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ABSTRACT

Thermoelectric materials that can work at operating temperatures of 7> 900 K are highly desirable since the key thermoelectric factors of
most thermoelectric materials degrade at high temperatures. In this work, we investigate the high temperature thermoelectric performance
of EuFeOj; using a combination of first-principles methods and semi-classical Boltzmann transport theory. High temperature thermoelectric
performance is achieved owing to the presence of corrugated flatbands in the valence band region and extremely flatbands in the conduction
band region. The lowest energetic structure of EuFeOj; lies within a G-type antiferromagnetic configuration, and the effect of compressive
and tensile strains (—7% to +7%) along the (a, b) axes on thermoelectric performance is systematically analyzed. An extremely high value of
the Seebeck coefficient (more than 10004 V/K) is consistently recorded in the high temperature region between 900 K and 1400 K in this
material. Furthermore, electrical conductivities and power factors are high and electronic thermal conductivities are low in the considered
range of temperatures. The calculated theoretical minimum lattice conductivity is small, estimated at around 1.47-1.54 Wm™ K™'. A com-
pressive strain of —3% is revealed to be the optimum level of strain for enhancing the key thermoelectric factors. Overall, p-type doping
shows better thermoelectric performance than n-type doping in EuFeOs.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0016071

. INTRODUCTION

Growing interest in the study of thermoelectrics (TEs) is
driven by the need for alternative sources of electrical power due to
the increasing demand for energy and the depletion of non-

such as SiGe alloys.” The availability of TE materials operating at
low and mid-temperatures is larger than that for TE materials oper-
ating at high temperatures. Nevertheless, TE materials running at
T>900K are used in key technologies such as in the operation of

renewable resources.'”* TE materials have become viable candidates
due to their capability of converting waste heat into useful electrical
energy.”™” New, high performance TE materials have been
reported and can generally be classified into three categories based
on their working temperature: low temperature (T < 500 K) materi-
als such as Bi,Tes;, medium temperature (500 K < T'< 900 K) mate-

rials such as PbTe, and high temperature (T >900K) materials

deep-spacecraft missions, nuclear reactors, and high temperature
industrial reactors.” A well-known example is the use of SiGe ther-
moelectrics in the spacecraft designs of NASA in the Voyager 1,
Voyager 2, and Galileo space probes.'

Thus, research into new high temperature TE materials with
superior properties is receiving a considerable amount of attention.
In this work, we investigate exceptional TE performance in a
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distorted perovskite-based material through first-principles density
functional theory (DFT) calculations. Perovskite oxides, with a
general formula ABO;, display a myriad of interesting properties
such as magnetoresistance, superconductivity, electrical conductivity,
thermal stability, low dielectric loss, and ferroelectricity.” Additionally,
rare earth orthoferrites, usually expressed as RFeOs, are known to be
distorted perovskites with extensive applications in solid oxide fuel
cells, gas sensors, and photocatalysis.””'' EuFeQs is one such com-
pound from the RFeO; family that belongs to the orthorhombic
crystal system. The Eu ions occupy a dodecahedral A site and the Fe
ions occupy an octahedral B site. The unit cell contains a corner
sharing FeOg octahedron, resulting in a 3D perovskite structure.” The
rotation patterns of a strained EuFeO; and other perovskite films
have been studied and reported by Choquette et al.'” In an earlier
paper, Choquette et al'’ observed the development of EuFeO; thin
films by molecular beam epitaxy, and the EuFeO; bandgap displayed
a blue shift in comparison to LuFeOs;. Structural elucidation of rare
earth orthoferrites was carried out by Marezio et al., who found that
in moving from LuFeO; to SmFeOs;, the distortion of FeOg octahe-
dron was negligible and nearly constant.'* Other than the above-
mentioned reports, a few studies have been undertaken for EuFeOs;.
Experimental studies of EuFeO; as a TE material have not been per-
formed so far, and we have not found any DFT calculation reports
on EuFeOj; that take into account the correct electronic structure. In
this work, we present the effectiveness of EuFeO; as a potential high
temperature TE material with the help of first-principles DFT calcula-
tions combined with semi-classical Boltzmann transport theory.

Il. CALCULATION DETAILS

A conventional unit cell of EuFeOs, as illustrated in Fig. 1(a),
follows an orthorhombic structure with space group number 62
(Pnma) containing 4 Eu atoms, 4 Fe atoms, and 12 O atoms.
First-principles DFT calculations were implemented using the
Vienna ab initio simulation package (VASP),'>'® with inputs derived
from experimentally resolved x-ray diffraction data'* for structural
optimization. We employed the projector augmented wave (PAW)
method,'®"” and a plane wave kinetic energy cutoff of 600.00 eV was
used. For the exchange correlation effects, we utilized the Perdew-
Burke-Ernzerhof (PBE) potentials, based on the generalized gradient
approximation (GGA)."® The DFT calculations were carried out in
such a way that the exact electronic structure and the ground state
magnetic configuration were appropriately realized. This was done
by including the 4f electron states as valence electrons, in addition to
the 5s, 5p, and 6s states for Eu, 3d, and 4s states for Fe, and 2s and
2p states for O atoms. To get the appropriate bandgap, we followed
the PBE + U approach proposed by Dudarev et al,,'” with an effective
Hubbard parameter (U) of 5.0 for 3d states and 11.0 for 4f states.
The high Uy value of 11.0 eV for Eu 4f states makes the relaxation
convergence easier. This value for U has been similarly used in Ref.
20 to treat Gd 4f states in gadolinium-doped BiFeOs, which has a
similar number of 4f electrons as europium. Brillouin zone integra-
tion was chosen to be the I'-point with 6 x 6 x 4 k-points for relaxa-
tion and 10x10x10 k-points for transport calculations. The
EuFeO; orthorhombic structure was relaxed using the conjugate
gradient algorithm method,”" wherein only the structural atomic
positions underwent the relaxation, not the experimental lattice
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constants. The total energy convergence criterion was fixed at
107 eV and the Hellmann-Feynman forces were relaxed below
0.01 eV/A. The total energy of the different magnetic configurations
of EuFeO; (EM, A-type AFM, C-type AFM, and G-type AFM) was
examined using spin-polarized calculations, while the non-magnetic
configuration was examined through non-spin-polarized calcula-
tions. The results revealed that the lowest energy lies within the
G-type AFM configuration of EuFeO;. The stability order was found
to be as follows: non-magnetic>FM> A-type AFM > C-type
AFM > G-type AFM. Therefore, the G-type AFM structure of ortho-
rhombic EuFeO; was considered for all the calculations. After relax-
ing the structure of EuFeO; to the ground state, tensile and
compressive bi-axial strains of +7%, +5%, +3%, +1%, —1%, —3%,
—5%, and —7% were applied along the in-plane a and b axes and the
relaxation was further carried out. The basis of applying bi-axial
tensile and compressive strains in EuFeOj; is discussed in Sec. ITI.
The final output structural parameters obtained from the DFT calcu-
lations are listed in Table S1 in the supplementary material. These
structural parameters were then fed into the BoltzTrap2 program.*”

The thermoelectric performance of a thermoelectric material is
determined by analyzing its transport properties, e.g., the Seebeck
coefficient (S), electrical conductivity (c), and electronic thermal
conductivity (x,). We calculated these coefficients using a semi-
classical Boltzmann transport equation under a constant relaxation
time (7r) approximation (cRTA) and rigid band approximation as
implemented in BoltzTrap2 code.”” The code relies on a Fourier
expansion of the electronic band structure energies along with the
space group symmetry information. These initial data were obtained
from first-principles simulations, which were required as input data
for the code. Thereafter, the electrical conductivity tensor (o,s) could
be obtained by performing the Fourier expansion as

oyl k) = ezri,kvy(i, k)vs(i, k), (1)

where e is the electronic charge, 7;, represents the electron relaxation
time (from the electron-phonon coupling), and v,(ik) is the
y-component of the group velocity for an electron in band index I,

10 €k
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@

From the previous electrical conductivity matrix, it is possible to cal-
culate the relevant transport tensor, which depends upon the tem-
perature (T) and the chemical potential (). Hence, the final
expressions for o, v, S, and x, tensors are
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FIG. 1. (a) Crystal structure of an orthorhombic EuFeO; (Eu, rose; Fe, brown; and O, red). (b) Electronic band structure of EuFeO5 under zero strain. (c) Effect of strain
on the total energy and bandgap of EuFeOs, where the encircled points are direct bandgaps and the rest of the points are indirect bandgaps. The negative percentage

values correspond to compressive strain and positive values to tensile strain.

and

ST =) (@ vy (6)

where f represents the Fermi-Dirac distribution function.

Ill. RESULTS AND DISCUSSION
A. Band structure of EuFeO3

The electronic band structures are presented in Fig. 1(b).
The total density of states (DOS) of EuFeO; is presented in
Fig. S1 in the supplementary material. The band structures of

EuFeO; were calculated within the band path using the SeeK-path
software tool.”’

Figure 1(c) shows the effect of strain on the relative total
energy and bandgap of EuFeOs;. The encircled points in Fig. 1(c)
are direct bandgaps, and the other points are indirect bandgaps.
There is an increase in the bandgap as the applied strain moves
from tensile to compressive strain. However, there is a threshold
value at which a greater compressive strain has no effect in the
bandgap. The reason for the increasing bandgap due to the com-
pressive strain can be seen in the band structures of EuFeO; shown
in Figs. 2(a)-2(c). Here, we find that the valence band maximum
(VBM) moves downward away from the Fermi level particularly at
the I' and A points, whereas the conduction band minimum
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FIG. 2. Magnified view of the electronic band structure of EuFeOs; under
(a) 3% tensile, (b) zero, and (c) 3% compressive strain.
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(CBM) moves upward as we change from 3% tensile to 3% com-
pressive strain. This, in effect, widens the bandgap of the material.
At zero strain, a large bandgap of 2.78 eV was calculated, which
was close to the experimental value of 2.5 eV."” Though, it appears
that our calculations may have overestimated the bandgap of
EuFeOs, there have been a few cases, such as in PbSe and BiZSe3,24
where the PBE approach has overestimated the bandgap. Heyd-
Scuseria-Ernzerhof (HSE) calculations could have been used to cal-
culate the accurate bandgap, but this was too computationally
expensive for our system. Nevertheless, we have shown that the cal-
culated value for the bandgap using PBE potentials is close to the
recently reported bandgap of epitaxial EuFeOj; thin films in Ref. 13.
In addition, it is possible that this overestimation might not be
hugely associated with the PBE potentials that deal with a perfect
crystal structure. In many cases, the synthesized samples may have
some structural/crystal defects (vacancies) that shift the bandgap
toward the visible region. From the band structure diagrams in
Fig. 1(b), we find that the valence band of the material displays flat-
ness with some local peaks and troughs. Such a band structure with
multi-valley features is referred to as corrugated flat bands as dis-
cussed in Ref. 25. In that study, Mori et al. reported that the
topmost valence band in PtSb,, derived from first-principles calcu-
lations, is almost entirely from Sb 5p orbitals, it lacks d orbital
character, and is therefore non-bonding in nature. Similar cases have
been reported, for instance, in Refs. 26 and 27. In our case, the cor-
rugations found in the VBM are brought about by the significant
hybridization of Fe and Eu d states with O 2p states. The absence of
such a hybridization process is the reason why the CBM is nearly
flat, which is primarily attributed to the Eu 4f and Fe 3d states. The
existence of such corrugated flatbands in the VBM results in multiple
Fermi surface pockets scattered throughout the Brillouin zone.”
These multiple Fermi pockets arise due to the flat nature of the con-
duction band and the corrugated flatness of the valence band. The
presence of multiple Fermi surfaces with high group velocity gives
rise to an enhanced Seebeck coefficient and a high electric conduc-
tivity,”” which leads to a high power factor. Aside from the extremely
flat and corrugated flatbands, a large bandgap further ensures a high
Seebeck coefficient.”® This was similarly observed in Ref. 27, where
nitrogenated holey graphene displayed flatbands near the Fermi level
and showed a higher bandgap, thereby giving rise to a large Seebeck
coefficient. The presence of these features in the band structure,
combined with its large bandgap, strongly supports our idea that
EuFeO; is a promising TE material, with a high Seebeck coefficient
and a large electrical conductivity, as shown in the following sec-
tions. An enhanced power factor is required for a good thermoelec-
tric material as it can produce more power.

B. Thermoelectric properties

The effectivity of a TE material is commonly measured using
the figure of merit ZT,

S6T
zr=2>9". @)
K

Here, we define the following thermoelectric properties: S is the
Seebeck coefficient, o is the electrical conductivity, and « is the
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total thermal conductivity of the material. k is further expressed as
the sum of the electron (x,) and lattice (x;) contributions to the
thermal conductivity. Recently, TE performance has been measured
using another TE quantity, the power factor PF, which can be
computed directly as

PF = S%6. (8)

Thus, we can say that an efficient TE candidate is a material
that has a large Seebeck coefficient, a high electrical conductivity, a
high power factor, and a sufficiently low thermal conductivity. In
this work, we demonstrate the potential TE capability of EuFeOj; at
high temperatures by highlighting its remarkable TE properties.
We begin with its high Seebeck coefficient obtained for T > 900 K,
as shown in Fig. 3(a). As seen in this graph, the calculated values of
S are found to be at least 800 #V/K across all given temperatures
and strains. Additionally, the calculation is employed using differ-
ent values of strain, which varies from tensile (+7%, +5%, +3%,
+1%) to compressive (=7%, —5%, —3%, —1%). From Fig. 3(a), it
can be seen that S is greatest across all temperatures when a com-
pressive strain —3% is applied, as indicated by the blue arrows.
However, application of tensile strain lowers the Seebeck coefficient.
This effect of the strain on the Seebeck coefficient can be described
in two modes, which are both traced to the band structure. To illus-
trate this, we show in Figs. 2(a)-2(c) the band structures of EuFeO;
under 3% tensile, zero, and 3% compressive strains. First, the pres-
ence of compressive strain enhances the corrugations in the VBM
and the flatness in the CBM. As can be seen in the band structures,
there are more corrugations (local peaks and troughs) in the
valence band as we move from tensile toward compressive strain.
These enhanced corrugations near the Fermi level, as discussed
earlier, induce a greater velocity difference in the carriers, which
consequently leads to an improvement in the Seebeck coefficient.
Additionally, the increase in S due to the 3% compressive strain is
brought about by the overlapping of multiple bands in the VBM
and the CBM. As discussed earlier, the bandgap of the material
increases as the applied strain is altered from tensile to 3% com-
pressive strain, where it reaches its maximum value. This increase
in the bandgap can also improve the Seebeck coefficient. In our
work, we limit the discussion to the two cases of zero strain and
3% compressive strain. As shown in Fig. 1(c), the relative total
energies of 5% and 7% compressive strains are significantly high
compared to that of zero strain. Therefore, we did not consider
these strains for comparison. In Figs. 3(b) and 3(c), we show the
effect of doping on S for T'> 900 K under zero and 3% compressive
strain, respectively. For a given curve of S vs u—Ep the kind of
doping in the material can be deduced from the sign of S: nega-
tive values indicate n-type doping and positive values indicate
p-type doping. Through careful inspection, we find that for both
strain cases, p-type doping shows slightly higher values of S than
n-type doping for temperatures above 1000K. As observed
earlier, a larger S is achieved for the —3% compressive strain than
for the unstrained case. There is no doubt that high S is attain-
able from EuFeOj; at high temperatures. Nevertheless, we have
discovered that a similar magnitude of S can also be obtained,
even at relatively low temperatures. We show this in Fig. S2 in
the supplementary material. Here, we briefly examine how §
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FIG. 3. (a) Seebeck coefficients in EuFeO; under different values of strains for
900K < T< 1400 K. (b) and (c) Seebeck coefficients with respect to u—Er in
EuFeO; under (b) zero and (c) 3% compressive strains for 900 K < T < 1400 K.
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changes for 300 K < T'< 1400 K under zero strain. Interestingly,
we find that S exceeds 1000 uV/K, even for T < 900 K. However, a
plateau around u—Ey is clearly present where S=0 for the cases
where T'<900 K. This distinctive feature implies the presence of a
wide bandgap in EuFeOj; that prevents current flow through the
material at temperatures lower than 900 K. Apparently, this
plateau vanishes at T > 900, which indicates that electronic exci-
tation becomes easier due to an increase in thermal energy.
Therefore, this poses a requirement of thermal activation for the
flow of current. Consequently, it is now clear why a larger S is
obtained in EuFeOj; for temperatures beyond 900 K and which
makes it an excellent high temperature TE material.
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Another equally important factor in achieving high ZT and
power factors is the electrical conductivity o. In the case of semicon-
ducting materials, o varies due to the density and dynamics of elec-
trons and holes. Figures 4(a) and 4(b) show the behavior of the
electrical conductivity per relaxation time (o/7) in EuFeO; under
zero and 3% compressive strains, respectively. It is demonstrated
that the temperature has no significant effect on electrical conduc-
tivity, although o slightly decreases with increasing temperature.
Under 3% compressive strain in EuFeOs;, o is more pronounced
than the unstrained EuFeO; at the lower u—Ep region around
1.5 eV. However, o increases from —1.0 eV to —6.0 eV in both cases.
Doping, on the other hand, has a clear effect on 0. As shown in

—
o
e

LI =1
1.0 | EuFeO, (-3% strain)

uI::
8
=

Electrical conductivity, o/t, (x10” Sm’s")

P ——1100K |

Bl

Electronic thermal Conductivity, /1 (x10" wm'K's™)

H-E (V)

FIG. 4. (a) and (b) Electrical conductivity per relaxation time (o/to) in EuFeO5; under (a) zero and (b) 3% compressive strains for 900K < T <1400 K. (c) and (d)
Electronic thermal conductivity per relaxation time (/7o) in EuFeO3 under (c) zero and (d) 3% compressive strains for 900 K < T < 1400 K.
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TABLE 1. Calculated elastic constants (Cj) required to satisfy the orthorhombic
stability conditions of EuFeO3 under zero and compressive strains.

Strain in EuFeO;

(Cy) (GPa) 0 —1% -3% —5%

Ci 286.53293  296.07621  309.48403  325.202 62
Ciz 12898411 143.70172  174.02315 204.01974
Cis 119.70560  129.78959 15093864 176.351 83
Co, 268.828 63  282.56197  305.02691  327.886 79
Cy; 12545161 132.40152 147.40007 167.197 35
Cs;3 27276689 28521859  311.35746  341.586 65
Cyy 109.71855 11299299 118.63898 12591993
Css 88.194 57 9295527 101.43015 110.964 05
Css 76.844 91 84.22246  100.908 71  119.040 31

Figs. 4(a) and 4(b), p-type doping shows higher electrical conductiv-
ities than n-type doping, particularly at energies near the bandgap.
The third factor essential in achieving large ZT is the thermal
conductivity (k) of a material. Related to the flow of heat in the
materials, x is broken down into electronic x, and lattice thermal
conductivities x;. The former is primarily due to conduction elec-
trons, while the latter has its origin from lattice phonon vibrations
in the material. For a good TE material, it is expected that the
thermal conductivity should be sufficiently low as it is inversely
proportional to ZT. Figures 4(c) and 4(d) show the variation in
electronic thermal conductivity (k./7y) of EuFeO; within the tem-
perature range of 900 K to 1400 K under zero and 3% compressive
strains, respectively. It is evident that for both cases, k., is lower at
900 K. Additionally, we find that as the temperature increases, k,
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also slightly increases. Yet, overall, x, does not significantly alter
with changes in temperature. We were not able to calculate the
lattice contribution to the thermal conductivity, due to the limita-
tion of the Boltztrap2 code that can calculate x, only.
Nonetheless, we are confident that EuFeO; should have a rela-
tively high thermopower, due to the presence of extremely flat
and corrugated flatbands near the Fermi level and the existence of
a wide bandgap. A similar case has also been reported in the TE
performance of crystalline cinnabar (oc—HgS).28 If this is so, the
increase in the thermopower ultimately contributes to the increase
in the high PFs. In a higher temperature region, TE materials with
high PFs would be the right choice rather than looking into the
figure of merit (ZT). With regard to the lattice thermal conductiv-
ity of EuFeO3, previous experimental and lattice-statics simulation
studies on the x; of RFeO5; materials have shown that it decreases
at higher temperatures.””~"' In our work, we provide the values of
k1 by calculating the theoretical minimum value based on Cahill’s
method.”” To estimate this parameter, we first calculated the
elastic constants (Cj;) and then checked the orthorhombic stability
conditions followed by calculating the mechanical and sound/
vibrational properties. The MechElastic code’ was used for this
purpose, and the orthorhombic stability conditions™ were satis-
fied for EuFeO5; under zero and strained conditions. The calcu-
lated elastic constants (C;) and mechanical properties of EuFeOs
under zero and compressive strains up to 5% are listed in Tables I
and II. The omission of calculating these parameters for tensile
strains is discussed later in this section. It is clearly perceived that
the elastic constants (C,-j), mechanical properties, sound/vibra-
tional velocities, and the Debye temperature steadily increased
with increasing compressive strain. Once these parameters were
obtained, the theoretical minimum lattice thermal conductivity

TABLE II. Calculated mechanical properties, vibrational/sound velocities, Debye temperatures, and theoretical minimum lattice thermal conductivities of EuFeO5 under zero

and compressive strains.

Strain in EuFeO;

0 —-1% —-3% —5%

Bulk modulus (GPa) Voigt 175.157 186.182 207.844 232.202

Reuss 175.048 186.013 207.628 232.053

average 175.102 186.098 207.736 232.127

Shear modulus (GPa) Voigt 85.217 88.565 94.429 100.992

Reuss 83.338 86.528 90.827 94.117

average 84.278 87.547 92.628 97.554

Young’s modulus (GPa) Voigt 219.978 229.332 246.029 264.613

Reuss 215.772 224.738 237.805 248.724

average 217.875 227.035 241917 256.668

Poisson ratio Voigt 0.291 0.295 0.303 0.310

Reuss 0.295 0.299 0.309 0.321

average 0.293 0.297 0.306 0.316
Transverse velocity (m/s) 3388.133 00 3418.653 65 3445.447 95 3462.949 81
Longitudinal velocity (m/s) 6257.521 30 6358.171 45 6515.463 85 6672.631 66
Average velocity (m/s) 3780.951 01 3816.952 33 3851.379 37 3875.819 36
Debye temperature (K) 497.670 15 505.789 63 517.341 06 527.907 94

Minimum lattice thermal conductivity (W/m K) 1.4762 1.4946 1.5184 1.5402

J. Appl. Phys. 128, 155101 (2020); doi: 10.1063/5.0016071
Published under license by AIP Publishing.

128, 155101-7



Journal of

Applied Physics

(K, min) Was estimated, as given in Table II. The calculated x,,;,
was very small (1.4762 W m™ ' K™! for zero strained EuFeO;) and
increased with increasing compressive strain. Given this circum-
stance, rather than thermal conductivity, we then assert that the
power factor (PF) is more crucial in generating high thermoelec-
tric power for a given ZT.

Recently, it has been discovered that enhancing the PF is a
clever way of increasing the efficiency and the output power gener-
ation.” In fact, this approach offers an ingenious technique other
than lowering the thermal conductivity. Plots of PF per relaxation
time (S0/75) of EuFeO; with respect to u—Ep under zero and 3%
compressive strains are shown in Figs. 5(a) and 5(b), respectively.
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The PF reaches a maximum at the negative chemical potential
u—Ep=~(—14 €eV), and so we considered this point of chemical
potential as a critical point for high TE performance of EuFeOs;.
For positive chemical potentials such as y—Ep=+2.04 ¢V and
U—Ep=+2.72 eV, although the calculated PFs were considerably
high, these values were comparably lower than those obtained for
negative chemical potentials. These results confirm that high PFs
were obtained for p- and n-type doped material, but those obtained
for p-type doping were greater. We have therefore chosen to
present the thermal and strain dependence of the PFs for the case
of u—Ep=~(—1.4 V), where the maximum PF was obtained.
Figures 5(c) and 5(d) show how the maxima of PF (S%0/7y) at
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FIG. 5. (a) and (b) Power factor per relaxation time (S%c/t) in EuFeO; under (a) zero and (b) 3% compressive strains for 900 K < T< 1400 K. (c) and (d) Power factor
per relaxation time (S?o7z,) at u—Er = ~(—1.4 eV) as a function of temperature for different values of strain in EuFeQ; along the components (c) xx and (d) yy.
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H—Ep=~(—1.4 eV) behaves with respect to temperature for differ-
ent values of strain along the components (xx and yy). In these
figures, we can immediately infer that the PFs are anisotropic in
behavior along the xx and yy components. Here, the PF component
along yy shows higher values than the component along xx. On the
other hand, the component along zz shows similar values of PF to
the component along xx; hence, we did not further investigate the
application of strain along the c-axis. Note that the PFs are larger
along the component yy than along the component xx in all cases
of strain. Remarkably, the effect of the bandgap is also reflected in
the PF variation brought about by the strain. The bandgap
increases as we move from tensile strain (positive) to compressive
strain (negative), and the PFs also significantly increase. EuFeO;
with a wide bandgap with moderate strain (—3% compressive)
turns out to have a better PF, which slightly increases with respect
to the temperature. The tensile strain shows lower PFs than the
compressive strain and so we omitted the calculation of elastic con-
stants, mechanical properties, and the theoretical minimum lattice
thermal conductivities for the tensile strained EuFeO; configura-
tions. Also, the lattice thermal conductivity difference between
tensile and compressive strain is expected to be only a small differ-
ence, which could be realized from the difference between the zero
and compressive strained EuFeO;. Although the power factors for
5% and 7% compressive strains appear to be higher than that of
the 3% compressive strain due to larger electrical conductivities
with increasing compressive strain, the relative total energies of the
former strains are comparatively higher than in the ground state.
While considering the overall variations with respect to strain, the
compressive strain of —3% in EuFeOj; approaching a limiting wide
bandgap value shows the highest Seebeck coefficient values,
optimal electrical conductivities, and PFs in comparison to zero
and other strained conditions in EuFeOs.

IV. CONCLUSION

We have found that the presence of corrugated flatbands in
the valence band region and the extremely flatbands in the conduc-
tion band region in the band structure of EuFeO; reveal its poten-
tial as a thermoelectric material in the high temperature region.
This is confirmed from the very high Seebeck coefficients and elec-
trical conductivities, low electronic thermal conductivities, and sig-
nificantly enhanced power factor values calculated in EuFeO,
under compressive strain. The theoretical minimum lattice conduc-
tivity was estimated at around 1.47-1.54 Wm™' K. EuFeOs; is an
experimentally relevant system, and we have predicted that the
exceptionally high thermopower and power factors in this wide
bandgap semiconducting band structure, with corrugated flat and
extremely flatbands arising due to large numbers of unpaired
4f and 3d electrons, could be a breakthrough in the field of high
temperature thermoelectric materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for some of the relevant ther-
moelectric properties, structural parameters, and density of states
discussed in this work.
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