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Nodal line induced large transverse thermoelectric response in
the D03-type Heusler compound Fe3Si
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Giant magnetic transverse thermoelectric effect, anomalous Nernst effect (ANE), was theoretically and
experimentally observed in 3d-transition metal compounds. The intrinsic components of ANE can be described
from the electronic structure based on the Berry phase concept. The topological electronic structure, such as the
Weyl node and nodal lines, induces large Berry curvature, one origin of giant ANE. We investigated transverse
thermoelectric properties on ferromagnetic D03-type Heusler compounds Fe3Si based on first-principles calcu-
lations. We found large transverse thermoelectric conductivity αxy ∼ 5 AK−1m−1 is realized with hole carrier
doping at room temperature. We also clarified that the nodal line and its stationary point enhance transverse
thermoelectric conductivity. These results give us a clue to design high-performance ANE-based magnetic
thermoelectric materials.
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I. INTRODUCTION

The anomalous Nernst effect (ANE), which has a trans-
verse voltage induced by a longitudinal temperature gradient,
is attracting renewed interest [1–16]. A charge current in
solids J is given by a temperature gradient (−∇T ) and an ex-
ternal electric field E as follows: J = σ̂E + α̂(−∇T ), where
σ̂ and α̂ are the electrical conductivity tensor and thermo-
electric (TE) conductivity tensor, respectively. Under an open
circuit condition (J = 0), a TE voltage can be described as
E = Ŝ(−∇T ); here Ŝ ≡ α̂/σ̂ is a TE coefficient. Since break-
ing the time-reversal symmetry, off-diagonal parts of both
tensor σ̂ and α̂ are finite in a magnetic material. Accordingly,
the presence of a longitudinal temperature gradient in a mag-
netic material gives rise to a transverse TE voltage. In essence,
ANE represents a TE counterpart of the anomalous Hall effect
(AHE) [1–3].

The ANE can be utilized to develop energy-harvesting
devices of high efficiency, featuring a straightforward lateral
design, exceptional flexibility, and cost-effective production
[17,18]. To realize the widespread use of TE devices based
on the ANE, a high magnetic transition temperature with no
rare and toxic elements is also a crucial condition except for
a large ANE signal. Therefore, magnetic 3d-transition metal
compounds will be a candidate. Indeed, both AHE [4–9,12,13,
19–26] and ANE [4,4–9,12,13,27–47] have been observed in
numerous 3d-transition metal magnetic materials. Especially
noteworthy are Co2MnGa [5,35], iron-based ferromagnets
such as fcc-Fe3X (X = Al, Ga) [7] and hexagonal-Fe3Sn
[12], along with Co3Sn2S2 [6,24,25,47], which have garnered
considerable attention owing to their giant ANE signal and
distinctive topological electronic structure near the Fermi
energy.
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The AHE arises from either extrinsic mechanisms, such as
skew-scattering or side-jump [48–50], and intrinsic mecha-
nisms derived from the electronic structure. In terms of the
electronic structure, the Berry curvature leads the enhance-
ment of anomalous Hall effect and Nernst effect [1–3]. The
recent discovery of topological magnets with a less entangled
low-energy electronic structure, such as Weyl or Dirac nodes
and nodal lines, is particularly intriguing due to their large
anomalous transverse response. In addition, the topological
electronic structures hold their robustness from defect, disor-
der, and roughness [51–53]. Recent experimental studies have
reported that the transverse TE responses can be controlled
by tuning the Fermi energy through polycrystallization or
doping while keeping the ANE derived from the topological
electronic structure [9,13,45,47]. Our recent study reported
that the density of states composed of topological states such
as nodal lines has a crucial role in realizing large transverse
transport responses [8], which gives a guiding principle for
material design; however, it is still challenging to clarify the
topological electronic structure in various magnets.

In this paper, we investigate the transverse TE properties
of the D03-type Heusler compound Fe3Si, which has high
Curie temperature (820 K [54]), based on the first-principles
calculations. The calculated transverse TE conductivity αxy

is 1.5 AK−1m−1 at room temperature, which is consistent
with experimental results [44,45]. In addition, αxy reaches
∼5 AK−1m−1 with hole carrier doping. We show a clear
correspondence between the nodal line in Fe3Si and large
Berry curvature distribution in the Brillouin zone (BZ). We
conclude that the presence of a “Van Hove singularity” in the
density of states constituted by the nodal lines (DNL) leads to
an enhancement in the transverse TE conductivity αxy.

II. METHODS

The electronic structure of Fe3Si was obtained by the
first-principles calculation based on the density functional
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FIG. 1. Crystal structure of the D03-type Heusler compound
Fe3Si. Gray, cyan, and red spheres represents Fe(I), Fe(II), and Si
atoms, respectively.

theory with the VASP code [55–57]. The crystal structure of
D03-type Heusler compound Fe3Si is presented in Fig. 1.
D03-type Heusler compound Fe3Si has the symmetry group
Fm3̄m; Wyckoff positions are characterized by 8c for Fe(I),
4a for Fe(II), and 4b for Si. A plane-wave basis was used
to expand the wave function, and the kinetic cutoff en-
ergy was set to 700 eV. The effects of the nucleus and
electrons were expressed by the projector-augmented wave
method [57,58]. We adopted GGA-PBE [59] as the exchange-
correlation functional. A k-point sampling of 12 × 12 × 12
with Monkhorst-Pack k-point grid [60], and obtained lattice
constant of 5.60 Å, which is consistent with the experimental
result [54], were used.

A Wannier function was constructed by the WANNIER90
code [61] from the Bloch states obtained by the first-principles
calculation. The Wannier basis was expanded to include
(s, d )-character orbitals localized at each Fe site and (s, p)-
character orbitals at the Si site, resulting in a total of 44
orbitals per formula unit (f.u.). The intrinsic component of
the anomalous Hall conductivity σxy and the anomalous trans-
verse TE conductivity αxy were obtained by using the Berry
curvature formula as

σxy(μ, T ) = −e2

h̄

∫
dk

(2π )3
�n,z(k) fn,k, (1)

αxy(μ, T ) = −1

e

∫
dεσxy(ε, 0)

ε − μ

T

(
−∂ f

∂ε

)
, (2)

where ε, μ, h̄, e, f are the band energy, the chemical potential,
the reduced Planck constant, the elementary charge, and the
Fermi-Dirac distribution function with band index n and wave
vector k, respectively. The Berry curvature for nth band is
calculated as follows:

�n,l = −2εi, j,l Im
∑
n′ �=n

vnn′,i(k)vn′n, j (k)

[εn′ (k) − εn(k)]2
, (3)

where vnn′,i is the matrix elements of the velocity operator.
The anomalous Hall conductivity in Eq. (1) and transverse TE
conductivity in Eq. (2) were evaluated with a 200 × 200 ×
200 k-point sampling.

The Mott relation is obtained using Sommerfeld ex-
pansion for Eqs. (1) and (2) in the low temperature

limit [62]:

α0
xy(μ, T ) = −π2

3

k2
BT

e

(
∂σxy

∂ε

)
ε=μ

, (4)

where kB is the Boltzmann constant. Therefore, the Mott
relation is usually valid at sufficiently low temperatures. In
many thermoelectric materials, αi j can be explained in Eq. (4)
in both the conventional TE effect (Seebeck effect) and ANE
[29,30,63–65].

The nodal lines have an energy dispersion in the momen-
tum space because they are one-dimensional objects in the BZ
composed of band degenerate points. We calculate the density
of states composed of the nodal lines as follows [8]:

DNL(ε) =
∑

n,k∈kNL

δ(ε − εnk), (5)

where kNL specifies the nodal lines positions in the momen-
tum space. The previous study pointed out that sharp peaks in
DNL, such as the Van Hove singularities, enhance transverse
TE conductivities. The nodal lines were evaluated by track-
ing the degeneracy points in momentum space based on the
electronic structure without spin-orbit coupling (SOC).

III. RESULTS AND DISCUSSION

A. Electronic structure of Fe3Si

First, let us consider the electronic structure and magnetic
properties of Fe3Si. Figure 2 shows the band structure along
high-symmetry lines in k space and the density of electronic
states (DOS) in Fe3Si. We can see that the small disper-
sionless majority band (red colored) around E ∼ EF − 0.2 eV
along the 	-X direction [Fig. 2(a)]. Due to the small en-
ergy dispersion bands, a large DOS from the majority spin
appears around E ∼ EF − 0.2 eV [Fig. 2(b)]. The calculated
total magnetic moment is ∼5.07 μB/f.u. along the [001]
direction, which is consistent with previous theoretical studies
[66–69]. This value is also close to the experimental results
[54,70,71]. Moreover, the atomic magnetic moments of Fe(I)
at the 8c site and Fe(II) at the 4a site are 1.29 and 2.51μB/f.u.,
respectively. The asymmetry in the magnetic moment arises
from the arrangement of Fe atoms between the 4a and 8c sites
[66].

B. Transeverse thermoelectric conductivity

Next, let us focus on the anomalous Hall conductivity
(σxy) and transverse thermoelectric conductivity (αxy).
Figure 3 shows the chemical potential dependence of σxy and
αxy. At room temperature, the values of σxy and αxy reach
about 500 �−1cm−1 and 1.5 AK−1m−1, respectively. These
values are in good agreement with the experimental value
[44,45].

On the other hand, when we focus below the EF, we can
see that the sharp peak of σxy appears at E = EF − 0.22 eV,
of which the values reach about 1500 �−1cm−1 [Fig. 3(a)].
The value of αxy vanishes at E = EF − 0.22 eV; however,
the size of αxy increases near the peak of σxy, and its mag-
nitude reaches about 5 AK−1m−1 [Fig. 3(b)]. This value is
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FIG. 2. (a) Band structure along the high-symmetry line and
(b) density of states for Fe3Si. The red and blue lines depict the
majority and minority spin bands without SOC, respectively. The
dashed black lines represent the band dispersion with SOC.

comparable to those of well-known large ANE materials, such
as Co2MnGa, Mn3Sn, Co3Sn2S2, and Fe3X (X = Al, Ga,
Sn), which are topological magnets [4–7,9,12,13]. The sign
of αxy indicates the direction of thermoelectric voltage due
to ANE, and its magnitude represents the size of ANE. The
two peaks with the opposite sign of αxy appear around E =
EF − 0.22 eV, corresponding to the peak of σxy. This behavior
can be understood as a simple approximation, so-called Mott
relation as shown in Eq. (4). The Mott relation gives αxy ∝
∂σxy/∂ε; in short, the even-functional form of the chemical
potential dependence of σxy leads to the odd-functional form
of αxy with two peaks in an opposite sign. According to the
recent discovery of the interaction between topological elec-
tronic structure and transport phenomenon [4–8,22,24], it is
implied that the enhancement of σxy with a sharp peak and αxy

for Fe3Si originate from the characteristic electronic structure,
such as Weyl node, nodal lines.

C. Origin of transverse thermoelectric conductivity

Finally, we discuss the origin of the enhancement of σxy

and αxy in Fe3Si in terms of the nodal lines and its density of
states (DNL). From the Mott relation, αxy also can be rewritten

as follows: αxy(ε) = π2

3
k2

BT
e

e2T
h

∑
n,k �n,z(k)δ(ε − εn,k). The

origin of the enhancement of αxy is thus attributed to the large

FIG. 3. Chemical potential dependence of (a) anomalous Hall
conductivity and (b) transverse thermoelectric conductivity. Triangle,
circle, and square line points represent 100 K, 300 K, and 500 K,
respectively.

Berry curvature �n,z(k). The previous studies pointed out that
a peak of DOS composed of nodal lines (DNL) could prove the
enhancement of αxy [8].

To discuss the enhancement of σxy in terms of DNL, let us
clarify the nodal line network in Fe3Si and the distribution of
the large Berry curvature at the peak of σxy. Figure 4(a) shows
the nodal line network and energy dispersion in the BZ. The
nodal lines form a ring shape on the ki = 0 plane, and they
connect near the X point. For details on evaluating the nodal
lines, see the Appendix. Figure 4(b) shows the Berry curvature
distribution in the BZ at the peak of σxy. When comparing
Figs. 4(a) and 4(b), we can see the one-to-one correspondence
between the nodal line and large Berry curvature contribution.

Moreover, let us confirm the origin of αxy in terms of the
divergence from the Mott relation. In the Seebeck effect, the
limited conditions, such as singular electronic structures, im-
purity scattering, and phonon drag, lead to the violation of the
Mott relation [72–76]. Similar to ANE, recent studies reported
that enhancement of αxy induced by the topological elec-
tronic structure breaks the Mott formula; that is, αxy/T shows
a logarithmic divergence [5,7–9,12,13,43]. In particular, it
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FIG. 4. (a) The nodal line distribution of Fe3Si in the BZ. The color bar represents the energy range from −0.4 to −0.2 eV. (b) Sum of
the Berry curvature over occupied states �̄z(k) ≡ ∑

n �n,k f (ε, T = 0). Here, we set ε = EF − 0.2 eV, which corresponds to the peak of σxy.
(c) Chemical potential dependence of DNL for Fe3Si (left panel) and anomalous Hall conductivity σxy at T = 0 K (right panel). (d) Temperature
dependence of αxy/T . Lines with open triangles, open circles, and open squares represent the results for E = EF − μ; μ = 0, −180,

−300 meV, respectively.

theoretically predicted that nodal lines and their stationary
points (peak of DNL) lead to large Berry curvature [8].

Figure 4(c) shows the chemical potential dependence
σxy and DNL. Through monitoring energy dispersion in
the nodal line, we evaluate DNL [Eq. (5)]. We can see the
one-to-one correspondence between the peak of DNL and σxy

at E ∼ EF − 0.2 eV. In Fig. 4(d), αxy/T exhibits enhancement
and displays a distinctive temperature dependence at
E = EF − 180,−300 meV; αxy/T ∼ 0 at EF since the
σxy is almost constant with the chemical potential around EF.
On the other hand, αxy/T at E = EF − 180, 300 meV shows
the violation of the Mott relation. This indicates that DNL

could be a probe to detect the enhancement of σxy and αxy in
Fe3Si, and its origin is the large DNL and Berry curvature on
the nodal line, as shown in Fig. 4(a).

Note that we need to consider the distribution of the nodal
line on the momentum space and the magnetization direction
to directly connect the peak of DNL and the enhancement of
σxy. There are two DNL peaks at E ∼ EF − 0.2 eV and E ∼
EF − 0.35 eV, as shown in Fig. 4(c). The lower peak is derived
from local minima points for the nodal lines, which are close
to the X points near the Brillouin zone boundary, and these

coordinates can be described as X(±k, 0, 0), Y(0,±k, 0), and
Z(0, 0,±k). Due to the magnetization direction allying with
the [001] direction, only Z(0, 0,±k) points work effectively
for σxy and Berry curvature. Indeed, the Berry curvature on
the kz = 0 plane seems to vanish [Fig. 4(b)]. For this reason,
only the DNL peak at E ∼ EF − 0.2 shows clear one-to-one
correspondence.

IV. CONCLUSION

In summary, we conducted the first-principles calculation
to investigate the origin of AHE and ANE in D03-type Heusler
compound Fe3Si. The transverse TE conductivity αxy reaches
1.5 AK−1m−1 at room temperature, which agrees well with
experimental results [44,45]. Moreover, αxy increases about
5 AK−1m−1 at room temperature with hole doping. We con-
cluded that the sharp peak of σxy leads to the enhancement of
αxy with hole carrier doping. We also concluded that the large
Berry curvature originating from the nodal line could be an
origin of the enhancement of AHE and ANE in Fe3Si, and
the DOS composed by nodal lines (DNL) could be a probe
for the enhancement transverse TE conductivity αxy. From
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the experimental aspect, tuning the peak of DNL in Fe3Si at
the Fermi energy might be realized by controlling electronic
structure and exchange splitting via chemical doping or ex-
ternal field due to the featured nodal lines constructed by
the majority spins. These present results could provide useful
guide principles for designing large ANE materials.
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APPENDIX: EVALUATING NODAL LINE
NETWORK OF Fe3Si

In order to discuss the DOS composed of nodal lines in
Fe3Si, We evaluate the nodal line network in the BZ by
monitoring degenerate bands based on the electronic structure
without SOC. Figure 5(a) shows the band structure for Fe3Si
and degenerate points on the high-symmetry line. The nodal
line network is constructed with the denoted two majority
spin bands, shown in Fig. 5(a). Figure 5(b) shows a three-
dimensional band structure on the kz = 0 plane and the nodal
line (red line). We can see that the nodal line has energy
dispersion, which induces the peak of DNL.

FIG. 5. (a) Band structure of Fe3Si. Red and blue lines represent
the majority and minority spin bands computed without SOC. The
denoted majority spin bands 1 and 2 construct the nodal line, and
its degenerate points are marked in the black circles. The hori-
zontal dashed black line represents the energy with a peak of σxy

at E = EF − 0.2 eV. (b) Three-dimensional band structure on the
kz = 0 plane. Green and blue planes correspond to the majority bands
denoted as 1 and 2 in (a), respectively. Red colored ring represents
the nodal line on this plane.
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Phys. J. B 59, 1 (2007).

[67] D. Odkhuu and S. C. Hong, IEEE Trans. Magn. 47, 2920
(2011).

[68] R. Ma, Q. Xie, J. Huang, W. Yan, and X. Guo, J. Alloys Compd.
552, 324 (2013).

[69] I. Sandalov, N. Zamkova, V. Zhandun, I. Tarasov, S. Varnakov,
I. Yakovlev, L. Solovyov, and S. Ovchinnikov, Phys. Rev. B 92,
205129 (2015).

[70] A. Paoletti and L. Passari, Nuovo Cim. 32, 25 (1964).
[71] W. A. Hines, A. H. Menotti, J. I. Budnick, T. J. Burch, T.

Litrenta, V. Niculescu, and K. Raj, Phys. Rev. B 13, 4060
(1976).

[72] J. M. Buhmann and M. Sigrist, Phys. Rev. B 88, 115128 (2013).
[73] C. Xiao, D. Li, and Z. Ma, Phys. Rev. B 93, 075150 (2016).
[74] F. Ghahari, H.-Y. Xie, T. Taniguchi, K. Watanabe, M. S. Foster,

and P. Kim, Phys. Rev. Lett. 116, 136802 (2016).
[75] T. Izawa, K. Takashima, S. Konabe, and T. Yamamoto, Synth.

Met. 225, 98 (2017).
[76] M. Ogata and H. Fukuyama, J. Phys. Soc. Jpn. 88, 074703

(2019).

075403-6

https://doi.org/10.1103/PhysRevLett.112.017205
https://doi.org/10.1038/nature15723
https://doi.org/10.1103/PhysRevApplied.5.064009
https://doi.org/10.1038/s41567-018-0234-5
https://doi.org/10.1021/acs.nanolett.0c02962
https://doi.org/10.1103/PhysRevX.8.041045
https://doi.org/10.1103/PhysRevSeriesI.33.295
https://doi.org/10.1103/PhysRevLett.93.226601
https://doi.org/10.1103/PhysRevLett.99.086602
https://doi.org/10.1103/PhysRevLett.101.117208
https://doi.org/10.7567/APEX.6.033003
https://doi.org/10.1063/1.4922901
https://doi.org/10.1103/PhysRevB.96.224415
https://doi.org/10.1063/1.5029907
https://doi.org/10.1038/s41427-019-0116-z
https://doi.org/10.1021/acs.nanolett.9b03739
https://doi.org/10.1103/PhysRevB.99.165117
https://doi.org/10.1103/PhysRevMaterials.3.114412
https://doi.org/10.1103/PhysRevApplied.13.054044
https://doi.org/10.1063/1.5143474
https://doi.org/10.1063/5.0023111
https://doi.org/10.1103/PhysRevMaterials.4.084203
https://doi.org/10.1103/PhysRevB.104.L161114
https://doi.org/10.1063/5.0062637
https://arxiv.org/abs/2405.01800
https://doi.org/10.1016/j.actamat.2024.119856
https://doi.org/10.1038/s41567-023-02293-z
https://doi.org/10.1016/S0031-8914(55)92596-9
https://doi.org/10.1016/S0031-8914(58)93541-9
https://doi.org/10.1103/PhysRevB.2.4559
https://doi.org/10.1073/pnas.1115555109
https://doi.org/10.1126/sciadv.1600295
https://doi.org/10.1038/s41598-020-59262-2
https://doi.org/10.1103/PhysRevB.48.13607
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1063/1.472933
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1088/1361-648X/ab51ff
https://doi.org/10.1103/PhysRev.181.1336
https://doi.org/10.1103/PhysRevB.21.4223
https://doi.org/10.1140/epjb/e2007-00263-7
https://doi.org/10.1109/TMAG.2011.2154307
https://doi.org/10.1016/j.jallcom.2012.10.079
https://doi.org/10.1103/PhysRevB.92.205129
https://doi.org/10.1007/BF02732588
https://doi.org/10.1103/PhysRevB.13.4060
https://doi.org/10.1103/PhysRevB.88.115128
https://doi.org/10.1103/PhysRevB.93.075150
https://doi.org/10.1103/PhysRevLett.116.136802
https://doi.org/10.1016/j.synthmet.2016.12.023
https://doi.org/10.7566/JPSJ.88.074703

