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Abstract: Zinc oxide (ZnO), a wide bandgap semiconductor, has attracted considerable
attention in photocatalysis due to its high chemical stability, non-toxicity, and strong 2
oxidation ability. In this study, density functional theory (DFT) calculations were employed to
investigate the effects of Ru doping on the structural, electronic, and magnetic properties of
wurtzite ZnO. The results reveal that Ru incorporation induces bandgap narrowing and
generates impurity states, enhancing visible-light absorption. Charge density analysis suggests
improved electron mobility, while projected density of states (PDOS) indicates strong
hybridization between Ru-4d and ZnO states. The calculated density of states at the Fermi level,
N(EF), exhibits notable dependence on doping concentration and magnetic ordering. For non-
magnetic states, N(EF) reaches 11 states/ eV and 9.5 states/eV at 12.5% and 25% doping,
respectively. In ferromagnetic configurations, these values reduce to 0.65 states/eV and 1.955
states/eV, while antiferromagnetic states yield 4.945 states/eV and 0.65 states/eV. These
variations highlight Ru’s role in modulating electronic density, influencing conductivity,
magnetic response, and photocatalytic potential. The findings offer theoretical insights for
designing efficient Ru-doped ZnO-based photocatalysts.

Keywords: density functional theory; band gap; electronic band structure; density of states;
semiconductors

1. Introduction

Photocatalysis has emerged as a sustainable approach for environmental remediation and
renewable energy conversion, with semiconductor materials playing a crucial role in harnessing solar
energy for chemical transformations [1]. Among various semiconductors, ZnO is widely investigated
due to its excellent photocatalytic properties, including high charge carrier mobility, strong redox
potential, and environmental friendliness [2]. How-ever, the practical application of ZnO in
photocatalysis is hindered by two major challenges:(i) a wide bandgap of 3.37 eV, which limits its
absorption primarily to the ultraviolet (UV) region, and (ii) fast electron-hole recombination,
reducing its photocatalytic efficiency [3]. To address these limitations, various strategies, such as
doping, nanostructuring, and heterojunction formation, have been explored. Among these
approaches, doping ZnO with transition metals has proven to be an effective method to tailor its
electronic and optical properties [4]. Ruthenium (Ru), a 4d transition metal, exhibits strong catalytic
activity and excellent electronic properties, making it a promising dopant for ZnO [5]. Previous
studies have demonstrated that Ru doping can introduce midgap states, improve visible-light ab-
sorption, and enhance charge carrier separation, thereby boosting photocatalytic efficiency [6].
However, a comprehensive theoretical investigation of Ru-doped ZnO, focusing on its structural
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stability, electronic modifications, and optical response, is still needed to fully understand its
potential in photocatalysis [7,8]. ZnO-based derivations have been used for many years for different
applications, such as LCD screens, solar cells, gas sensors, detectors, flat panel displays, and
ultraviolet semiconductor laser beams [9,10]. It is non-toxic and has piezoelectric, ferroelectric, and
ferromagnetic properties [11]. Zinc oxide nanoparticles are an important example of inorganic metal
oxide that exhibit significant size and shape-dependent antibacterial activity [12]. The unique and
fascinating properties of II-VI compound semiconductors have triggered tremendous motivation
among scien-tists to explore the possibilities of using them in industrial applications [13]. ZnO can be
divided into three by their potential functions[14]. One-dimensional structures comprise the largest
groups, including nano-rods, needless springs, rings, ADV25-AR-01013 ribbons, tubes, belts, wires,
and combs [15]. Two-dimensional(2D) structures include nanoplate, hano-sheet nano-spells, and
three dimensional(3D) [16] including flowers, snowflakes, and coniferous urchins [17]. Hexagonal
Zn0 is an n-type semiconductor that has excellent pho-toelectric properties [18], high chemical
stability [19], low static dielectric, and optoelectric [20]. Al, Mg, and Fe elements doping ZnO can
obtain n-type material and direct band gap structure [21,22]. Generally, metal ion doping could
increase electrical conductivity in ma-terials combined with a wide range of transparency in the
visible and near-UV regions [23]. Ru substitution can improve the electrical and magnetic properties
of non optimally(low) cation doped maganites [24]. Ruthenium doped on TiO2 increases the
thickness of thin films from 110nm to 255nm [25]. In the Nb2Pd1-xRuxS5 system, superconductivity
is enhanced, and Tc maximum 6.86K(x=0.2) [26,27]. Several typical dopant elements, such as F, B, Al,
Ga, In, and Sn have been used to produce conducting ZnO films [28]. Eu-doped ZnO can be induced
by introducing Zn interstitial leads to a carrier mediated FM [29], while the Pd-doped ZnO possesses
no FM [30,31]. The system we use, Zinc (Zn: [Ar]3d104s22), Oxygen (O:[He]2s22p4), and Ruthenium
(Ru: [Kr]4d75s1 have except Oxygen they are d-orbital electrons in their electronic structure
configuration. In this study, first-principles density functional theory (DFT) calculations are
employed to systematically investigate the impact of Ru doping on the structural, electronic, and
magnetic characteristics of wurtzite ZnO. The analysis focuses on how Ru incorporation influences
the band structure, density of states, and charge distribution to assess the potential of Ru-doped ZnO
as an efficient visible-light-responsive photocatalyst. The findings provide valuable theoretical
insights for the design and optimization of advanced photocatalytic materials based on transition
metal-doped ZnO.

2. Computational Methods

In this research, we have calculated the electronic band structure, partial density of
states(PDOS), and density of states(DOS) of Zn1-xRuxO for x= 0.5, 0.25, and 0.125. The calculation of
the Brillouin Zone is performed using a 8x8x10 Monkhorst pack k.points sampling. The
pseudopotential type used is the ultrasoft pseudopotential (USPP) with the GGA Perdew-Burke-
Ernzerhof (PBE-Sol) functional. We use the value of Hexagonal lattice parameters(a= 3.2490, c =
5.20899) [32,33] and internal coordinates of Zn(0.1666667, 0.3333333, 0.0000000) and O (0.1666667,
0.3333333,0.1900000) obtained by Vesta package. The band structures are plotted along the high
symmetry direction I'-M-K-I'-A-L-H-A-L-M-K-H [34] in the conventional Hexagonal (HEX) Brillouin
Zone. The DOS calculation was performed using the tetrahedron method. We multiply cell positions
by phonopy package super-cell division as for 25% (2x1x1) and 12.5% (2x2x1). We did a band plot to
compare band structure in the first Brillouin Zone. In general, we did non-magnetic and magnetic
calculations.

3. Results and Discussion

In this section, we present and analyze the structural, electronic, and magnetic proper-ties of Ru-
doped wurtzite ZnO to evaluate its potential for enhanced photocatalytic activity. First-principles
calculations based on density functional theory (DFT) were employed to explore the influence of
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ruthenium (Ru) substitution at the Zn site on the host ZnO lattice. The motivation for this study arises
from the inherent limitations of pristine ZnO in photocatalytic applications, primarily due to its wide
bandgap and limited visible light absorption. Transition metal doping has been widely proposed as
an effective strategy to overcome these limitations by inducing mid-gap states and narrowing the
bandgap [35]. Among various dopants, Ru has attracted interest due to its favorable electronic
configuration and ability to tailor the photocatalytic properties of oxide semiconductors [36].

Figure 1 shows the optimized crystal structures of Ru-doped wurtzite ZnO at three different
doping concentrations: 12.5%, 25%, and 50%. The wurtzite framework remains largely intact, with
only slight distortions observed around the dopant site due to local lattice relaxation. As the Ru
concentration increases to 25%, two Zn atoms are substituted by Ru atoms, introducing more
noticeable distortions in the lattice. Although the hexagonal wurtzite symmetry is preserved,
localized strain becomes more evident, especially around the Ru-O coordination environment. At the
highest doping level of 50%, half of the Zn atoms are replaced with Ru, resulting in significant
structural distortion. The proximity of multiple Ru atoms leads to strong Ru-O interactions and
possible Ru—Ru coupling, which destabilizes the original wurtzite structure [37]. These changes are
indicative of increasing attice strain and potential phase instability at high doping levels, which are
critical factors influencing the material’s photocatalytic behavior.

(©)

Figure 1. Crystal structure of: 12.5% a, 25% b and 50% ¢ Ru-doped wurtizte ZnO.

Figure 2 displays the calculated band structures of Ru-doped wurtzite ZnO for three different
doping concentrations: (a) 12.5%, (b) 25%, and (c) 50%. These results provide key insights into the
evolution of the electronic properties of ZnO upon increasing Ru content. At the lowest doping level
of 12.5%, the band structure shows a noticeable reduction in the band gap compared to pristine ZnO,
primarily due to the introduction of Ru 4d states near the conduction band minimum (CBM) and
valence band maximum (VBM). These impurity states serve as intermediate energy levels that
facilitate visible light absorption and enhance photocatalytic performance by reducing the energy
required for electronic transitions [38]. As the Ru concentration increases to 25%, the band gap
continues to narrow, and the impurity states become more pronounced. This modification results in
a more delocalized electronic structure near the Fermi level, which can promote better charge carrier
mobility and reduce electron-hole recombination, a desirable characteristic for photocatalytic
applications. At 50% doping, the band gap becomes much narrower, and in some cases, metallic-like
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behavior may begin to emerge due to the merging of impurity states with the conduction or valence
bands. This drastic change indicates that at high Ru concentrations, the semiconductor nature of ZnO
can be compromised, potentially affecting its photocatalytic efficiency similarly with reported

work[39].
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Figure 2. Band structure of: 12.5% a, 25% b and 50% c Ru-doped wurtizte ZnO.

Figure 3 shows the total and partial DOS for Ru-doped wurtzite ZnO at doping concentrations
of 12.5% (a), 25% (b), and 50% (c). These DOS plots provide a deeper understanding of the electronic
structure evolution with increasing Ru content and help to explain the trends observed in the band
structures. At 12.5% Ru doping, the partial DOS analysis shows N(EF) is 11 states/eV and strong
hybridization between the Ru 4d orbitals and O 2p states, indicating significant interaction between
the dopant and the host lattice. As the Ru concentration increases to 25%, the intensity and spread of
the Ru 4d states within the band gap region become more pronounced. The hybridization between
Ru 4d and O 2p orbitals intensifies, leading to a greater redistribution of electronic states near the
Fermi level [40] with N(EF) 9.5 states/eV. This interaction results in further band gap narrowing and
the formation of more mid-gap states, which can enhance charge carrier separation and facilitate
photocatalytic reactions under visible light. Moreover, the conduction band becomes more populated
with Ru-derived states, indicating a shift in the electronic character of the material toward increased
conductivity. At the highest doping level of 50%, the DOS exhibits significant overlap of the Ru 4d
states with both the conduction and valence bands, effectively closing the band gap or making it very
narrow. This strong overlap may indicate a transition from semiconducting to metallic-like behavior,
which, while potentially enhancing electrical conductivity, could also lead to increased carrier
recombination and reduced photocatalytic efficiency [41]. The sharp increase in states near the Fermi
level N(EF) is 8 states/eV suggests that electron localization and scattering effects could become
significant at such high doping concentrations.
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Figure 3. Density states of: 12.5% a, 25% b and 50% ¢ Ru-doped wurtizte ZnO.

Figure 4 shows the PDOS for Ru doped wurtzite ZnO at three doping concentrations 12.5% (a),
25% (b), and 50% (c), highlighting the orbital contributions of Zn 3d, O 2p, and Ru 4d states to the
overall electronic structure. At the 12.5% doping level, the PDOS shows that the valence band
primarily comprises O 2p orbitals, while the conduction band consists mainly of Zn 4s and a small
contribution from Zn 3d orbitals. The stronger hybridization between Ru 4d and O 2p orbitals leads
to an even greater reduction in the band gap. Moreover, the interaction between Ru atoms becomes
more likely, contributing to the formation of delocalized states around the Fermi level. This not only
improves the material’s light absorption in the visible region but also promotes more efficient charge
carrier separation and transport key factors in enhancing photocatalytic performance. At the highest
doping level of 50%, the PDOS reveals a dramatic transformation in the electronic structure. The Ru
4d states dominate the vicinity of the Fermi level, and their overlap with both the valence and
conduction bands becomes substantial. The Zn 3d and O 2p contributions are still present but are
relatively suppressed due to the strong influence of Ru [42]. This results in the possible closing of the
band gap or the emergence of metallic-like behavior. While this might lead to higher electrical
conductivity, it may also introduce an increased recombination of photogenerated charge carriers,
which can negatively affect photocatalytic efficiency. Table 1 concludes the Fermi energy (EF), total
energy (TE) in the ferromagnetic (FM) configuration, lattice parameter (a), and unit cell volume for
Ru-doped ZnO at three different doping levels: 12.5%, 25%, and 50%. The data reveal how increasing
Ru concentration influences both the structural and electronic stability of the material. At 12.5%
doping, the Fermi energy is 9.6955 eV, and the total energy is calculated to be -1489.2109 Ry. The
lattice parameter a is 12.4310 “A, and the corresponding volume is 1332.8426 °A. These values indicate
a relatively stable structure with minimal lattice compression, suggesting that low Ru doping can be
accommodated without significantly disturbing the ZnO host lattice [43]. As the Ru content increases
to 25%, the Fermi energy rises to 10.593 eV, and the total energy becomes -767.57414 Ry. Interestingly,
the lattice parameter remains constant at 12.4310 A, but the volume reduces by half to 666.4213 3,
consistent with the supercell size and number of atoms considered in the simulation. This increase in
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Fermi energy suggests enhanced electronic activity near the conduction band and a slight shift in the
electronic distribution due to the addition of Ru atoms. The reduction in total energy (becoming less
negative) reflects the impact of Ru substitution on the energetic stability of the structure. At the
highest doping level of 50%, the Fermi energy shows a marked increase to 13.2495 eV, indicating a
significant shift of the Fermi level toward the conduction band. This implies strong metallic character
or the emergence of impurity bands near the Fermi level. The total energy further increases to -
406.79644 Ry, suggesting reduced structural stability at high Ru concentration. Additionally, the
lattice parameter decreases to 6.0948 °A, and the volume drops substantially to 316.71253. These
reductions are due to the smaller size of the unit cell used for this higher doping level but also suggest
increased lattice distortion or possible structural phase transition as more Zn atoms are replaced with

Ru [44].
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Figure 4. Partial density of: 12.5% a, 25% b and 50% ¢ Ru-doped wurtizte ZnO.

Table 1. Fermi energy (EF), and Total energy (TE), lattic parameter and volume of Zn1-xRuxO.

Composition Fermienergy (eV) Total energy of FM (Ry) Lattice a (eV)  volume

{25 9.6955 -1489.2109 12.4310 1332.8426
0.25 10.593 -767.57414 12.4310 666.4213
0.5 13.2495 -406.79644 6.0948 316.7125

Figure 5 presents the spin-polarized band structure of Ru-doped wurtzite ZnO at three different
doping concentrations: 12.5%, 25%, and 50%, illustrating the spin-up (I) and spindown (II) for each
case. At 12.5% Ru doping Figure 5 (a,b), the spin-up band structure reveals a semiconducting nature
with a slightly narrowed band-gap compared to pristine ZnO. The Ru 4d states begin to hybridize
with O 2p states near the Fermi level, indicating the onset of magnetic interactions. In contrast, the
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spin-down shows more significance with impurity states appearing near the Fermi level. This spin
asymmetry suggests the presence of spin polarization and possible weak ferromagnetic behavior. As
the Ru concentration increases to 25% Figure 5 (c,d), the spin-up exhibits metallic characteristics, with
bands crossing the Fermi level. The enhanced Ru-O hybridization leads to broader bands and
stronger electron delocalization. Meanwhile, the spin-down band structure retains a semiconducting
character or exhibits a small gap around the Fermi level. This clear asymmetry between the spin
channels implies half-metallicity. At the highest doping concentration of 50% Figure 5 (e,f), both spin-
up and spin-down show bands crossing the Fermi level, indicating a metallic state for both spin
orientations. The band structures become more symmetric, and the spin polarization is significantly
reduced. This is likely due to stronger Ru-Ru interactions, which may suppress magnetic ordering or
lead to weak ferromagnetism [45].
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Figure 5. Spin-polarized band structure of: 12.5% (a,b), 25% (c,d) and 50% (e,f) spin up (I) and spin down (II) for
Ru-doped wurtizte ZnO.

Figure 6 shows the spin-polarized partial density of states (PDOS) of Ru-doped wurtzite ZnO at
three different doping concentrations: 12.5% (a), 25% (b), and 50% (c). This figure provides deeper
insight into how individual atomic orbitals, particularly Ru 4d, O 2p, and Zn 3d, contribute to the
electronic and magnetic behavior of the material. At 12.5% doping, the PDOS reveals a clear spin
asymmetry between the up-spin and down-spin states, especially near the Fermi level, indicating the
onset of spin polarization. The Ru 4d orbitals introduce impurity states within the band gap and
hybridize with the O 2p states, particularly in the spin-down channel. This interaction results in
localized magnetic moments around the Ru atoms, which are responsible for the observed magnetic
ordering and band gap reduction. The Zn 3d and O 2p contributions remain dominant in the valence
band region, but their alignment with Ru 4d states demonstrates strong orbital hybridization that
modifies the electronic structure [46]. As the Ru concentration increases to 25%, the spin polarization
intensifies. The PDOS shows a larger difference in the density of spin-up and spin-down states,
especially for the Ru 4d orbitals. This strong spin splitting indicates enhanced magnetic interactions
due to increased dopant density. The Ru 4d states shift closer to the Fermi level, and their
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hybridization with O 2p states strengthens. This leads to an increased density of mid-gap states,
which can facilitate visible-light absorption and improve photocatalytic activity. Additionally, the
interaction among neighboring Ru atoms may result in the emergence of collective magnetic
behavior, suggesting potential for room-temperature ferromagnetism in this system. The
contribution from Zn 3d states remains largely unaffected, serving as a stable electronic background
for the evolving magnetic structure. At the highest Ru concentration of 50%, the PDOS shows
dramatic changes. The spin asymmetry is still present but becomes more complex, with both spin
channels showing a high density of states at the Fermi level, suggesting metallic or half-metallic
character. The Ru 4d states dominate the electronic structure, particularly near the Fermi level, and
their strong overlap with O 2p orbitals contributes to a highly delocalized electronic environment.
This high degree of hybridization enhances electrical conductivity but may compromise the magnetic
ordering due to carrier delocalization. The near-continuous distribution of states across the Fermi
level in both spin channels also suggests a possible breakdown of semiconducting behavior [47],
which could lead to faster recombination of photogenerated carriers unfavorable for photocatalysis.
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Figure 6. Partial density of: 12.5% a, 25% b and 50% ¢ Ru-doped wurtizte ZnO.

Figure 7(a), the spin-up for 12.5% Ru doping introduces magnetic properties without
significantly disrupting the host lattice structure or electronic properties. This behavior is favorable
for potential photocatalytic applications that require magnetic activity and visible-light absorption
[48]. At 25% Ru doping Figure 7(b), the PDOS exhibits stronger spin polarization compared to the
25% doping case. The spin-up and spin-down channels now show more pronounced differences,
with the Ru 4d states playing a significant role in the density of states near the Fermi level. This
concentration of Ru introduces more impurity states in both spin channels, particularly closer to the
conduction band, indicating a more pronounced hybridization between Ru 4d and O 2p orbitals. The
increase in Ru concentration further narrows the band gap, making the material more conducive to
visiblelight absorption [49]. This effect is expected to enhance photocatalytic activity by facilitating
the generation and separation of charge carriers, while the enhanced spin-polarization could enable
spintronic applications or improved magnetocatalytic performance. At 50% Ru doping Figure 7(c),
the PDOS shows a dramatic shift, with a significant overlap of Ru 4d states with both the conduction
and valence bands. This strong hybridization leads to a more metallic-like electronic structure, where
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the Fermi level intersects with a high density of delocalized Ru 4d states. The spin-polarized channels
still show some asymmetry, but both the spin-up and spin-down states are highly populated around
the Fermi level, suggesting metallic or half-metallic behavior. The increased Ru concentration leads
to a substantial loss of the band gap, and the material no longer exhibits clear semiconducting
properties.
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Figure 7. Partial density of: 12.5% a, 25% b and 50% ¢ Ru-doped wurtizte ZnO.

Figure 8(a), the PDOS clearly shows a distinct spin asymmetry, indicating the onset of spin
polarization. The Ru 4d states introduce impurity levels within the band gap, particularly in the spin-
down channel, which leads to a narrowing of the band gap and the formation of mid-gap states.
These mid-gap states are primarily derived from the hybridization between the Ru 4d and O 2p
orbitals. In the spin-up channel, the electronic structure is largely dominated by the O 2p and Zn 3d
states, with minimal contribution from Ru. This limited interaction between Ru and Zn in the valence
band maintains a relatively stable semiconducting nature [50] while introducing magnetic moments
associated with the Ru dopants. These results suggest that moderate doping at this level can provide
desirable magnetic properties without excessively disrupting the host lattice.

At 25% Ru doping Figure 8(b), the spin polarization becomes more pronounced. The PDOS for
this concentration reveals an increased overlap between the Ru 4d states and the O 2p orbitals. This
stronger hybridization contributes to a further reduction in the band gap, which enhances the
material’s ability to absorb visible light—a key feature for photocatalytic applications. The spin-up
and spin-down channels exhibit greater asymmetry, with a noticeable increase in the density of states
near the Fermi level, particularly in the spindown channel. This suggests that the magnetic
interactions between Ru atoms are becoming stronger and more extensive. The increased presence of
Ru 4d states near the Fermi level indicates that the material is becoming more conductive, potentially
facilitating charge carrier transport and separation, both critical for improving photocatalytic
efficiency [51]. At 50% Ru doping Figure 8(c), the PDOS shows a significant shift towards metallic-
like behavior. The contribution from Ru 4d states dominates both the conduction and valence bands,
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leading to a substantial narrowing or even closing of the band gap. The spin-up and spin-down
channels show substantial overlap near the Fermi level, indicating that both spin channels are
contributing to the metallic character of the material. This overlap of Ru 4d states with the conduction
band results in a material that may exhibit high electrical conductivity but potentially loses its
semiconducting properties. The strong delocalization of electrons and the high density of states near
the Fermi level in both spin channels may lead to increased carrier recombination, which could
negatively affect photocatalytic efficiency [52]. While this behavior is favorable for spintronic
applications where metallic spin channels are needed, it may limit the effectiveness of the material
for photocatalytic applications due to the lack of a sufficient band gap.
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Figure 8. Partial density of: 12.5% a, 25% b and 50% ¢ Ru-doped wurtizte ZnO.

In the 12.5% Ru-doped ZnO Figure 9(a), the impact of Ru doping is relatively minor. At this low
concentration, the Ru dd-orbitals have only a slight contribution near the Fermi level, meaning the
Zn 3d and O 2p orbitals dominate the electronic structure, and the material largely retains its
semiconductor properties. At 25% Ru doping Figure 9(b), the interaction between Ru dd-orbitals and
the ZnO host orbitals becomes more noticeable. The increased concentration leads to more significant
hybridization between Ru d orbitals and the Zn 3d M orbitals, which can introduce new electronic
states near the Fermi level [52]. This could modify the conductivity and may also have implications
for the material’s magnetic properties. At 50% Ru doping Figure 9(c), the influence of Ru is
pronounced, with the Ru dd-orbitals contributing heavily to the density of states near the Fermi level.
At this high concentration, strong hybridization between Ru dd-orbitals and the Zn 3d and O 2p
orbitals could significantly alter the electronic structure, potentially driving the material from a
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semiconducting state towards metallic behavior. Overall, as the doping concentration increases, the
Ru dd-orbitals play a more significant role in shaping the electronic properties of Ru-doped ZnO,
with the potential for significant changes in conductivity, magnetism, and other material
characteristics.

5
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PDOS (statesfeV)
o
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Figure 9. Partial density of: 12.5% a, 25% b and 50% ¢ Ru-doped wurtizte ZnO.

Table 2 provides a detailed comparison of the Fermi level (EF) and total energy (TE) for both the
ferromagnetic (FM) and antiferromagnetic (AFM) configurations of Ru-doped ZnO at different Ru
doping concentrations: 12.5%, 25%, and 50%. For 12.5% Ru doping, the Fermi level for the FM
configuration is 9.6266 eV, while for the AFM configuration, it shifts to 9.8890 eV. The total energy
for the FM configuration is -2977.6275 Ry, while the energy for the AFM configuration is slightly
more negative at -2977.641 Ry, implying that the AFM state is marginally more stable than the FM
state by an energy difference of AE=0.0143 Ry. This small energy difference indicates that both FM
and AFM configurations are nearly degenerate at this low doping concentration, suggesting that the
material can exist in either magnetic state with similar stability. For 25% Ru-doping, the Fermi level
for the FM configuration increases to 10.8881 eV, while the AFM Fermi level drops to 9.8025 eV. The
total energy for the FM configuration is -1534.4359 Ry, whereas the energy for the AFM configuration
is -1534.5635 Ry. The energy difference (A E= 0.127565 Ry) between the FM and AFM states is
significantly larger than at 12.5% doping, indicating that the FM state is now more stable than the
AFM state, favoring ferromagnetism at this concentration. For 50% Ru doping, the Fermi level for the
FM configuration rises further to 12.9443 eV, and for the AFM configuration, it is 12.7034 eV. The
total energy for the FM configuration is -812.7992 Ry, and for the AFM configuration, it is -812.8123
Ry, with a very small energy difference (AE = 0.0131 Ry). At this high doping concentration, the
energy difference between the FM and AFM configurations is again small, suggesting that both states
are nearly degenerate. However, the very slight preference for the AFM configuration at this doping
level implies that the system may exhibit more complex magnetic behavior as the Ru concentration
reaches higher levels [53].
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Table 3 presents the total magnetization and absolute magnetization for both ferromagnetic (FM)
and antiferromagnetic (AFM) configurations of Ru-doped wurtzite ZnO at various doping
concentrations: 12.5%, 25%, and 50%. These values provide insights into the magnetic properties of
the material at different doping levels and magnetic ordering. In the FM configuration, the total
magnetization is the sum of the magnetic moments of all atoms in the system, while the absolute
magnetization refers to the magnitude of the total magnetization, irrespective of the direction of the
magnetic moments. At 12.5% Ru doping, the total magnetization is 5.51uf, and the absolute
magnetization is 5.74up. The slight difference between total and absolute magnetization suggests a
small degree of magnetic moment cancellation, indicating a weaker ferromagnetic ordering. The
material exhibits noticeable ferromagnetism, but the moments are not perfectly aligned, which is
consistent with a moderate doping level where spin polarization is weaker. At 25% Ru doping,the
total magnetization drops to 3.85 uf but the absolute magnetization increases to 4.38f3 . The decrease
in total magnetization suggests a reduction in the alignment of magnetic moments, possibly due to
the higher concentration of Ru, which might introduce competing magnetic interactions [54].
However, the increase in absolute magnetization indicates that the material still retains significant
spin polarization, though the magnetic ordering might be less stable than at lower doping levels. At
50% Ru doping ,the total magnetization increases significantly to 8.44 up , and the absolute
magnetization is 8.53 uf . This shows that, at high doping levels, the magnetic moments align more
strongly in the FM configuration, resulting in a higher total magnetization. The values of total and
absolute magnetization are almost identical, suggesting that the system exhibits a well-defined
ferromagnetic order with minimal moment cancellation. This aligns with the earlier observation that
higher Ru doping can promote stronger ferromagnetism in ZnO. In the AFM configuration, the total
magnetization is essentially 0 uf for all doping concentrations, as expected for an antiferromagnetic
material, where adjacent magnetic moments cancel each other out. The absolute magnetization values
are reported as well: At 12.5% Ru doping, the absolute magnetization is 5.31 uf, indicating that while
the material shows no net magnetization in the AFM state, there is still some residual magnetization
due to the alignment of individual magnetic moments [55]. At 25% Ru doping, the absolute
magnetization is 7.34 uf , which is higher than that at 12.5% doping, suggesting that the AFM
configuration becomes more stable or more defined with increased Ru concentration. At 50% Ru
doping, the absolute magnetization is 7.47up, which is slightly higher than at 25%, further suggesting
that the AFM configuration remains somewhat stable at higher doping levels, with stronger magnetic
interactions among the dopant atoms.

Table 2. Fermi level(EF), and Total energy (TE) of FM and AFM Znj_,RuxxO.

Composition EF of FM (eV) TE of FM (Ry) EF of AFM (eV) TE of AFM (Ry) AE

0.125 9.6266 -2977.6275 9.8025 -2977.641 0.0143
0.25 10.8881 -1534.4359 9.88890 -1534.5635 0.1275
0.5 12.9443 -812.7992 12.7034 -812.8123 0.0131

Table 3. Total magnetization and absolute magnetization for FM and AFM of 12.5%, 25%, and 50%
Ruthenium doped wurtizte ZnO.

Ferromagnetic (FM)Antiferromagnetic(AFM)

Composition Total mag. Absolute mag. Totalmag.  Absolute mag.

0.125 3.85 438 0.0000 5.31
0.25 5.51 5.74 0.0000 7.34
0.5 8.44 8.53 0.0000 747

4. Conclusions

A theoretical investigation of Ru-doped wurtzite ZnO was carried out using firstprinciples DFT
calculations. A structural analysis confirmed minor lattice distortions upon Ru incorporation without
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disrupting the wurtzite framework. Band structure calculations revealed significant bandgap
narrowing and impurity states introduced by Ru 4d orbitals near the Fermi level. Density of states
(DOS) and partial DOS (PDOS) analyses showed strong hybridization between Ru 4d and O 2p
orbitals, altering the electronic characteristics of ZnO. Ru doping transformed ZnO from a
semiconductor to a metallic system across all non-magnetic (NM) and most magnetic states. In NM
configurations, N(EF) values of 11, 9.5, and 8 states/eV were recorded for 12.5%, 25%, and 50% Ru
doping, respectively. In FM configurations, N(EF) decreased to 0.824 and 2.2 states/eV for 12.5% and
25% doping. Notably, at 25% Ru doping in the FM state, a bandgap opened in the down-spin,
indicating a possible half-metallic behavior. AFM configurations yielded N(EF) values of 4.9 and 0.48
states/eV at corresponding doping levels.

5. Recommendation

Further experimental synthesis and photocatalytic performance testing of Ru doped ZnO at
12.5-25% concentrations are strongly recommended to validate the theoretical predictions and
optimize the material for visible light photocatalytic applications.
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