the 3D network made of the nodal lines calculated 
for Fe3Ga without introducing SOC. All the nodal lines go through the 
whole BZ and are interconnected with each other, instead of forming 
a closed loop inside the BZ. In particular, we highlight the nodal-line 
network with a nearly flat energy dispersion at E ≈ +74 meV as the nodal 
web (red and blue in Fig. 4b, c, yellow lines in 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 Γ and 
L points (Fig. 4c).

After introducing SOC, a gap opens along the nodal lines and induces 
the Berry curvature. We expect that the Berry curvature becomes sub-
stantially enhanced near the momenta that originally belong to the flat 
nodal web, such as the one around the L point. This is because along the 
nodal line, the gap between the 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 

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

Formula Space group αmax (A K−1 m−1) Tc (K)

Fe3Pt Pm3m 6.2 450

Fe3Ga Fm3m 3.0 720

Fe3Al Fm3m 2.7 600

Fe3Si Fm3m 2.5 840

Fe4N Pm3m 2.4 760

The compounds are sorted by the size of αmax, that is, the maximum value of αxy estimated at 
the Fermi energy at T ≤ 500 K. Tc is the experimentally obtained Curie temperature29–33.
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Fig. 2 | Large anomalous Nernst and Hall effects of Fe3X. a, b, Magnetic field B 
dependence of the ANE −Syx (a) and the anomalous Hall effect ρyx (b) measured 
at room temperature. The magnitude of B in the horizontal axis is corrected for 
the demagnetization effect. The data for α-Fe are also plotted for comparison17. 
c, d, Temperature dependence of −Syx (c) and ρyx (d) measured under a magnetic 
field of 2 T along [100]. B, Q and I refer to the directions of the magnetic field, 
heat and electric currents, respectively.
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Iron-based binary ferromagnets for 
transverse thermoelectric conversion

Akito Sakai1,2,3,10, Susumu Minami4,5,10, Takashi Koretsune6,10, Taishi Chen1,3,10,  
Tomoya Higo1,3,10, Yangming Wang1, Takuya Nomoto7, Motoaki Hirayama5, Shinji Miwa1,3,8,  
Daisuke Nishio-Hamane1, Fumiyuki Ishii4,5, Ryotaro Arita3,5,7 & Satoru Nakatsuji1,2,3,8,9ಞᅒ

Thermoelectric generation using the anomalous Nernst e!ect (ANE) has great 
potential for application in energy harvesting technology because the transverse 
geometry of the Nernst e!ect should enable e"cient, large-area and #exible coverage 
of a heat source. For such applications to be viable, substantial improvements 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 e!ect 
(ANE) originates from the Berry curvature of the conduction electrons near the Fermi 
energy1,2. To design a large Berry curvature, several approaches have been considered 
using nodal points and lines in momentum space3–10. Here we perform a 
high-throughput computational search and $nd that 25 percent doping of aluminium 
and gallium in alpha iron, 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—a #at band structure made of interconnected nodal lines—is 
the key for the strong enhancement in the transverse thermoelectric coe"cient, 
reaching a value of about 5 amperes per kelvin per metre with a logarithmic 
temperature dependence. We have also succeeded in fabricating thin $lms that 
exhibit a large ANE at zero $eld, which could be suitable for designing low-cost, 
#exible microelectronic thermoelectric generators11–13.

Thermoelectricity, the conversion of heat current into electric 
energy, provides a key technology for versatile energy harvesting 
and for heat flow sensors. There is a rapidly growing demand for novel 
energy-harvesting technology to power Internet of Things sensors and 
wearable devices, particularly in the form of flexible, durable micro-
thermoelectric generators (µ-TEGs). So far, the technology has relied 
on the longitudinal thermoelectric response known as the Seebeck 
effect11–15. Recently, its transverse counterpart in ferromagnets, the 
anomalous Nernst effect (ANE), has gained increasing attention, as it 
has a number of potential benefits6–9,16–18. For example, the transverse 
geometry of the Nernst effect enables efficient, large-area and flexible 
coverage of a curved heat source (Fig. 1a, left). It substantially reduces 
the number of production processes as well as the contact resistance 
of a thermopile, compared with a conventional thermoelectric device 
(Fig. 1a, right). In addition, 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 voltage18. However, the ANE is too 
small compared with the Seebeck effect for any thermoelectric appli-
cation. Thus, it is important 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 Fe3X (where 
X is Ga or Al) as materials suitable for designing such low-cost, flex-
ible µ-TEGs, in particular by using their thin-film forms. As detailed 
in Methods, our successful fabrication of their thin films enables us 
to obtain a large ANE of about 4 µV K−1 for Fe3Ga and about 2 µV K−1 for 
Fe3Al at room temperature using an in-plane temperature gradient 
(Extended Data Fig. 3a). In addition, our films of Fe3Ga and Fe3Al have 
in-plane magnetization with a coercivity Bc 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 
much simpler µ-TEG than the conventional Seebeck analogues (Fig. 1a, 
Extended Data Fig. 4)16. Moreover, the specific power generation capac-
ity ΓP = Pmax/(A(∆T)2) is estimated to be of the same order as or potentially 
greater than that of conventional µ-TEGs (Methods), where Pmax, A and 
∆T are the maximum power, the area of the thermopile device and the 
temperature difference, respectively11–13. In the following, we discuss 
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the momenta connecting the edge of the nodal web around the L point 
on the BZ boundary, extending over a quasi-2D area spanned by the web. 
This situation could be comparable to the case of the band edge of the 
1D system being accompanied by a logarithmic increase of the DOS as 
a function of energy. Similarly, ∂σyx/∂E exhibits a logarithmic energy 
dependence near E = 62 meV, indicating a divergent behaviour of the 
Berry curvature (Fig. 3c, inset). This leads to the −lnT dependence in 
αyx/T found at 62 meV (Fig. 3c, Extended Data Fig. 5), the breakdown of 
the Mott relation. Such −lnT dependence has been previously discussed 
for the Lifshitz quantum critical point between type I and type II Weyl 
fermions found for Co2MnGa (ref. 7). 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 αyx.

Our discovery of the large spontaneous transverse thermoelectric 
effects indicates that two iron-based compounds, Fe3Ga and Fe3Al, 
should be suitable for designing low-cost, flexible µ-TEGs by using their 
thin-film form. To gain a stable performance in daily use, it is important 
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 geometry34–37.

Note added in proof: During the review process of this paper, we 
became aware of a work by Nakayama et al.38, the received date of which 
is one week later than ours. While they observed an enhancement in 

the ANE by gallium doping in bcc-Fe in its thin-film form, the materi-
als used in their study are in a disordered phase, not the ordered D03 
phase as studied in this work. Moreover, the maximum of |Syx| in Nakay-
ama et al.38 is less than half of the values found in our experiment and 
does not appear at x = 0.25 (that is, Fe3Ga). As a result, the transverse 
thermoelectric conductivity αyx is about five times smaller than our 
estimate, highlighting the importance of both the ordered D03 crys-
tal structure and the stoichiometry of Fe3Ga. Our work also contains 
the experimental results using not only thin films but also bulk single 
crystals over a wide 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 an important role in enhancing 

0

1

2

3

4

5

6

0 100 200 300 400
T (K)

0

0.5

1.0

1.5

0.1 1

V y
x/
V y

x 
(T

m
)

T/Tm

E = 74 meV
E = 86 meV

0

200

400

600

800

100 200 300 400
T (K)

0

1

2

3

0.1 1
T/Tm

g 
= 
D

yx
T m

/(D
yx

(T
m

)T
)

E = 74 meV
E = 86 meV

ba

dc

0

0.02

0.04

0.01 0.1
E − E0 (eV)

Fe3Ga
calculation

Fe3Ga

Fe3Al
M || [100]

Fe3Ga

Fe3Al

M || [100]

Fe3Ga

Fe3Al

Fe3Ga

Fe3Al

B = 2 TB = 2 T

0

0.02

0.04

0.06

10 100

Q, I || [001]
B || [100]

Q, I || [001]
B || [110]

Q, I || [112]
B || [111]

-

Q, I || [011]
B || [100]

Q, I || [110]
B || [110]

Q, I || [112]
B || [111]

-

-–D
yx

 (A
 K

–1
 m

–1
)

–V
yx

 (Ω
–1

 c
m

–1
)

–D
yx

/T
 =

  q
∂V

yx
/∂

E
(A

 K
–2

 m
–1

)

–D
yx

/T
(A

 K
–2

 m
–1

)

Fig. 3 | Giant transverse thermoelectric conductivity for Fe3X.  
a, b, Temperature dependence of the transverse thermoelectric conductivity 
−αyx (a) and the Hall conductivity −σyx (b) obtained for various directions of B.  
In b, we define the data symbols for the combination of Q (I) and B directions 
for a and b. Both −αyx and −σyx exhibit nearly isotropic behaviours. The inset in a 
shows −αyx/T versus T. c, d, Scaling relations of −αyx (c) and σyx (d) versus T/Tm for 
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 calculated in the vicinity of E0 = +62 meV above the 
Fermi energy. The vertical broken lines indicate the characteristic energies 
E = 74 meV (orange) and E = 86 meV (green). Nearly isotropic character is found 
for M || [100], [110] and [111] (Supplementary Information, Extended Data Fig. 9).
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∆ . ∆k was chosen to be 
sufficient to include the nodal web structure. The Berry curvature is strongly 
enhanced in the extended region around the nodal web structure (yellow lines) 
(Methods, Extended Data Fig. 5d–f).
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Data Table 1)1. As a result, Syx is dominated by the component αyx(−∇T) 
for Fe3Ga, as shown in Extended Data Fig. 7.
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e, E and EF are the Boltzmann constant, elementary charge, energy and 
Fermi energy of the electrons, respectively) normally holds at T ≪ TC 
and thus αyx exhibits the Fermi liquid T-linear dependence. In fact, 
−αyx/T shows a nearly T-constant behaviour at low temperatures for 
both Fe3Ga and Fe3Al (Fig. 3a, inset). To further examine the T depend-
ence, in Fig. 3c we plot g(T/Tm) ≡ (αyx/αyx(Tm))(Tm/T) versus T/Tm, where 
g is a normalized transverse thermoelectric coefficient and Tm refers 
to the temperature where |αyx| attains its maximum (Extended Data 
Table 1). Interestingly, g for both Fe3Ga and Fe3Al shows a lnT depend-
ence up to the highest temperature of our measurements, and shows 
saturation at large values below T/Tm ≈ 0.5. Similarly, we also plot 
σyx/σyx(Tm) for both compounds versus T/Tm and find that they roughly 
scale at T/Tm > 0.5 (Fig. 3d).

Using the Berry curvature expression for intrinsic σyx at T = 0 given by  
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kk k , where the summation 
is taken for all the occupied states, Ωn,z(k) is the Berry curvature along 
the ẑ direction, n is the band index, Θ(ε) is the unit step function, δ(ε) 
is the Dirac delta function and h, k and εn,k are Planck’s constant, 
the wavevector and the energy of the electrons in band n, respectively. 
Thus, it is essential to find the mechanism to simultaneously enhance 
the density of states and Berry curvature at the Fermi surfaces to obtain 
a large −αyx/T as observed in Fe3Ga and Fe3Al. Using the Kubo formula, 

the Berry curvature can be described as Ω = i ∑n µν n n
n v n n v n

ε ε, ′≠
+ | | ′,+ ′ | | ,

( − )

µ ν

n n′
2 . 

Here, |n, and εn are the cell-periodic Bloch eigenstates and eigenvalues, 
and vµ and vν are velocity operators along directions µ and ν. The veloc-
ity operator is defined as kv =µ ν

H
k( )

∂ ( )
∂ µ ν( )

, using the k-dependent  

Hamiltonian H(k) = e−ikrHeikr where r is the position vector and H is the 
original Hamiltonian. This equation indicates 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 independent but also interconnected, forming a 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 
a highly symmetric point (Figs. 1d, 4b–d) and eventually lead to a large 
Berry curvature on inclusion of SOC.

Figure 4a shows the band dispersion calculated using density func-
tional theory (DFT) along highly symmetric lines in the momentum 
space. The numerically obtained σyx and ∂σyx/∂E exhibit a clear kink and 
an associated peak around 60 meV, respectively (Extended Data Fig. 5a, 
b). Correspondingly, we find that the temperature dependence of αyx/T 
below about 200 K depends strongly on the energy E around 60 meV. 
In particular, αyx/T exhibits the logarithmic temperature dependence 
over a wide T range at 62 meV (Extended Data Fig. 5c). Notably, using 
their own Tm (Extended Data Table 1), experiment and theory are in 
agreement when plotting g = (αyx/αyx(Tm))(Tm/T) versus T/Tm (Fig. 3c). 
This indicates that the experimental results can be well reproduced by 
assuming that E is located at about EF = +74 meV for Fe3Ga and about 
EF = +86 meV for Fe3Al. 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 E with respect to EF can be naturally understood 
given that the magnetization is slightly overestimated in theory (Sup-
plementary Information).

Figure 4b shows the 3D network made of the nodal lines calculated 
for Fe3Ga without introducing SOC. All the nodal lines go through the 
whole BZ and are interconnected with each other, instead of forming 
a closed loop inside the BZ. In particular, we highlight the nodal-line 
network with a nearly flat energy dispersion at E ≈ +74 meV as the nodal 
web (red and blue in Fig. 4b, c, yellow lines in 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 Γ and 
L points (Fig. 4c).

After introducing SOC, a gap opens along the nodal lines and induces 
the Berry curvature. We expect that the Berry curvature becomes sub-
stantially enhanced near the momenta that originally belong to the flat 
nodal web, such as the one around the L point. This is because along the 
nodal line, the gap between the 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 

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

Formula Space group αmax (A K−1 m−1) Tc (K)

Fe3Pt Pm3m 6.2 450

Fe3Ga Fm3m 3.0 720

Fe3Al Fm3m 2.7 600

Fe3Si Fm3m 2.5 840

Fe4N Pm3m 2.4 760

The compounds are sorted by the size of αmax, that is, the maximum value of αxy estimated at 
the Fermi energy at T ≤ 500 K. Tc is the experimentally obtained Curie temperature29–33.
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Data Table 1)1. As a result, Syx is dominated by the component αyx(−∇T) 
for Fe3Ga, as shown in Extended Data Fig. 7.
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Fermi energy of the electrons, respectively) normally holds at T ≪ TC 
and thus αyx exhibits the Fermi liquid T-linear dependence. In fact, 
−αyx/T shows a nearly T-constant behaviour at low temperatures for 
both Fe3Ga and Fe3Al (Fig. 3a, inset). To further examine the T depend-
ence, in Fig. 3c we plot g(T/Tm) ≡ (αyx/αyx(Tm))(Tm/T) versus T/Tm, where 
g is a normalized transverse thermoelectric coefficient and Tm refers 
to the temperature where |αyx| attains its maximum (Extended Data 
Table 1). Interestingly, g for both Fe3Ga and Fe3Al shows a lnT depend-
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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 independent but also interconnected, forming a 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 
a highly symmetric point (Figs. 1d, 4b–d) and eventually lead to a large 
Berry curvature on inclusion of SOC.
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This indicates that the experimental results can be well reproduced by 
assuming that E is located at about EF = +74 meV for Fe3Ga and about 
EF = +86 meV for Fe3Al. 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 E with respect to EF can be naturally understood 
given that the magnetization is slightly overestimated in theory (Sup-
plementary Information).
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whole BZ and are interconnected with each other, instead of forming 
a closed loop inside the BZ. In particular, we highlight the nodal-line 
network with a nearly flat energy dispersion at E ≈ +74 meV as the nodal 
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L points (Fig. 4c).
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stantially enhanced near the momenta that originally belong to the flat 
nodal web, such as the one around the L point. This is because along the 
nodal line, the gap between the two bands forming the nodal web should 
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moreover, the flat energy dispersion must enhance the DOS associated 
with the Berry curvature.
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c, d, Temperature dependence of −Syx (c) and ρyx (d) measured under a magnetic 
field of 2 T along [100]. B, Q and I refer to the directions of the magnetic field, 
heat and electric currents, respectively.
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the momenta connecting the edge of the nodal web around the L point 
on the BZ boundary, extending over a quasi-2D area spanned by the web. 
This situation could be comparable to the case of the band edge of the 
1D system being accompanied by a logarithmic increase of the DOS as 
a function of energy. Similarly, ∂σyx/∂E exhibits a logarithmic energy 
dependence near E = 62 meV, indicating a divergent behaviour of the 
Berry curvature (Fig. 3c, inset). This leads to the −lnT dependence in 
αyx/T found at 62 meV (Fig. 3c, Extended Data Fig. 5), the breakdown of 
the Mott relation. Such −lnT dependence has been previously discussed 
for the Lifshitz quantum critical point between type I and type II Weyl 
fermions found for Co2MnGa (ref. 7). 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 αyx.

Our discovery of the large spontaneous transverse thermoelectric 
effects indicates that two iron-based compounds, Fe3Ga and Fe3Al, 
should be suitable for designing low-cost, flexible µ-TEGs by using their 
thin-film form. To gain a stable performance in daily use, it is important 
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 geometry34–37.

Note added in proof: During the review process of this paper, we 
became aware of a work by Nakayama et al.38, the received date of which 
is one week later than ours. While they observed an enhancement in 

the ANE by gallium doping in bcc-Fe in its thin-film form, the materi-
als used in their study are in a disordered phase, not the ordered D03 
phase as studied in this work. Moreover, the maximum of |Syx| in Nakay-
ama et al.38 is less than half of the values found in our experiment and 
does not appear at x = 0.25 (that is, Fe3Ga). As a result, the transverse 
thermoelectric conductivity αyx is about five times smaller than our 
estimate, highlighting the importance of both the ordered D03 crys-
tal structure and the stoichiometry of Fe3Ga. Our work also contains 
the experimental results using not only thin films but also bulk single 
crystals over a wide 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 an important role in enhancing 
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 calculated in the vicinity of E0 = +62 meV above the 
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the momenta connecting the edge of the nodal web around the L point 
on the BZ boundary, extending over a quasi-2D area spanned by the web. 
This situation could be comparable to the case of the band edge of the 
1D system being accompanied by a logarithmic increase of the DOS as 
a function of energy. Similarly, ∂σyx/∂E exhibits a logarithmic energy 
dependence near E = 62 meV, indicating a divergent behaviour of the 
Berry curvature (Fig. 3c, inset). This leads to the −lnT dependence in 
αyx/T found at 62 meV (Fig. 3c, Extended Data Fig. 5), the breakdown of 
the Mott relation. Such −lnT dependence has been previously discussed 
for the Lifshitz quantum critical point between type I and type II Weyl 
fermions found for Co2MnGa (ref. 7). 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 αyx.

Our discovery of the large spontaneous transverse thermoelectric 
effects indicates that two iron-based compounds, Fe3Ga and Fe3Al, 
should be suitable for designing low-cost, flexible µ-TEGs by using their 
thin-film form. To gain a stable performance in daily use, it is important 
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 geometry34–37.

Note added in proof: During the review process of this paper, we 
became aware of a work by Nakayama et al.38, the received date of which 
is one week later than ours. While they observed an enhancement in 

the ANE by gallium doping in bcc-Fe in its thin-film form, the materi-
als used in their study are in a disordered phase, not the ordered D03 
phase as studied in this work. Moreover, the maximum of |Syx| in Nakay-
ama et al.38 is less than half of the values found in our experiment and 
does not appear at x = 0.25 (that is, Fe3Ga). As a result, the transverse 
thermoelectric conductivity αyx is about five times smaller than our 
estimate, highlighting the importance of both the ordered D03 crys-
tal structure and the stoichiometry of Fe3Ga. Our work also contains 
the experimental results using not only thin films but also bulk single 
crystals over a wide 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 an important role in enhancing 
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M || [100]. Here, M and  Tm refer to the magnetization and temperature at which 
|αyx| attains its maximum (Extended Data Table 1). The solid lines are obtained 
from first-principles calculations at E = +74 meV (orange) and E = +86 meV 
(green). The inset in c shows the −ln|E − E0| dependence (black solid line) of 
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 calculated in the vicinity of E0 = +62 meV above the 
Fermi energy. The vertical broken lines indicate the characteristic energies 
E = 74 meV (orange) and E = 86 meV (green). Nearly isotropic character is found 
for M || [100], [110] and [111] (Supplementary Information, Extended Data Fig. 9).

104

103

102

Ω (Å2)n,z

K

L W ′

Γ

W

E (eV)

X

U
k K

U
 (2
π/

a)

0.3

–0.3

0

kWW′ (2π/a)
–0.3 0.30

b c

a

d e

E 
(e

V)

0.10

0

0.05

–0.1
0.10

0.1
0
–0.1

L

W ′ U

Γ

L

0
–0.1

0.10.1
0

–0.1

k Γ
L

(2
π/

a)

0.8

0.9

1.0

0

0.5

–0.5

–1.0

E 
(e

V)

W L Γ X W K

0.08

0.06

0.04

k WW′
 (2π

/a)

k WW′ (2
π/a)

k
KU (2π/a)

k
KU  (2π/a)

Fig. 4 | Evidence for the nodal web structure. a, Band structure around the 
Fermi energy. Red (blue) lines correspond to up (down) spin bands computed 
without SOC. Dashed lines show the bands calculated including SOC.  
b, BZ showing the nodal-line network. The nodal web formed around the L point 
is highlighted by the colour, which shows the energy dispersion of the nodal 
lines on a linear scale in a narrow range between 0.04 eV (blue) and 0.08 eV 
(green) above the Fermi energy. c, Three-dimensional network forming the 
nodal web around the L point. The kWW′, kKU and kΓL axes indicate the directions 
parallel to W–W′, K–U and Γ–L, respectively. The nodal line (green) connecting 
the Γ and L points branches off into three nodal lines (red-blue) at the L point.  
d, Nearly flat energy dispersion of the nodal lines (yellow) forming the web 
structure around the L point, on the plane perpendicular to Γ–L. The kWW′ and 
kKU axes are the same as those in c and the z axis indicates the energy. A 
higher-energy (red) and a lower-energy (light blue) band touches with each 
other sharing gapless nodal lines (yellow lines, the same as in Fig. 1c) along the 
mirror planes (shaded green planes) in the case without SOC. e, Contour  
plot of the Berry curvature Ωn,z of the lower-energy band n (in d) around the  
L point and nodal lines. The z direction is along [001] parallel to the 
magnetization. The Berry curvature was integrated within [−∆k, ∆k] along the 
kΓL axis; Ω k k k Ω k k k¯ ( , ) = ∫ d ( , , )n z n z, WW′ KU ΓL , WW′ KU ΓLk

k
−∆

∆ . ∆k was chosen to be 
sufficient to include the nodal web structure. The Berry curvature is strongly 
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the momenta connecting the edge of the nodal web around the L point 
on the BZ boundary, extending over a quasi-2D area spanned by the web. 
This situation could be comparable to the case of the band edge of the 
1D system being accompanied by a logarithmic increase of the DOS as 
a function of energy. Similarly, ∂σyx/∂E exhibits a logarithmic energy 
dependence near E = 62 meV, indicating a divergent behaviour of the 
Berry curvature (Fig. 3c, inset). This leads to the −lnT dependence in 
αyx/T found at 62 meV (Fig. 3c, Extended Data Fig. 5), the breakdown of 
the Mott relation. Such −lnT dependence has been previously discussed 
for the Lifshitz quantum critical point between type I and type II Weyl 
fermions found for Co2MnGa (ref. 7). 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 αyx.

Our discovery of the large spontaneous transverse thermoelectric 
effects indicates that two iron-based compounds, Fe3Ga and Fe3Al, 
should be suitable for designing low-cost, flexible µ-TEGs by using their 
thin-film form. To gain a stable performance in daily use, it is important 
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 geometry34–37.

Note added in proof: During the review process of this paper, we 
became aware of a work by Nakayama et al.38, the received date of which 
is one week later than ours. While they observed an enhancement in 

the ANE by gallium doping in bcc-Fe in its thin-film form, the materi-
als used in their study are in a disordered phase, not the ordered D03 
phase as studied in this work. Moreover, the maximum of |Syx| in Nakay-
ama et al.38 is less than half of the values found in our experiment and 
does not appear at x = 0.25 (that is, Fe3Ga). As a result, the transverse 
thermoelectric conductivity αyx is about five times smaller than our 
estimate, highlighting the importance of both the ordered D03 crys-
tal structure and the stoichiometry of Fe3Ga. Our work also contains 
the experimental results using not only thin films but also bulk single 
crystals over a wide 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 an important role in enhancing 
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shows −αyx/T versus T. c, d, Scaling relations of −αyx (c) and σyx (d) versus T/Tm for 
M || [100]. Here, M and  Tm refer to the magnetization and temperature at which 
|αyx| attains its maximum (Extended Data Table 1). The solid lines are obtained 
from first-principles calculations at E = +74 meV (orange) and E = +86 meV 
(green). The inset in c shows the −ln|E − E0| dependence (black solid line) of 
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 calculated in the vicinity of E0 = +62 meV above the 
Fermi energy. The vertical broken lines indicate the characteristic energies 
E = 74 meV (orange) and E = 86 meV (green). Nearly isotropic character is found 
for M || [100], [110] and [111] (Supplementary Information, Extended Data Fig. 9).
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the momenta connecting the edge of the nodal web around the L point 
on the BZ boundary, extending over a quasi-2D area spanned by the web. 
This situation could be comparable to the case of the band edge of the 
1D system being accompanied by a logarithmic increase of the DOS as 
a function of energy. Similarly, ∂σyx/∂E exhibits a logarithmic energy 
dependence near E = 62 meV, indicating a divergent behaviour of the 
Berry curvature (Fig. 3c, inset). This leads to the −lnT dependence in 
αyx/T found at 62 meV (Fig. 3c, Extended Data Fig. 5), the breakdown of 
the Mott relation. Such −lnT dependence has been previously discussed 
for the Lifshitz quantum critical point between type I and type II Weyl 
fermions found for Co2MnGa (ref. 7). 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 αyx.

Our discovery of the large spontaneous transverse thermoelectric 
effects indicates that two iron-based compounds, Fe3Ga and Fe3Al, 
should be suitable for designing low-cost, flexible µ-TEGs by using their 
thin-film form. To gain a stable performance in daily use, it is important 
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 geometry34–37.

Note added in proof: During the review process of this paper, we 
became aware of a work by Nakayama et al.38, the received date of which 
is one week later than ours. While they observed an enhancement in 

the ANE by gallium doping in bcc-Fe in its thin-film form, the materi-
als used in their study are in a disordered phase, not the ordered D03 
phase as studied in this work. Moreover, the maximum of |Syx| in Nakay-
ama et al.38 is less than half of the values found in our experiment and 
does not appear at x = 0.25 (that is, Fe3Ga). As a result, the transverse 
thermoelectric conductivity αyx is about five times smaller than our 
estimate, highlighting the importance of both the ordered D03 crys-
tal structure and the stoichiometry of Fe3Ga. Our work also contains 
the experimental results using not only thin films but also bulk single 
crystals over a wide 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 an important role in enhancing 
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Fig. 3 | Giant transverse thermoelectric conductivity for Fe3X.  
a, b, Temperature dependence of the transverse thermoelectric conductivity 
−αyx (a) and the Hall conductivity −σyx (b) obtained for various directions of B.  
In b, we define the data symbols for the combination of Q (I) and B directions 
for a and b. Both −αyx and −σyx exhibit nearly isotropic behaviours. The inset in a 
shows −αyx/T versus T. c, d, Scaling relations of −αyx (c) and σyx (d) versus T/Tm for 
M || [100]. Here, M and  Tm refer to the magnetization and temperature at which 
|αyx| attains its maximum (Extended Data Table 1). The solid lines are obtained 
from first-principles calculations at E = +74 meV (orange) and E = +86 meV 
(green). The inset in c shows the −ln|E − E0| dependence (black solid line) of 

q= −
αyx

T

σyx
E

∂

∂  with q = k
e

π 2

3
B
2

 calculated in the vicinity of E0 = +62 meV above the 
Fermi energy. The vertical broken lines indicate the characteristic energies 
E = 74 meV (orange) and E = 86 meV (green). Nearly isotropic character is found 
for M || [100], [110] and [111] (Supplementary Information, Extended Data Fig. 9).
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without SOC. Dashed lines show the bands calculated including SOC.  
b, BZ showing the nodal-line network. The nodal web formed around the L point 
is highlighted by the colour, which shows the energy dispersion of the nodal 
lines on a linear scale in a narrow range between 0.04 eV (blue) and 0.08 eV 
(green) above the Fermi energy. c, Three-dimensional network forming the 
nodal web around the L point. The kWW′, kKU and kΓL axes indicate the directions 
parallel to W–W′, K–U and Γ–L, respectively. The nodal line (green) connecting 
the Γ and L points branches off into three nodal lines (red-blue) at the L point.  
d, Nearly flat energy dispersion of the nodal lines (yellow) forming the web 
structure around the L point, on the plane perpendicular to Γ–L. The kWW′ and 
kKU axes are the same as those in c and the z axis indicates the energy. A 
higher-energy (red) and a lower-energy (light blue) band touches with each 
other sharing gapless nodal lines (yellow lines, the same as in Fig. 1c) along the 
mirror planes (shaded green planes) in the case without SOC. e, Contour  
plot of the Berry curvature Ωn,z of the lower-energy band n (in d) around the  
L point and nodal lines. The z direction is along [001] parallel to the 
magnetization. The Berry curvature was integrated within [−∆k, ∆k] along the 
kΓL axis; Ω k k k Ω k k k¯ ( , ) = ∫ d ( , , )n z n z, WW′ KU ΓL , WW′ KU ΓLk

k

−∆

∆ . ∆k was chosen to be 
sufficient to include the nodal web structure. The Berry curvature is strongly 
enhanced in the extended region around the nodal web structure (yellow lines) 
(Methods, Extended Data Fig. 5d–f).

(a)

(b)

(c)

Strong intensity of Berry curvature 
appears around L point. (c)

A. Sakai, SM et al., Nature 581, 53  (2020).
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Motivated by the recent discovery of a large anomalous Nernst effect in Co2MnGa, Fe3X (X=Al, Ga) and
Co3Sn2S2, we performed a first-principles study to clarify the origin of the enhancement of the transverse
thermoelectric conductivity αi j in these ferromagnets. The intrinsic contribution to αi j can be understood in
terms of the Berry curvature " around the Fermi level, and " is singularly large along nodal lines (which are
gapless in the absence of the spin-orbit coupling) in the Brillouin zone. We find that not only the Weyl points but
also stationary points in the energy dispersion of the nodal lines play a crucial role. The stationary points make
sharp peaks in the density of states projected onto the nodal line, clearly identifying the characteristic Fermi
energies at which αi j is most dramatically enhanced. We also find that αi j/T breaks the Mott relation and show
a peculiar temperature dependence at these energies. The present results suggest that the stationary points will
give us a useful guiding principle to design magnets showing a large anomalous Nernst effect.

DOI: 10.1103/PhysRevB.102.205128

I. INTRODUCTION

In solids, a temperature gradient ∇T and an external elec-
tric field E give rise to a charge current J, given as

J = σ̂E + α̂(−∇T ), (1)

where σ̂ and α̂ are the electric conductivity tensor and ther-
moelectric (TE) tensor, respectively. When J is absent, Eq. (1)
tells us that a temperature gradient generates a voltage as

E = Ŝ(∇T ),

where Ŝ = σ̂−1α̂. In ferromagnets, off-diagonal elements of
σ̂ and α̂ are generally finite, so that a transverse voltage is

*susumu.minami@phys.s.u-tokyo.ac.jp
†fishii@mail.kanazawa-u.ac.jp

induced by a longitudinal temperature gradient. This phe-
nomenon is a TE counterpart of the anomalous Hall effect
(AHE) and called the anomalous Nernst effect (ANE) [1–3].

Recently, the ANE has attracted renewed interest. It can
be exploited in developing high-efficiency energy-harvesting
devices with a simple lateral structure, high flexibility, and low
production cost [4,5]. Experimental and theoretical studies of
AHE [6–17] and ANE [18–39] have been reported in a variety
of magnetic materials. Among them, Co2MnGa [18,19], Fe3X
(X=Al, Ga) [20], and Co3Sn2S2 [21–23] are of particular
interest due to their huge anomalous transverse transport and
less entangled low-energy electronic structure.

In fact, if the band dispersion around the Fermi level EF
is not very complicated, there is an intriguing possibility
to design a giant ANE. This is because the transverse TE
conductivity is directly related to the Berry curvature ! of
the low-energy bands, which can be calculated from first

2469-9950/2020/102(20)/205128(9) 205128-1 ©2020 American Physical Society



Analysis for ANE based on nodal line 

28

• Nodal line will be a source of large Berry curvature.
• Nodal line: the degenerated states of some bands.

• Introduce a simple assumption by Ω#$ and "#$: 

SM, et al., Phys. Rev. B 102, 205128 (2020).

Density of states for NL can be express 
the trend of ANE.

<latexit sha1_base64="2xmP/12WNsjFgZ1Em95B8nuUyKI="></latexit>

�"(k) ⌘ "n(k)� "m(k) = 0

Nodal line for Co3Sn2S2

Peak of DNL can be a mechanism of large ANE.

S. Minami, FI, et al.,  Phys. Rev. B, 102, 205128 (2020).



Summary Part I
1. Which contribution is dominant in real materials?

   👉 N0 might be dominant in many magnetic metals
  Seebeck-driven term rHS0  in Chern insulating system
2. What is the key to enhancing the Nernst coefficient?
      👉 Berry curvature and Sharp DOS, singularity
          Nodal line DOS, vHSs are important
      👉 2D Materials!
          
3. Can we predict the behavior of the Nernst effect?
      👉 We need more application studies
      👉 Scattering and correlation effect on relaxation time

37
N =

N0

1 + r2
H

� rHS0

1 + r2
H



Applications
 Part II

Collaborators
Y. Zhang, R. Syariati, 

and N. Yamaguchi



High-throughput Calculation Schemes

- We divide the scheme into the automated 
calculation and present the data.

- The database has a role as an interface 
between calculation and showing the data

- The initial and final data will save in the 
database

- The calculation result will show on the web 
server

Automated 
Calculation Database Web 

Server
Strategy for selecting 2D 

Magnetic Materials

- Experimentally synthesized
- Replace the atom according to the 

experimentally synthesized structures
- From the publication of both the 

experiment and theoretical paper
- Make a 2D system from the existing 

layered structure
- From existing 2D database



Web Server Database Screenshot



Anomalous Hall Effect Materials

• The Anomalous Hall Effect (AHE) is vital for applications in spintronics and
thermoelectric materials.

• When current flows in a material exhibiting AHE, charge carriers deflect laterally, 
resulting in a transverse voltage even in the absence of an external magnetic field.

• When a temperature gradient is applied to these materials, a voltage is generated in 
the vertical direction, which efficiently converts waste heat into useful electricity.



2D Structures database

• To systematically search for materials that 
exhibit a strong AHE, we used OpenMX to 
build a high-throughput database specialized 
for 2D magnetic materials.

• A total of 4,400 structures have been 
calculated to date, of which 3,589 are 
magnetic.

• In addition, by using OMXsigmaxy, we 
calculated the anomalous Hall conductivity 
(σₓᵧ) for a total of 2,526 structures, and also 
analyzed the density of states (DOS) and band 
structure for approximately 1,186 of these 
structures.

Current Calculated 2D Structures
MXEnes1T-

TMX2 

2H-
TMX2 

Square-TMX2 TMX

TMX TMX3 TMPX3 TM2X3



Workflow for the computation of anomalous Hall conductivity 

Structure 
Generator

Self-Consistent 
Fields Calculations

Density of States
Band Structure

Abnormal Hall 
Conductivity (σxy)

Computational 
cost difference: 
about 200 times

• The computational cost of σₓᵧ is hundreds of times higher 
than that of density of states or band structure calculations, 
making it impractical for large-scale materials exploration.

• To address this challenge, we use machine learning to 
identify materials that may have high σₓᵧ, reducing the need 
for exhaustive first-principles calculations.

Machine 
learning 

predictions



Physical inspire feature engineering :DOS

DOS features inspired by the Berry curvature representation:

Difference of spin-polarized DOS and its slope ( 𝑫diff 𝝐 ,
𝑫diff
! (𝝐) ):  

Characterize spin splitting, which affects the occupation function 𝑓" 𝑘  
and thus determines which Berry curvatures Ω#" contribute to σ$%.

Total DOS and its slope (	𝑫sum(𝝐),	𝑫sum! (𝝐) ): 
Describe the density and sharpness of states near Fermi surface, 
influencing the interband velocity matrix elements 𝒗𝒙 , ⟨𝒗𝒚⟩ in the 
numerator.

Kubo formula:

Ω#" 𝑘 ∝ /
"!("

Im 𝑛 𝑣$ 𝑛! 𝑛! 𝑣% 𝑛
ϵ"! − ϵ" ) ,

σ$% = −
𝑒)

ℏ 7
𝑑*𝑘
2π */

"

𝑓" 𝑘 Ω#" 𝑘



Physical inspire feature engineering :  band structure

SOC-induced gap (𝚫𝑬deg):  
Represents the energy separation 𝝐𝒏! − 𝝐𝒏 𝟐 in the 
denominator. Smaller gaps lead to stronger Berry 
curvature peaks.

Gap center energy (𝑬center):  
Indicates whether a SOC-induced gap lies near Ferni 
surface, affecting whether its associated Ω$% 𝒌  is 
included via 𝑓% 𝒌 .

Band velocity (𝒗deg):  
Measures the dispersion near avoided crossings. 
Larger velocity enhances the numerator 
⟨𝑛	|𝑣&|	𝑛′	⟩⟨𝑛′	|𝑣'|	𝑛	⟩.

These features can be represented as a vector: 
(𝑥( , 𝑥) …𝑥*), where 𝑖	is number of the features, 𝑥 can 
be 𝑣deg, 𝛥𝐸deg	etc.



Kernel Mean Embedding for fixed-length vector representation

• However, such features are not fixed across materials, leading to inconsistent feature vector lengths, 
which are difficult for standard machine learning models to handle.

• In this study ,we use Kernel Mean Embedding (KME), a method that transforms data distribution into 
a fixed-length vector representation.

• For each physical feature the KME vector is computed as:

𝑥𝑖: a raw sample value.
𝑔𝑗	: the 𝑗-th point on a uniform grid covering all feature values.
𝛾: the kernel width, controlling smoothness.
𝜙𝑗: the resulting KME vector component at grid point 𝑔𝑗.



Kernel Mean Embedding for fixed-length vector representation

The left figure shows an illustration of KME. 

For comparison, the right figure shows a conventional summary statistical descriptor.



Kernel Mean Embedding for fixed-length vector representation

KME vector:

As input

Raw data of DOS 
and band structure

Feature engineering

This study (Random forest 
with KME as input)

Raw data of DOS 
and band structure

Convolutional Neural 
Network (CNN)

Final Result

Crystal Structures

Crystal Graph 
Convolutional Neural 
Network (CGCNN)

Final Result

Baseline (Deep learning)



Classification performance of different models
Max σₓᵧ > 0.5 e2/h or not (between Fermi level -0.1 eV to 0.1 eV)
• We use Accuracy (ACC) to measure correct predictions under a fixed threshold (50 %), and AUC to evaluate how well the 

model ranks high-σₓᵧ materials across all thresholds. (266 low, 431 high)

• The KME model achieves the best results (ACC: 78.6%, AUC: 82.8%), and the simple, physically grounded SSD also performs 
competitively (AUC: 80.9%).

• Deep learning baselines like DOS_CNN (using density of states) and CGCNN show lower AUCs (76.9% and 68.1%), due to 
their limited ability to capture AHE-relevant features.

• These results demonstrate that physically informed feature engineering outperforms end-to-end learning in predicting quantum 
transport properties, especially with limited data.



Confusion Matrix

True 
Positive

False 
Positive

False 
Negative

True
Negative

Predicted Label

Tu
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LowHig
h

True Positive (High - High):
The actual label is High, and the model predicted High.

False Negative (High - Low):
The actual label is High, but the model predicted Low.

False Positive (Low - High):
The actual label is Low, but the model predicted High.

True Negative (Low - Low):
The actual label is Low, and the model predicted Low.



SHAP analysis for true positive case TaCl 

• We use SHAP (SHapley Additive 
exPlanations) to interpret model 
predictions by quantifying the 
contribution of each feature to the 
final output.

• For the true positive case (TaCl), the 
predicts high σₓᵧ ,primarily due to the 
extremum pairs near the Fermi 
level, leading to the highest SHAP 
contribution from 𝑬center .

• Additionally, a sharp change in DOS
spin splitting at ~0.1 eV contributes 
positively via 𝑫diff

! 𝝐 .

• These attributions align well with the 
physical origin of Berry curvature, 
confirming that the model captures 
essential AHE-driving mechanisms.



SHAP analysis for true negative case MnOSe 

• SHAP analysis shows that all band-derived 
contribute negatively, as no SOC-induced gaps are 
found near the Fermi level.

• While the DOS shows minor spin splitting, the 
SHAP contribution from 𝑫diff 𝝐 	is small.

• The only weakly positive contribution comes from 
total DOS magnitude 𝑫sum 𝝐 	,but it is 
outweighed by dominant negative signals.

• As a result, the model confidently predicts low σₓᵧ 
consistent with the lack of relevant physical 
mechanisms for the AHE in this material.



SHAP analysis for false positive case FePSe₃ 

• FePSe₃ is a false positive where the 
model predicts high σₓᵧ due to strong 
positive SHAP values from DOS-
based features, such as spin 
polarization and spectral gradient.

• However, band-derived features 
contribute negative SHAP values, 
correctly indicating the absence of 
SOC-induced gap.

• The model is misled by local DOS 
features but lack supporting band 
topology.

• This case highlights a failure mode 
where high DOS-derived SHAP 
values override negative 
contributions from band features, 
resulting in an overestimation of AHE.



SHAP analysis for false negative case RuS₂ 

• RuS₂ is a false negative where the 
model underestimates σₓᵧ despite 
strong positive SHAP values from 
DOS-based features like spin 
polarization and DOS slope.

• Band-derived features have negative 
SHAP values, due to the absence of 
clear SOC-induced gap.

• The model’s decision is dominated by 
the lack of band-based indicators, 
leading to a low prediction score.

• This case mirrors the false positive 
failure mode, highlighting how 
insufficient band signals can suppress 
true AHE responses even when DOS 
features are strong.



Part II   Summary

• Developed a physically interpretable machine learning framework to predict anomalous Hall conductivity 
in 2D magnetic materials using Kernel Mean Embedding of electronic structure features.

• Transformed variable-length descriptors, such as spin-resolved DOS, SOC-induced band gaps, and local 
band velocities, into fixed-length KME vectors compatible with ML models.

• Achieved superior classification performance (AUC: 82.8%) compared to deep learning baselines (e.g., 
CGCNN, CNNs), demonstrating the effectiveness of physics-driven feature engineering.

• SHAP interpretability analysis identified key physical contributors to AHE, and revealed typical failure 
modes via case studies (FP and FN).

• The framework enables efficient, interpretable high-throughput screening of AHE materials and can be 
extended to other topological or spintronic material discovery tasks.

• In the future, we aim to go beyond high-symmetry paths and incorporate full Brillouin zone information to 
capture key topological features like Weyl points, enabling more accurate and generalizable predictions of 
AHE materials.


