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Abstract. The collinear density functional theory was used to obtain the
electronic structure of MnF3 monolayer. We observed the Dirac half metallic
properties from the band structures. The extracted data was used to compute
the Seebeck coefficient as a thermopower and electrical conductivity, which
were then used to calculate the power factor. As the Hubbard correction was
applied, the band gap increases only in the spin-down channel, while the
metallic state in the spin-up channel is robust. The consequence is that only
the spin-up channel provides the contribution for thermoelectric properties,
especially for the power factor. The improvement of power factor can be
performed by carrier doping as represented by the chemical potential. This
means that the carrier doping can control the quality of power factor.

1 Introduction

Exploring thermoelectric devices is of interest to physicists in the field of condensed matter
physics. Based on reference [1], only a small portion of heat can be utilized as an energy
source, while the remaining heat is dissipated into the environment as waste heat. This is one
of the reasons why thermoelectric devices are important, as they can convert wasted heat into
electrical energy.

One of the methods used is the Seebeck effect [2], which relies on the energy band gap
of a material to obtain a sufficiently high Seebeck coefficient around the Fermi energy.
However, a high Seebeck coefficient does not necessarily guarantee good thermoelectric
material performance. One of the ways to evaluate the quality of a thermoelectric device is
by calculating its power factor.

Power factor is a quantity to assess the electrical performance of a thermoelectric
material. It is determined by the Seebeck coefficient together with the electrical conductivity.
An optimum power factor is specifically on the order of 1073 Wm'K [3], even though the
optimum value depends on the certain application. Therefore, obtaining a large power factor
needs a balance between a large value of Seebeck coefficient and a large value of electrical
conductivity. However, the Wiedemann-Franz law avoids the large Seebeck coefficient and
large electrical conductivity at the same time.
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This paper aims to assess the power factor in manganese trifluoride MnF3; monolayer
using Boltzmann transport theory. The main reason to use MnF; is that this material is
magnetic material having a high Curie temperature above room temperature by using either
the HSE method or the LDA+U method [4]. In this case, the d orbital in the Mn atom has a
vital contribution to induce magnetism because of the unpaired electrons. In thermoelectric
materials, an appropriate operating temperature is needed because thermoelectric devices are
expected to operate near room temperature. We use two spin channels to check which channel
provides more contribution to the large power factor. Also, we include the Hubbard
correction to increase the gap energy as we expect the large Seebeck coefficient.

2 Method

First, we construct the primitive cell of MnF3 monolayer based on Crls structure, where the
Crl; monolayer has been realized in experiment [5]. As shown in Fig. 1, a magnetic Mn atom
is surrounded by six F halogen atoms. The magnetic properties of this material are determined
by 3d orbitals of Mn atoms, which then influence the electronic properties.

Fig. 1. Primitive cell of MnF3 monolayer.

The electronic properties of two spin channels through density functional theory are
obtained by using the OpenMX package [6] with 30 X 30 x 1 mesh and 300 Ryd cutoff
energy. Also, we include the primitive s, p, d, and f orbitals to construct basis orbitals for Mn
and F atoms. The generalized gradient approximation is used to describe the exchange-
correlation of electrons [7].

Once the electronic properties, such as total energy, band gap, etc, we continue to use
the BolzTraP2 code to calculate the Seebeck-based thermoelectric properties [8] with a
relaxation time of 10 fs, especially the Seebeck coefficient and electrical conductivity. By
using the latter quantities, we then estimate the power factor for several temperatures.

3 Results and Discussions

By optimizing the lattice constant and atomic positions, we find the lattice constant of 5.38
A with the vacuum region of 30.12 A, in good agreement with Ref. [4], to simulate the two-
dimensional structure. For each collinear calculation, we perform the Boltzmann transport
for the spin-up and spin-down channels to observe the dominant contribution for
thermoelectric properties.

Figure 2 shows the band dispersion for both the spin channels with several Hubbard
correction U. For the spin-up channel represented by the red-dashed line, we observe the
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Dirac cone at the K point crossing the Fermi level for all U, indicating the metallic state.
Meanwhile, the spin-down channel represented by the black solid line displays the band gap,
which increases as U increases, indicating the semiconducting state. So, MnF3 monolayer is
a Dirac half metal according to the collinear calculation, in good agreement with the former
references [9].

These findings suggest that the metallic state remains stable under U while the
semiconducting state may extend toward a more insulating state as the band gap is
sufficiently large to hold the carrier excitation, for example, ZnO has the band gap within the
interval of 3.37 eV — 3.44 ¢V [10]. So, the metallic and semiconducting states can highly
influence the thermoelectric performance.
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Fig. 2. Band dispersion of collinear MnF3 monolayer, where the red-dashed line describes the spin-up
channel and the black solid line describe the spin-down channel. Here, U represents the Hubbard
correction.

Next, we plot the Seebeck coefficient (S) and electrical conductivity (o) as a function of
the chemical potential (u), where the Fermi level remains fixed at 4 = 0. Figure 3 shows the
Seebeck coefficient for several temperatures 7" and Hubbard correction U. From all figures,
we see that only the spin-up channel provides the contribution for the Seebeck coefficient,
while the spin-down channel has no contribution due to zero Seebeck coefficient for all
temperatures and Hubbard correction.

We see that the profile of Seebeck coefficient reduces as the temperature increases for all
Hubbard corrections. It is understood since the Fermi-Dirac contribution close to the Fermi
level is broaden as the temperature increases. Since the highest peak in the Seebeck
coefficient occurs close to the Fermi level, a slight doping can be applied to shift the Fermi
level toward the highest peak in the Seebeck coefficient. We also find that the Seebeck
coefficient profiles remain almost stable by varying the Hubbard correction, which can be
related to the robustness of the metallic state in the spin-up channel.
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Normally, the Seebeck coefficient is sufficiently high as the band gap appears [11, 12],
however we obtain the opposite result. The possible reason is that the band gap is sufficiently
large. So, the zero Seebeck coefficient appears near the Fermi level. On the contrary, the
Seebeck coefficient is very low close to the Fermi level in the case of metallic state, consistent
with Refs. [13, 14].
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Fig. 3. Seebeck coefficient (S) as a function of chemical potential (1) for several temperatures 7 and
Hubbard corrections U.

Figure 4 shows the electrical conductivity for several temperatures 7 and Hubbard
correction U. From all figures, we also see that only the spin-up channel provides the
contribution for the electrical conductivity, while the spin-down channel has no contribution
due to zero electrical conductivity for all temperatures and Hubbard corrections.
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Contrary to the profile of Seebeck coefficient, the electrical conductivity increases as the
temperature increases for all Hubbard correction. However, the highest peak of electrical
conductivity can be reached at u = 0.2 eV, thus requiring much more carrier doping than
that in the Seebeck coefficient.
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Fig. 4. Electrical conductivity () as a function of chemical potential (u) for several temperatures 7 and
Hubbard corrections U.

Once we obtain the Seebeck coefficient and electrical conductivity, we then plot the
power factor (PF) by using the formulation
PF = S?¢. €))
Figure 5 shows the power factor for several temperatures 7 and Hubbard correction U. From
all figures, we directly conclude that only the spin-up channel provides the contribution for
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the power factor, while the spin-down channel has no contribution due to zero power factor

for all temperatures and Hubbard corrections.
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Fig. 5. Power factor (PF) as a function of chemical potential (1) for several temperatures 7 and
Hubbard corrections U.

Near the Fermi level, we only obtain the power factor on the order of 107> Wm K=
However, the highest peak on the order of 10~ Wm™K-? can be reached at u = —0.2 eV or
u = 0.2 eV, thus requiring high carrier doping. It is caused by the dominan contribution of
the electrical conductivity as immediately seen in Eq. (1). Even though the power factor of
MnF; monolayer does not reach the optimum value, there is an opportunity to increase as

large as possible when the doping is incorporated.
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5 Conclusion

We have carried out the collinear density functional theory to obtain the electronic structure
of MnF; monolayer, which will be used to obtain the power factor for thermoelectric material.
The band structure of MnFj is a Dirac half metal. While the spin-up channel is robust to the
Hubbard correction, the band gap in the spin-down channel increases as the Hubbard
correction increases. The direct consequence of the electronic properties shows that only the
spin-up channel gives the contribution of the thermoelectric properties. Although the power
factor does not satisfy the optimum requirement, the enhancement of power factor can be
done by using carrier doping.
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Indonesian Ministry of Higher Education, Science and Technology, and managed under the EQUITY
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