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Abstract

We implemented first-principles calculations to elucidate the anomalous Nernst effect
(transverse thermoelectric effect) of the half-metallic FeCl2 monolayer. We investigated
its thermoelectric properties based on the semiclassical transport theory including the
effect of Berry curvature. If we assumed 10 fs for the relaxation time, the carrier-doping
generates a large anomalous Nernst effect which was approximately 6.65 µV/K at 100 K.
The origin of this large magnitude comes from large Berry curvature at the K-point of
the hexagonal Brillouin zone. These results indicate that two-dimensional ferromagnetic
half-metallic materials can potentially be applied in thermoelectric devices.

Key words: First-principles calculation, two-dimensional magnetic materials, thermolec-
tric, anomalous Hall effect, anomalous Nernst effect
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1 Introduction

Thermoelectric generation is a method to generate electricity from the heat. It is a clean
conversion because it uses not only waste heat from such as motor vehicles, households,
and factories but also heats from environmental heat sources. Thermoelectric generators
are solid-state semiconductor devices that convert a temperature difference and heat flow
into a useful DC power source. The basic building block of a thermoelectric generator
is a thermocouple which is made up of one p-type semiconductor and one n-type semi-
conductor. The semiconductors are connected serially by a metal strip. Thermoelectric
generator semiconductor devices employ the Seebeck effect to generate a voltage. This
generated voltage generates electrical current and produces useful power at a load. How-
ever, there is a deficiency in the Seebeck energy conversion. The Peltier heat current will
convey heat sometimes which degrading the conversion efficiency. Because of that, the
researcher tries to resolve this problem by using the magnetic material which generating
anomalous Nernst effect (ANE) in thermoelectric devices.

The anomalous Nernst effect (ANE) thermoelectric power generation attracts the
researcher due to its flexible and simple structure and low generation cost in fabrication
[1]. ANE offers for high flexibility degree in device design since when the temperature
gradient is applied, the material length along the temperature gradient is not needed
because the anomalous Nernst voltage increases with the transverse length normal to
both the magnetization and the temperature gradient. Thus, thermoelectric devices
based on the ANE can be adaptable with any heat source. So, the materials such as thin
films and two-dimensional (2D) materials can be employed as the base in these devices.
In the ANE case, the Ettingshausen heat current is generated by the electric current
from the low-temperature side to the high-temperature side. This current increases the
conversion rate efficiency, because Ettingshausen heat current and the electric current
directions are perpendicular to each other [2].

The conversion efficiency of ANE thermoelectric materials is dependent on their
anomalous Nernst coefficient (ANC). Using 2D materials is one of the solutions to this
problem. For example, the EuO monolayer is shown that it possesses a large ANC [3,
4]. In 2D materials, the ANE is associated to the quantum anomalous Hall effect. AHC
in the 2D system is influenced by the quantized anomalous Hall conductivity (AHC),
which can be denoted by σxy = e2

h
C, where C is Chern number. The quantized AHC

was proved experimentally by Chang et al. [5] in a magnetically doped thin film of a
topological insulator (Bi, Sb)2Te3. Their results suggest that it is possible to found a
large ANC in 2D systems.

In this study, we investigated the thermoelectric properties of a half-metallic 1T-FeCl2
monolayer with density functional calculations. We obtain that the 1T-FeCl2 monolayer
possesses high AHC, which generates a large ANC. The high AHC has resulted from the
bands at the K-point of Brillouin zone near the Fermi level, where a large Berry curvature
lies. In addition, the thermoelectric properties of the 1T-FeCl2 monolayer can be tuned
by charge doping. By this approach, we obtain a large ANC at the Fermi level. Based
on this, it can be concluded that 2D magnetic half-metallic materials generate high ANC
values.
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Figure 1: (a) Side and (b) top views of 1T-FeCl2 monolayer structure. Brown and
green spheres indicate Fe and Cl atoms, respectively. Structural parameters of 1T-FeCl2
monolayer, namely, angle between Fe-Cl-Fe atoms, vertical distance of Cl-Cl atoms, and
distance between Fe-Cl atom are represented by θ, dCl−Cl, dFe−Cl, respectively.

2 Computational Method

The density functional theory calculation is applied by OpenMX code [6]. The gener-
alized gradient approximation with the Perdew-Burke-Ernzerhof functional is used for
treating the exchange-correlation potential [7]. The norm-conserving pseudopotentials
and pseudo-atomic localized basis functions are employed. The wave functions are ex-
tended by using a linear combination of multiple pseudoatomic orbitals [8]. We specify
the pseudoatomic orbitals as Fe6.0S-s2p3d3f1 and Cl7.0-s3p3d2 where 6.0 and 7.0 are the
cutoff radius of Fe and Cl atom in the unit Bohr respectively, S is soft pseudopotential,
and radial function multiplicity of each angular momentum component is defined by the
number after s, p, d, f in the pseudoatomic orbitals format. We set the charge density
cutoff energy at 500.0 Rydbergs and (20,20,1) k-point mesh for the self-consistent field
calculations (SCFs). Moreover, the spin-orbit interaction (SOI) was included [9] for the
noncollinear density functional calculations. The convergence during k-point sampling
and the cut-off energies are checked. We optimized all the atomic positions and lattice
parameters of the 1T-FeCl2 monolayer using the eigenvector-following quasi-Newton al-
gorithm until all the forces were smaller than 10−6 Hartrees/Bohr reached [10]. We also
determined the lattice constant based on the total energy minimum.

The side view of the 1T-FeCl2 monolayer structure can be seen in Fig. 1(a) while Fig.
1(b) shows the top view of the 1T-FeCl2 monolayer. Both of the Fig. 1(a) and Fig. 1(b)
show that Fe atom is encircled by six Cl atoms. Those figures also show the hexagonal
lattice as the primitive cell of the 1T-FeCl2 monolayer, wherein the magnitude of the
lattice constant (~a) is equal to that of ~b with the vacuum region c = 17.26 Å. The ~a of
the 1T-FeCl2 monolayer was 3.48 Å. The vertical distance between the Cl atoms (dCl−Cl)
is 2.78 Åwhile the distance between the Fe and Cl atoms (dFe−Cl) is 2.44 Å. The angle of
Fe-Cl-Fe (θ) is 89.90◦. These calculated parameters of monolayer were in good agreement
with previous theoretical studies on FeCl2[11, 12, 13, 14]. The calculated lattice constant
for monolayer FeCl2 were similar value to those of bulk FeCl2, a=3.6 Å[15, 16].

The Wannier90 code was applied to construct maximally localized Wannier functions
(MLWFs) based on the results of the DFT calculations for calculating the thermoelectric
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properties [17]. The 22 Wannier bands are constructed within the range of -15 eV to
15 eV for outer window energy and -4 eV to 4 eV for inner window energy. The trans-
port properties based on the MLWFs is computed by using the semiclassical Boltzmann
transport theory [18] within constant relaxation time approximation, τ=10 fs, and k-
point mesh (300,300,1). This method was used successfully to study the thermoelectric
properties of skyrmion crystal and half-Heusler compounds [19, 3, 4].

3 Results and Discussions

The electronic band structure of 1T-FeCl2 monolayer in the FM configuration is shown
in the Figure 2 (a) and 2 (b). It can be seen that the minority states cross the Fermi
level. On the other hand, the majority of states have a large gap. It indicates that the
ground states of the 1T-FeCl2 monolayer are half-metallic. The states near the Fermi
level of the 1T-FeCl2 monolayer were mostly composed by the 2p orbitals of the Cl atoms
and the 3d orbital of the Fe atom, as shown in Fig. 2 (c). These states are investigated
as anti-bonding states of Fe 3d and Cl 2p. According to the ligand field theory [20], the
octahedral geometry of Cl atoms around a Fe atom leads to the splitting of the energy
between the d orbitals. This is ascribable to the electron-electron repulsion between the
Fe and Cl orbitals.

The main component of N consists of the pure Nernst coefficient (N 0), the pure
Seebeck coefficient (S 0), the Hall angle (θH). S 0 contributes to N around 0.2% each.
However, since the sign of N 0 and θHS 0 are same at both 50 K and 100 K, N 0, and
θHS 0 weaken each other. If the chemical potential µ is tuned by carrier doping, N can
be increased as can be viewed from the rigid band approximation (RBA) in Fig. 3.

Fig. 3 describes the chemical potential dependences of the Nernst, N, coefficients of
the 1T-FeCl2 monolayer at 50 K and 100 K . According to it, the value of N is small at µ
= 0 at both 50 K and 100 K. Beside of that, a large value N occurs at approximately µ =
0.16 eV, µ = 0.31 eV, and µ = 0.35 eV which denoted by peak 1, 2, and 3, respectively.
By using self-consistent field carrier doping methods, the RBA calculation is quite well
for 1T-FeCl2. The role of pure Nernst and Seebeck effect in detail are presented in the
dissertation.

The chemical potential dependence of the AHC (σxy) and the longitudinal electrical
conductivity (σxx) with τ = 10 fs is exhibited in Fig. 4 for elucidating the properties of
coefficients N. σxx as a function of chemical potential influences the magnitude and sign
of S 0. As shown in Fig. 4, σxx shows a positive slope at energy values lower than ε =
-0.2 eV, which make S 0 demostrating a negative value. This is also occurred in the case
for N 0. The magnitude and sign of N 0 rely on σxy as a function of energy. If there is a
slope at a energy in σxy(ε), the N 0 will large around the energy. As stated from Mott’s

formula, which is αij = − (πkB)2

3e

∂σij(ε)

∂ε
T |ε=µ, the N 0 is affected by slope of σxy. The slope

of σxy on µ = -0.3 eV to µ = -0.1 eV, did not contributes to N 0 because σxx is large at
this point. However, the slope of σxy around µ = -0.1 eV to µ = -0.18 eV gives large
contribution for N 0. Moreover, the large of N around µ = 0.3 eV and µ = 0.35 eV which
denoted by peak 2 and 3 as presented on the Fig. 3 is not mainly originated from σxy.
It is contributed by the σxx which approaching to zero magnitude.

The sign change of σxy can be associated with the band filling near the Fermi level.
If the charge doping is given, the Fermi level will be shifted and it will alter the charge
filling near Fermi level. The band filling effect on σxy is shown in the Fig. 5(a). The
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Figure 2: The electronic structure of ferromagnetic 1T-FeCl2 monolayer which consists of
spin-polarized (a) band structure and density of states where red and black lines indicate
majority and minority states, respectively, and (c) projected density of states (PDOS).

1

2

3

Figure 3: Chemical potential and temperature dependence of anomalous Nernst coeffi-
cient (ANC), N , at 0 K on 1T-FeCl2 monolayer.
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Figure 4: Chemical potential and temperature dependence of the AHC (σxy) and the
longitudinal electrical conductivity (σxx) with τ = 10 fs at 0 K.

blue band has a negative sign of σxy and the red band has a positive sign of σxy while the
green band gives no contribution to the σxy. The total σxy which marked by purple lines
is calculated by the sum of red and blue band contributions. The detailed explanation of
Berry curvature which is related to the red and blue band is shown in Fig. 5(b). Berry
curvatures in the Γ-K line have a magnitude which is contributed by a red and blues
band.

(a) (b)

(c)

Figure 5: Band decomposition in the chemical potential dependence of (a) σxy and (b)
Berry curvature from band decomposition of 1T-FeCl2 monolayer. Red and blue lines
indicate the band contribution near Fermi level.
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4 Conclusions

There are two origins of large anomalous Nernst coefficient (ANC) which can be reached
in the 1T-FeCl22 monolayer based on the rigid band approximation (RBA). First, the
ANC is reinforced by the pure Nernst and Seebeck coefficient. In this case, the slope of
anomalous Hall conductivity gives a significant contribution to ANC. Second, the large
ANC comes from near zero electrical conductivity although the pure Nernst and Seebeck
coefficient are weakened each other. The maximum magnitude of ANC has a value as
high as 6.65 µV/K for chemical potentials of 0.33 eV to 0.36 eV based on rigid band
approximation (RBA). The high value of the ANC can be generated to the large Berry
curvature, which is induced by the bands around the K-point of the Brillouin zone of
the 1T-FeCl2 monolayer. These results indicate that the ferromagnetic half-metallic 1T-
FeCl2 monolayer possesses high ANC magnitudes which can potentially be applied in
thermoelectric devices.
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