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Abstract—This study explores the Magnetic, Optical and thermoelectric properties of europium-doped Gal-
lium Nitride (Eu:GaN) using the Full-Potential Linearized Augmented Plane Wave method within Density
Functional Theory framework, employing the Modified Becke–Johnson method. By substituting a Gallium
atom with a Europium atom in the hexagonal crystal structure of GaN with a nominal doping rate of 6%,
characteristic electronic transitions and localized magnetic moments associated with Eu3+ ions were revealed
through our calculations. Additionally, optical analysis revealed enhanced Absorption, particularly in the
Ultraviolet region, while thermoelectric properties, calculated using the Boltz-TraP program, demonstrated
significant enhancements in electrical conductivity and Power Factor up to 800 K. The figure of Merit
reached 0.955 at room temperature. These findings highlight the potential of EuGaN for a range of applica-
tions, including use in optoelectronics such as ultraviolet detectors, LEDs and ultraviolet photovoltaics, as
well as in thermoelectric devices such as waste heat recovery and thermoelectric generators. This paves the
way for future research on rare earth-doped materials.
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1. INTRODUCTION
Semiconductor based devices have been extensively

utilized in a myriad of domains, encompassing Micro-
electronics, optoelectronic devices, and chemical sen-
sors [1–3]. Historically, scholarly focus has predomi-
nantly been directed towards elemental semiconduc-
tors such as Silicon (Si) and Germanium(Ge) [4],
alongside conventional III–V semiconductors like
Gallium Arsenide (GaAs) and Indium Phosphate
(InP) [5]; however, recent studies have explored the
intricate properties of nitride semiconductors, includ-
ing Indium Nitride (InN), Gallium Nitride (GaN),
and Aluminum Nitride (AlN) [6], as well as their
respective alloys [7–9]. The methodical incorporation
of rare earth (RE) doping into nitride semiconductors
offers a promising approach to developing advanced
visible light- emitting optoelectronic devices [10–12].

Significantly, GaN semiconductors have become piv-
otal subjects of academic inquiry and technological
advancement [13], distinguished by their Wide–
Band–Gap characteristics and exceptional mechani-
cal resilience [14–16]. Group III–V semiconductors,
such as GaN, InN, and AlN, are instrumental in micro-
electronic devices functioning in extreme environmental
conditions due to their outstanding thermal and electri-
cal properties [17]. The incorporation of RE doping
imparts unique attributes to III–V nitrides, thereby
affecting their optical and electronic characteristics [18].
For example, the introduction of Eu doping in GaN
facilitates the fabrication of red light-emitting
devices, offering alternatives to traditional method-
ologies [19–21].

M. Lantri et al. identified that ErGaN exhibits pro-
nounced UV emission peaks within the range of 99.2
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to 198.4 nm. Furthermore, the computed magnetic
moments were approximately 3.00 μB across all exper-
imental evaluations [22]. S. Amiri et al. ascertained
that ErGaN functions as a semiconductor with an
indirect band gap of 0.79 eV, whereas Eu0.06Ga0.94N
demonstrated an indirect Band Gap of 3.38 eV utiliz-
ing Generalized Gradient Approximation (GGA + U)
methodologies [23], corroborating findings from prior
investigations [24–26]. This study investigates the
potential of EuGaN as a promising material for opto-
electronic and thermoelectric Applications. By
employing advanced Computational Techniques; the
Tran–Blaha modified Becke–Johnson potential with
on-site Coulomb repulsion (TB-mBJ + U) methodol-
ogy, we explore the Electronic, Magnetic, Optical,
and Transport Properties of EuGaN. Our aim is to
elucidate the impact of Eu doping on GaN’s semicon-
ductor behaviors and to identify strategies for enhanc-
ing its optical efficiency and electrical conductivity.
This paper commences with a thorough exposition of
the Computational Methodology, offering a detailed
elucidation of the techniques utilized. Subsequent sec-
tions delve into an exploration of the electronic prop-
erties, band structures, and density of states (DOS) of
Eu0.06Ga0.94N. A comprehensive analysis of the mate-
rial’s optical and transport characteristics follows. The
manuscript concludes with a presentation of the prin-
cipal findings and a discussion of their ramifications.
This work has potential applications in optoelectron-
ics (UV LEDs, UV photodetectors, and UV photovol-
taics) due to its enhanced optical absorption. Its ther-
moelectric properties make it suitable for waste heat
recovery, thermoelectric generators (TEGs), and tem-
perature sensors. Additionally, EuGaN could be used in
high-performance electronic and spintronic devices,
benefiting from its improved electrical and magnetic
characteristics. These findings position EuGaN as a
promising material for next-generation energy and
electronic technologies.

2. COMPUTATIONAL METHODS

The DFT calculations within the GGA [27, 28]
framework were performed using the WIEN2k soft-
ware package [29, 30] and the Perdew–Burke–Ern-
zerhof (PBE) functional [31]. This computational
approach has demonstrated efficacy in predicting
structural, electronic, and optical properties of mate-
rials exhibiting metallic, ionic, and covalent bonding.
To enhance the accuracy of electronic structure calcu-
lations, particularly for materials with significant band
gaps or strong electron correlations, the mBJ+U
method [32, 33] was employed to treat the exchange-
correlation potential [34]. This method incorporates
the mBJ approximation and a Hubbard U parameter
of 8.506 eV and J parameter of 1.109 eV for Eu 4f elec-
trons, as reported by Lambrecht et al. [35]. This amal-
gamation improves the precision of electronic struc-
ture calculations by better capturing the effects of elec-
RUSSIAN JOURNAL O
tronic correlation and electron-electron interactions.
A 2 × 2 × 1 supercell containing 32 atoms was used
based on the wz-GaN structure [36]. To introduce Eu
doping at a concentration of 6%, one Ga atom was
substituted with an Eu atom, resulting in the
Eu0.06Ga0.94N composition. The use of supercells is a
standard approach in DFT-based simulations of
doped systems. The Brillouin zone was sampled using
a Monkhorst–Pack k-point grid with a density of
approximately 12 points per angstrom. An energy cut-
off of 150 Hartree was adopted for the plane wave basis
set. Furthermore, calculations of magnetic properties
are performed by taking into acout the spin-polariza-
tion directions (spin-up and spin-down orientations).
Spin-orbit coupling was included through fully relativ-
istic pseudopotentials. The valence states of Eu, N,
and Ga were defined accordingly: 4d, 4f, 5s, 5p, 5d,
and 6s for Eu; 2s, 2p for N; and 4s, 3d, 4p for Ga. Plane
wave expansions were employed in the interstitial
region with a cutoff Kmax = 8/RMT determined by the
smallest muffin tin sphere radius RMT. A total of 500
k-points were used for Brillouin zone integrations.
The Dielectric function, a crucial parameter for inves-
tigating the optical properties of materials, was calcu-
lated to describe the linear response of the system to
electromagnetic radiation. Thermoelectric properties
were determined using the BoltzTraP code [37] based
on ab initio data within the framework of semiclassical
Boltzmann transport theory under constant relaxation
time and rigid band approximations.

3. DISCUSSION AND DISCUSSION
3.1. Electronic Properties

This study investigates the structural, optical, mag-
netic, and electronic properties of EuGaN through
computational simulation. The substitution of a Ga
atom with Eu in the GaN lattice, resulting in
Eu0.06Ga0.94N, induced structural modifications char-
acterized by an elongated equilibrium lattice constant
(Fig. 1). Previous research by H. Sekiguchi et al.
emphasized the significant influence of growth tem-
perature on nanocolumn configuration within
EuGaN, with higher temperatures promoting lateral
growth and lower temperatures favoring independent
nanocolumn formation [38].

To elucidate the band structure characteristics, total
density of states (TDOS) analyses were conducted.
These calculations provide insights into the distribution
of electronic states and their occupations. The density
of states is a fundamental parameter in band theory cal-
culations [39–41]. Figure 2 presents the calculated
band structure and TDOS of Eu0.06Ga0.94N using the
mBJ + U approximation, highlighting high-symmetry
points in the Brillouin zone [42, 43]. The energy range
from –7 to 8 eV effectively captures the Electronic
Band Structure, revealing an indirect Band Gap of
2.89 eV, indicative of the material’s semiconductor
F PHYSICAL CHEMISTRY B  Vol. 19  No. 4  2025
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Fig. 1. Crystal structure of EuGa15N16.
behavior. Notably, the DOS trends exhibit similarity
within this energy range. A high density of states is
observed in the valence band between –5 and –1.5 eV,
suggesting a substantial number of available electronic
states. Conversely, the conduction band displays a signif-
icant DOS from 2.89 to 8 eV, indicating ample electronic
states for potential transitions from the Valence Band.

An analysis of the electronic properties, summa-
rized in Table 1, provides valuable insights into the
material’s behavior under different exchange-correla-
tion potentials. Under the local density approximation
(LDA), the material exhibits a zero band gap (0.0 eV),
suggesting metallic characteristics. However, the cal-
culated total energy (−81671.746 Ry) is relatively low,
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
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indicating potential limitations in the LDA model’s
accuracy. In contrast, the mBJ potential predicts a
band gap of 1.027 eV, suggesting a transition towards
semiconductor or insulating behavior. The slight
increase in total energy compared to the LDA calcula-
tion (−81667.064 Ry) supports the mBJ potential’s
improved representation of the system’s total energy. It
is well established that different computational methods
yield varying Band Gap values for different materials
Table 1. The calculated band gap progressively
increases from LDA to mBJ to mBJ + U, emphasizing
the impact of exchange-correlation potentials on elec-
tronic structure. A comparison of optimized and exper-
imental band gaps for GaN and Eu0.06Ga0.94N using the
mBJ method is presented in Table 1.

The employment of the mBJ + U potential results
in a wider band Gap of 2.898 eV, confirming the insu-
lating nature of the material. While the total energy
remains comparable to the mBJ result, a slight
decrease (–81666.945 Ry) suggests additional system
stabilization. The incorporation of Eu ions introduces
localized magnetic moments arising from unpaired 4f
electrons of Eu3+ ions, influencing the magnetic prop-
erties of Eu0.06Ga0.94N [44, 46–48]. Experimental
studies by M. Peres et al. reported a Band Gap energy
of approximately 1.99 eV for this material [49].

3.2. Optical Properties and Dielectric Function

The electronic properties of solids strongly influ-
ence their optical properties. The study of the optical
properties of crystals allows us to better understand the
l. 19  No. 4  2025
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Fig. 3. The real ε1(ω) and imaginary ε2(ω) parts of the
dielectric function of Eu0.06Ga0.94N.
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nature of their response to the frequency of incident
photons and to select materials for building optoelec-
tronic devices based on these properties. The fre-
quency-dependent complex dielectric function mainly
determines the optical properties of the material [50,
51]. Consequently, the optical absorption, reflection,
and transmission coefficients for Eu0.06Ga0.94N are cal-
culated. The optical properties of the material are
described by the transverse dielectric function in the
following equations [52, 53].

(1)
where ω represents the frequency parameter, the
dielectric function is a complex quantity that describes
how a material responds to electromagnetic radiation.

ε ω = ε ω + ε ω1 2( ) ( ) ( ),i
RUSSIAN JOURNAL O

Table 1. The electronic and magnetic properties of GaN and

Property
Our calculatio

LDA mBJ

Band gap, eV 0.0 1.027
Total energy, Ry –81671.746 –81667.064
Fermi energy, eV 0.608 0.736
Spin magnetic moment 6.01286 6.00061
Experimental gap, eV – –
The real part ϵ1(ω), is related to the polarizability of
the material, and the imaginary part ϵ2(ω), is related to
the absorption of light. The real part of the dielectric
function ϵ(ω) can be calculated by the Kramers–Kro-
nig transformation [54]:

(2)

where P represents the Cauchy principal value of the
integral. Several peaks are observed in the real and
imaginary parts of the dielectric function. In the
ε1(ω), the peaks were located at 0.5, 2.5, 3.9 eV and the
highest peak was at 7.5 eV. In the ε2(ω), the peaks were
at 0.5, 1.9, 3.9 eV and the highest peak was at 7.9 eV.
These observations are summarized in Fig. 3.

These peaks indicate different electronic transi-
tions in the material. Low-energy transitions corre-
spond to excitation between valence and conduction
band states, conversely, high-energy transitions reflect
significant electronic excitations or intraband transi-
tions. These characterization results offer valuable
insights into the optical and electronic properties,
deepening our understanding of their behaviors in var-
ious applications, such as optoelectronics and photo-
voltaic. Figire 4 displays the results of the optical con-
ductivity σop and the absorption coefficient α(ω).

The optical conductivity σop is essentially the opti-
cal response of the material, by analyzing the optical
conductivity spectrum, scientists can gain insights into
the behaviour of electrons and photons in the mate-
rial, which is crucial for understanding its optical and
electrical properties. The optical conductivity of a
polarized medium is found to be governed by:

(3)

where χ is the electric susceptibility. The absorption
coefficient α is defined with

(4)

where n is the refractive index, Table 2 shows the cor-
relation between the optical conductivity and absorp-
tion coefficient.

∞ ε ω
ε ω = + ω

π ω − ω
2

1 2 2
0

( ')2( ) 1 ',
'

P d

χσ =
λ

,
3op
c

πσ
α =  4 ,op

nc
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 Eu0.06Ga0.94N materials

n Other calculation

mBJ + U mBJ(GaN) mBJ(EuGaN)

2.898 3.3 [44] 3.013 [44]
–81666.945 –63860.043 [44] –81667.302 [44]

0.612 – –
6.00045 – –

– 3.5 [45] –
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Fig. 4. The optical conductivity and the absorption coeffi-
cient of Eu0.06Ga0.94N.
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Fig. 5. The refractive index n and extinction coefficient k
of Eu0.06Ga0.94N.
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Table 2 showcases a range of energy from 2.0 to
13.0 eV alongside corresponding to the optical con-
ductivity peaks values. Notably, the conductivity starts
to increase and reaches a maximum at 13.0 eV for both
directions. The absorption coefficient exhibits a sharp
rise at 2.95 eV (420 nm) and then increases exponen-
tially from 4 eV (309.9 nm) towards higher energies.
This behavior covers a significant portion of the solar
spectrum, with a particularly strong enhancement in
the ultraviolet region.

3.3. The Refractive Index and the Extinction Coefficient
The calculated refractive index n(ω) and extinction

coefficient k(ω) for majority and minority spin are
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo

Table 2. Summary of optical conductivity and absorption co

Energy, eV σop, Ohm–1 cm–1 Energ

2.0 200 2.0
3.4 1000 3.9
6.8 6200 7.9
8.7 7200 9.8

13.0 9000 11.1
shown in Fig. 5. The complex refractive index N(ω) is
expressed as:

(5)

It is indicated that the real part of the n(ω), aligns
with the real part of the dielectric function spectrum
ε1(ω), while the results of the extinction coefficient
k(ω), correlate well with the imaginary part of the
dielectric function ε2(ω).

Figure 5 shows the static refractive index for the xx
and zz directions, with values of 2.1 and 2.2, respec-
tively. The refractive index exhibits an initial increase,
reaching a maximum value of 3.0 eV for both direc-
tions. Additionally, the extinction coefficient k, starts

( ) ( ) ( )ω = ω + ω .N n ik
l. 19  No. 4  2025

efficient peaks of Eu0.06Ga0.94N

y, eV α × 104, cm–1 Others

2 2.1 [44]
12.25 10 [44]
98 52 [44]

148 121 [44]
187.5 154 [44]
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Fig. 6. Temperature dependence of the (a) electrical conductivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d) power
factor of Eu0.06Ga0.94N.
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to increase from 2.0 eV and continues to rise towards
higher energies in both xx and zz directions.

3.4. Transport Properties

To investigate the thermoelectric properties of
Eu0.06Ga0.94N, we employed the Boltz-TraP program,
integrated with WIEN2K, to derive these properties
from the Boltzmann semi-classical transport equa-
tions [55, 56], A high power factor (PF) and good
electrical conductivity are essential for favorable ther-
RUSSIAN JOURNAL O
moelectric behaviors [57]. Previous studies have high-
lighted the limitations of GaN in this regard, motivat-
ing research to enhance its thermoelectric properties,
including electrical conductivity and power factor
[58]. We observed a significant increase in σ/τ (Elec-
trical Conductivity divided by Carrier Lifetime) with
rising temperature in doped Eu0.06Ga0.94N. This
enhancement is likely due to the creation of additional
energy states near the Fermi level, facilitating
increased electron mobility in the conduction band.
These additional states are possibly attributed to
F PHYSICAL CHEMISTRY B  Vol. 19  No. 4  2025
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Fig. 7. Figure of Merit ZT of Eu0.06Ga0.94N.
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impurities from 4f states within the conduction band.
At higher temperatures, the σ/τ values obtained from
our calculations closely match those predicted by the
mBJ method [59]. Figure 6 illustrates the temperature
dependence of σ/τ for both p-type and n-type
Eu0.06Ga0.94N, considering two different chemical

potentials such as –0.005 and 0.003 eV. The chemical
potential values –0.005 and 0.003 eV are chosen
because of their proximity to 0 eV, thus ensuring a rele-
vant comparison in the analysis of transport properties.

As shown in Fig. 6, the electrical conductivity in both
n and p regions steadily increases from 200 to 800 K. The
n-type material exhibits a slightly higher electrical

conductivity, reaching 3.5 × 1018 (Ohm ms)–1 com-

pared to 3.25 × 1018 (Ohm ms)–1 for the p-type mate-
rial. The Seebeck coefficient for n-type and p-type
regions were calculated to be 163.45 and 170.05 µV/K,
respectively, exactly at 800 K. The electronic thermal
conductivity (ke/τ) remains relatively low at room tem-

perature but increases with rising temperature [60, 61].
The power factor, PF, is directly proportional to the
square of the Seebeck coefficient times the electrical

conductivity PF = S2(σ/τ). At 800 K, the power fac-
tor of Eu0.06Ga0.94N for both n and p types are 9.6 ×
1010 W/m K2 s. Figure 7 presents the temperature-
dependent Figure of Merit (ZT) for both n- and p-type
Eu0.06Ga0.94N.

The comprehensive study range from 50 to 800 K
allows for the evaluation of thermoelectric perfor-
mance across various temperature regimes. At 100 K
(–173.15°C), the focus is on applications in cryogenic
cooling and low-temperature waste heat recovery.
Conversely, at 800 K, the material’s suitability for
high-temperature industrial processes is assessed. Our
primary interest lies in the thermoelectric perfor-
mance at room temperature, which is directly relevant
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
to everyday applications. At this temperature, the
observed ZT value of 0.955, approaching the ideal ZT
of 1, indicates the promising potential of Eu0.06Ga0.94N

for Thermoelectric conversion. These findings moti-
vate further research and development to explore its
applications in diverse fields, including waste heat
recovery, solar thermoelectric systems and space
exploration [60].

4. CONCLUSIONS

This study employed the FP-LAPW method within
the DFT framework to investigate the Magnetic, opti-
cal, and Thermoelectric properties of 6% Eu-doped
GaN. The introduction of Eu resulted in the emer-
gence of characteristic electronic transitions and

localized magnetic moments associated with Eu*+

ions, indicating the possibility of ferromagnetic
behaviors. The enhanced optical absorption in the UV
region (around 428 nm) positions Eu0.06Ga0.94N as a

promising candidate for optoelectronic applications
such as UV photovoltaics, LEDs and UV Sensors. It is
noteworthy that the material displayed considerable
enhancements in electrical conductivity and power
factor, thereby confirming its p-type semiconductor
nature. The calculated figure of merit of 0.955 at at
room temperature serves to underscore the potential
of this material for use in efficient Thermoelectric
Power Generators, Waste Heat Recovery and tem-
perature sensors. These findings collectively indicate
that Eu-doped GaN is a versatile material with appli-
cations in both optoelectronic and thermoelectric.
Further research could investigate the effects of vary-
ing Eu doping concentrations and the potential of
other rare earth dopants to optimize these properties.
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