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Abstract 

Presence of room temperature ferromagnetism (RTFM) is essential for the generation of new class of materials that have 

magnetic as well as semiconducting properties known as diluted magnetic semiconductors (DMSs). A 3d Transition metals 

(TMs) doping on DMSs improve their electrical, thermal and magnetic properties and also enhance their potentiality for the 

generation of emerging spintronic devices. Electronic and magnetic behaviors of, Fe and Ni doped ZnO were investigated using 

the density functional theory (DFT) with generalized gradient approximation and Hubbard on-site corrections (GGA+U). The 

results illustrated that pure and doped systems of ZnO have a direct bandgap. The calculated bandgap of pure ZnO is in 

agreement with the experimental findings while a decrease in bandgap found is due to the doping of Fe and Ni on ZnO, 

respectively. Total density of state (TDOS) plot illustrates that pure ZnO is diamagnetic, while Ferromagnetism was observed 

due to doping effect of Fe and Ni on ZnO. Results from Partial density of states (PDOS) shows that the asymmetric behavior of 

spin up and spin down on the d-electrons of Fe on ZnO are more compared to that of Ni on ZnO. Making it more promising 

candidate for spintronic applications. 
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1. Introduction 

In view of their possible application in spintronic devices, 

Diluted Magnetic Semiconducting (DMS) materials have 

been receiving a lot of attention due to their capability to 

utilize both electrons charge and spin degree of freedom [1]. 

DMSs exhibit both magnetic and semiconducting behavior 

for the generation of new class of materials. These materials 

have ferromagnetic as well as semiconducting properties that 

make them promising candidates for the vast applications in 
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logic devices, spin valve transistors, diodes, non-volatile 

storage, ultra-fast optical switches and quantum computing 

devices [2-4]. Low Curie temperature 𝑇𝑐  nature of most 

DMSs tends to limits their potentiality to offer the aforemen-

tioned applications at room temperature. Previous experi-

mental and theoretical approaches have demonstrated that 

room temperature ferromagnetism (RTFM) may be detected 

when DMSs are doped with transition metals (TMs). Alt-

hough the exact origin of RTFM is still a matter of debate, it is 

widely regarded that RTFM is mainly due to defects induced 

like vacancies, substitutions or interstitial [5-7]. The induced 

defects modify the material's electrical, thermal, and magnetic 

characteristics. The FM can be observed by hosting the 

magnetic ions of the TM into metallic ions of the parent di-

luted magnetic semiconductor making it possible for 

spintronic devices to function at ambient situations [8]. 

ZnO as diluted magnetic semiconductor has attracted at-

tention [9], due to its direct bandgap of (3.4eV), low in cost, 

large exciting binding energy (60eV), non-toxic nature, strong 

cohesive energy and good thermal stability make it a prom-

ising applicant [10-18]. These exceptional properties of ZnO 

based DMS is used in solar cells, transducer, luminent mate-

rials, heat mirrors, semiconductor heterojunctions, thin film 

transistors, gas sensors, transparent conductor, biomedical 

when doped with 3d TMs like Fe, Co, Ni, Mn, etc [15, 19, 20]. 

Among those TMs, Fe and Ni possess exceptional magnetic 

properties and have atomics numbers and metallic radii 

Fe(Z=26,r(Å)=0.76Å), Ni (Z=28,r(Å)=0.68Å) which is very 

close to that of Zinc (Z=30,r(Å)=0.74Å), making them ex-

cellent candidates for the doping process [4]. 

A microwave-based synthesis technique was utilized to 

investigate the magnetic characteristics of Iron and Nickel 

dope with ZnO nanoparticles. The pure and Iron doped ZnO 

nanoparticles formed a single layer Wurtzite hexago-

nal-shaped crystal structure without any impurities, but 

Nickel doped ZnO nanoparticles formed NiO impurities. The 

magnetic studies indicated a diamagnetic behavior for the 

pure ZnO. Meanwhile, both Iron and Nickel doped ZnO 

showed clear room temperature ferromagnetism [6]. [3] The 

energy gap and defect-engineered optical and magnetic be-

haviors of ZnO-based diluted magnetic semiconducting na-

noparticles have been studied using the co-precipitation 

technique. 

The influence of Ni doping on the optical, structural, and 

morphological features of ZnO thin films produced by Met-

al-Organic Solution Immersion Liquid Assisted Reaction 

(MSILAR) was investigated using experimental and DFT 

methods. The result revealed a reduction in bandgap from 

3.23eV to 3.11eV. The first principle computation was em-

ployed to demonstrate the influence of Ni on the electrical and 

magnetic behaviors. It revealed that ZnO and Ni doped ZnO is 

a direct bandgap semiconductor, and Ni-3d electrons are the 

principal source of magnetic dipole moment in ZnO matrix. 

With recent advancements in computing software, 

first-principles (DFT) has emerged as an affordable and sim-

ple approach for studying the behavior of TMs doped ZnO. 

The goal of this study is to explore the electronic and mag-

netic properties of pure ZnO, Fe, and Ni doped ZnO for 

spintronic applications using density functional theory (DFT) 

employing the generalized gradient approximation with 

Hubbard-like on-site correction (GGA+U). The computation 

was performed using the Quantum Espresso package. 

2. Theoretical Background 

First principles in physics, chemistry, and material science 

are an investigative method used to study material properties 

at the atomic and molecular levels. This technique employs 

computations based on quantum mechanics, particularly the 

Schrödinger equation, to analyze unit cell structures, as well 

as the optical and electronic properties of materials [21]. 

𝐻̂Ψ = 𝐸Ψ                     (1) 

The Hamiltonian operator (Ĥ) represents the total energy of 

a system, including kinetic and potential energies from the 

Coulombic interactions between electrons and nuclei. The 

wavefunction (Ψ) describes the system, and E denotes its 

energy. 

𝐻̂ = ∑
𝑃𝐼

2
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Density Functional Theory (DFT) is a computational 

quantum mechanical method used to study the electronic 

structure of atoms, molecules, and condensed phases. De-

veloped by Hohenberg and Kohn, DFT states that all 

ground-state properties of many-particle systems are deter-

mined by electron density. In 1965, Kohn and Sham refor-

mulated the problem, making DFT practical for real-world 

applications [22]. 

𝜌(𝑟) = Ψ2(𝑟)                    (3) 

The Kohn-Sham method introduced a framework that ap-

proximates the real many-electron system by generating in-

dependent particle equations, which can be solved numeri-

cally. This approach allows for the calculation of the system's 

total energy [23]. 

𝐸𝑣[𝜌] = ∫ 𝜌(𝑟)𝑣(𝑟)𝑑𝑟 + 𝑇𝑠̅[𝜌] +
1

2
∬

𝜌(𝑟1)𝜌(𝑟2)

𝑟12
𝑑𝑟1𝑑𝑟2 +

𝐸𝑥𝑐[𝜌]                       (4) 

The exchange-correlation energy Exc in DFT includes 

exchange energy, correlation energy, Coulombic correlation 

energy, and self-interaction correction. Since no exact for-

mulation exists for the XC potential, approximations are used 

to ensure the accuracy of DFT computations. 
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The Kohn-Sham equations lack analytical solutions, re-

quiring further approximations like the local density ap-

proximation (LDA) and generalized gradient approximation 

(GGA). However, LDA and GGA tend to underestimate band 

gaps by 50-100% due to over-delocalization of valence elec-

trons and over-stabilization of metallic ground states [24] To 

overcome these limitations, an orbital-dependent on-site 

Coulomb repulsion term, Hubbard U, is added to the XC term, 

leading to the LDA+U or GGA+U methods [25]. 

𝐸𝐿𝐷𝐴+𝑈[𝑛(𝑟)] = 𝐸𝐿𝐷𝐴[𝑛(𝑟)] + 𝐸𝑈[𝑛(𝑟)] − 𝐸𝑑𝑐     (5) 

In this context, 𝑛(𝑟) represents the electron density 

probability, 𝐸𝐿𝐷𝐴 is the energy from the traditional LDA 

functional, 𝐸𝑈is the Hubbard energy, and 𝐸𝑑𝑐  accounts for 

the double-counting correction energy. 

Kohn-Sham (KS) band gaps are not exact experimental 

band gaps due to physical limitations, though the KS band 

structure often closely resembles the true band structure. The 

band dispersion aligns well with experimental results. The 

semiconductor band gap (Eg) is defined as the energy dif-

ference between the ground-state energies of N and N±1 

particle systems [26]. 

𝐸𝑔 = 𝐸(𝑁 + 1) + 𝐸(𝑁 − 1) − 2𝐸(𝑁) = 𝐼 − 𝐴     (6) 

Here, A represents the electron affinity and I ionization 

energy of the systems respectively. Principally, the energy of 

the lowest conduction band is given by 𝐸𝑐 = 𝐸𝑁+1 − 𝐸𝑁 and 

that of the valance band as 𝐸𝑉 = 𝐸𝑁 − 𝐸𝑁−1. 

The density of electronic states 𝑔(𝐸) represents the num-

ber of allowed electron energy states per unit energy interval 

around a specific energy E, including spin degeneracy. It 

influences key properties of crystals, particularly semicon-

ductors, such as optical, thermodynamic, and transport char-

acteristics [27]. The density of states 𝑔(𝐸) can be expressed 

as; 

𝑔(𝐸) = 2×(number of states which have an energy E (𝐾⃗⃗ ) 

equal to E) 

Which can be represents mathematically as; 

𝑔(𝐸) = 2∑ 𝛿|𝐸(𝐾⃗⃗ )𝐾⃗⃗ − 𝐸|               (7) 

The wave vector 𝐾⃗⃗  is used to index the permissible elec-

tron states, so the summing applies to all values. The Dirac 

function 𝛿(𝑥) is a particular even function. 

3. Computational Method 

Two Zinc and two Oxygen formed the unit cell of the 

wurtzite structure of ZnO. A 2 × 2 × 2 supercell of ZnO is 

formed by stacking-eight unit cells of the wurtzite ZnO 

structure together. The supercell has 32 atoms, 16 Zinc and 16 

oxygen, as seen in Figure 1. The structure and input files were 

built using BURAI (GUI) version 1.3.1. The electronic and 

magnetic properties of ZnO system were investigated using 

density functional theory (DFT) with the generalized gradient 

approximation and a Hubbard-like on-site correction 

(GGA+U). Rappe Rabe Kaxiras Joanno-poulos' (rrkjus) ul-

trasoft pseudopotential was utilized to depict electron-ion 

interaction. This was due to the advantage of it on TM and 

also on energy gap. The doping was carried out on the Zn 

atom which was either been replaced by two Fe or two Ni 

atoms and which account for 6.2% atomic concentration and 

this was done due to the computational power available. A 

K-mesh of 4 × 4 × 2 and 1350eV energy cut-off were set for 

the undoped and doped system of ZnO. The Hubbard param-

eter of U(Zn)=10eV, U(O)= 7eV, U(Fe)= 5.4eV, U(Ni)= 

6.4eV were taken from previous research. The computations 

were done with the quantum espresso simulation package. 

 
Figure 1. 2x2x2 wurzite ZnO, the green color represents the doping 

site of either Fe or Ni. 

4. Results and Discussion 

The result of Figure 2 (a). illustrates the computed band 

structure of pure ZnO. The valence band maximum (VBM) 

and conduction band minimum (CBM) align at the center of 

the Brillion Zone, proving that pure ZnO is a direct gap 

semiconductor. And this shows that the material can be good 

for light emission, high optical absorption and compact effi-

cient material. Also it indicates that with lower power induce 

a higher efficient material can be produce. The computed 

bandgap energy of 3.38eV is reported, is in agreement with 

the experimental band gap (3.40eV), which is typically un-

dervalued by LDA or GGA functional. With doping of Fe and 

Ni doped ZnO, it was observed that there was decrease in in 

the energy gap of about 0.93eV and 0.51eV from that of the 

pure ZnO respectively as shown in Figures 3 and 5. The 

bandgap energies found are 2.45eV and 2.87eV for Fe and Ni 

doped ZnO respectively. The results also indicated that Fe and 

Ni doped ZnO are direct bandgap semiconductors. 
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Figure 2. (a). Electronic band structure of pure ZnO. The horizontal dotted line represent the Fermi energy (b) Total density of state (TDOS) of 

pure ZnO. The Vertical blue dotted line is the Fermi energy. 

Figure 2 (b) presents the total density of state of the pure 

ZnO. The valence band lies between -8.43eV and 0eV, 

whereas the conduction band is between 3.88eV and 11.80eV, 

proving the semiconducting nature of pure ZnO. The Fermi 

energy which is the reference energy, was specified as zero. 

The spin up and down electronic states were superimposed, 

and the net magnetic dipole moment per cell calculated is 0𝜇𝐵 

see Figure 2. This confirmed the non-magnetic nature of pure 

ZnO. Figures 4(a) and 6(a) illustrate the total spin density of 

state (TDOS) for both Fe-doped ZnO and Ni-doped ZnO and 

It was found that, unlike pure ZnO, the total density of state 

(TDOS) of spin up and spin down is asymmetrical, owing to 

broken degeneracy states. The asymmetry implies that Fe and 

Ni doped ZnO are ferromagnetic. Fe doped ZnO had a total 

magnetic moment of 4.03𝜇𝐵 per cell, while Ni doped ZnO 

had a magnetic moment of 2.0𝜇𝐵. This suggests that both Fe 

and Ni doped ZnO exhibit ferromagnetism. 

  
Figure 3. Electronic band structure of Fe: ZnO (a) Spin up (b) Spin down. The horizontal dot line represents the Fermi energy. 

The partial density of states was used to study the root of 

ferromagnetism in Fe and Ni doped ZnO. Figure 4 (b). Shows 

the PDOS of Fe-doped ZnO. The valance band is mainly 

occupied by O-2p, with little contributions of Zn-4s and Fe-3d 

electron states, whereas the conduction band is largely occu-

pied with spin-down Fe-3d and orbitals intermixing between 

Zn-4s and O-2p electron states. Zn-4s and O-2p have the 

equal number of spin up and spin down states, but Fe-3d had 
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asymmetrical spin up and spin down states, indicating that the 

ferromagnetic behavior in Fe doped ZnO is primarily due to 

Fe-3d electrons. Similar scenario can be observed for Ni 

doped ZnO in Figure 6 (b) however the influence of Ni-3d 

spin down electron state in the conduction band is small 

compared to that of Fe-3d. This implied that Fe doped ZnO is 

more ferromagnetic than Ni doped ZnO. 

  
Figure 4. (a) Total density of states (TDOS) of Fe:ZnO (b) Partial density of states (PDOS) of Fe:ZnO. 

  
Figure 5. Electronic band structure of Ni:ZnO (a) Spin up (b) Spin down. 

  
Figure 6. (a) Total density of state (TDOS) of Ni:ZnO (b) Partial density of states (PDOS) of Ni:ZnO. 
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5. Conclusion 

The Electronic and magnetic properties of pure, Fe and Ni 

doped ZnO have been studied using the density functional theory 

(DFT) with GGA+U. The results shown that pure ZnO and doped 

systems of ZnO are direct bandgap semiconductor. The bandgap 

of pure ZnO was calculated and is in good agreement with the 

experimental results while a decrease in bandgap was recorded for 

both Fe and Ni doped ZnO respectively. Total density of state 

(TDOS) result showed that pure ZnO exhibit a diamagnetic be-

havior while both Fe and Ni doped ZnO exhibited ferromagnetic 

behavior due to asymmetric change of spin up and spin down 

electrons states. According to partial density of state (PDOS), the 

conduction band is dominated by spin-down Fe-3d and Ni-3d, also 

by the orbital intermixing of Zn-4s and O-2p electrons states. 

Meaning that both Fe and Ni doped ZnO are ferromagnetic, but 

the contributions of Fe-3d spin down electrons are much when 

compared to that of Ni-3d. This makes Fe doped ZnO more Fer-

romagnetic and more promising for spintronic applications. 

Abbreviations 

RTFM Room Temperature Ferromagnetism 

DMS Diluted Magnetic Semiconductors 

TMs Transition Metals 

DFT Density Functional Theory 

ZnO Zinc Oxide 

GGA Generalize Gredient Approximation 

GGA+U Generalized Gredient Approximation + Hubbard 
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PDOS Partial Density of State 

TDOS Total Density of State 
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NiO Nickel Oxide 
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