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Abstract 

The optical uses of Gd2O3 have attracted interest in optoelectronics and have increased its 

popularity in industry. With the use of density functional theory, the SCF, band structure and 

density of states (DOS) of cubic Gd2O3 are examined. For this, Gd2O3 supercell has been 

created with a scaling of (211) and examines the electronic characteristics such as band gap 

and DOS by using DFT. After this, the effect of Cd doping on the characteristics of Gd2O3 

nanoparticles is also explored while adding one Cd atom super cellular level of scale (221). 

The calculations indicate that SCF converges with total energy -689.288 to -1368.33 RY, which 

suggests that the dopant (Cd) has a substantial impact on the overall structure and electronic 

properties of the system. After the convergence of SCF, results reveal that both pure Gd2O3 

and Cd-doped Gd2O3 were metallic in nature. They were characterized with an extremely 

small gap or practically negligible small difference between the valence and conduction bands. 

This indicated that both structures of Gd2O3 are metallic; having overlapped valence and 

conduction bands.  
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Introduction 

Gadolinium oxide ( Gd2O3) comes in the 

form of a white, odorless powder that is acid 

soluble, and is available in both bulk and 

nanoparticle form [1]. Gadolinium (Gd) is 

ferromagnetic below its Curie point i.e., 20 

°C (68 °F), and has a stronger magnetic field 

attraction than nickel. Above the Curie 

temperature, Gd is the element that is most 

paramagnetic [2]. Due to distinctive 

structural and electrical characteristics of Gd 

(because of  4f electrons), its sesquioxides 

find significant uses in the microelectronic, 

optoelectronic, and optical device industries 

[3]. The structural flexibility of rare-earth 

sesquioxides (including Gd) make them a 

potential candidate for utilized in solid oxide 

fuel cells (SOFC) [4, 5]  as oxygen-ion 

conductors [6, 7], oxygen sensors [8], 

membrane reactors for oxidative catalysis 

[9], and thick ceramic membranes [5, 10] for 

oxygen separation [11]. Lanthanide elements 

and their compounds including Gd2O3 are 

frequently used in several technical fields 

including electronics, magnetics, optics, 

biomedicine, and catalytic converters etc. [4, 

5, 8].  

Gd2O3 was generally observed in cubic form 

[12], considered as an effective compound in 

antireflective coatings due to its high 

refractive index. In addition natural form, 

Gd2O3 nanoparticles have gain much 

attention in recent years because of its 

unusual magnetic, band structure and optical 

properties[13]. These nanoparticles may exist 

in a variety of morphologies, including 

hollow spheres, nanotubes, nanoplates, 

nanorods and microrods with improved 

chemical and thermal stability [14-17]. In 

addition, it is easy to dope some other 

additional ions atoms or ions from transition 

metals and lanthanides to tune its properties 

with respect to end user applications by using 

various chemical and physical means 

including intense lasers and e-beams [18-22]. 

However, it requires the detail 

understandings of band structure and optical 

characteristics [23, 24] of material under 

investigations.  

To get information about structural and 

optical characteristics Density Functional 

Theory (DFT) is employed as a powerful 

theoretical tool. DFT enables the calculation 

of electronic properties by solving the Kohn-

Sham equations, which describe the behavior 

of non-interacting electrons in an effective 

potential [25]. The exchange-correlation 

functional has been utilized for quantifying 

the electron-electron interactions; and getting 
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the accurate description of the electronic 

structure of materials. A few studies have 

been performed for unrevealing the band 

structure and other characteristics of Gd2O3 

while using DFT. In this context, Hermet. J. 

et. At., [26] has conducted DFT calculations 

for quantifications of oxidation and 

hyderation of Gd-doped barium cerate and 

found that Gd is the most suitable dopdent 

with both processes i.e. oxidation and 

hydration are exothermic one with enthalpies 

-0.70 eV and -1.34 eV, respectively. In 

another study, Xia X et. Al., [13] has studied 

the characteristics stability (electronics and 

magnetic) for cluster of (Gd2O3)n for n =1 to 

10 using DFT (spin polarized), and found the 

elongation in Gd-O bonding for increasing 

the number of clusters. More recently, Lu Y. 

et al., [9] has conducted first principle 

calculations for the calculation of optical and 

band structures of Gd2O3 and Fe-doped 

Gd2O3 and found the values 2.60 eV and 0.61 

eV, respectively.  

In this study, the aim is to investigate the 

electronic band gap of Gd2O3, and the 

influence in the properties when doping the 

Cd at super cellular level. The calculations 

are done while using the local density 

approximation (LDA) and generalized 

gradient approximation (GGA) methods with 

computational details given in subsequent 

section.  

Computational Details 

All computations in this study were 

performed upon by utilizing the CASTEP 

code in the Materials Studio (MS) 6.1 

software based on the Density Functional 

Theory (DFT) approach. DFT is employed to 

compute the structural and electronic 

characteristics of materials. For general 

energy, the ultra-soft pseudopotential 

technique is utilized. Ion potential is 

substituted with ultra-soft pseudopotential 

when using plane wave basis groups, which 

unfold the electronic wave function. Ions and 

electrons are included in the technology for 

ultra-soft pseudopotentials. The cut-off 

plane-wave energy is chosen at 571 eV for 

total-energy, band structure, and spectra 

computations. The exchange correlation 

potential is determined using two different 

approximations: the generalized gradient 

approximation (GGA) within the Perdew-

Burke-Ernzerhof (PBE) function and the 

local density approximation (LDA) [27]. The 

Ultrasoft pseudopotential method is used for 

ion and electron interactions in this study, 

and the total energy convergence achieved is 

1× 10−5 eV/atom. The limitedmemory 

Broyden-Fletcher-Goldfarb Shanno 
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(LBFGS) approach is a dependable technique 

for conducting a complete relaxation of 

lattice variables and interior coordinates to 

optimize the structure. The convergence 

parameters for maximum stress and 

displacement were imposed to 0.05 GPa and 

0.001Å, respectively. Figure 1 depicts a cubic 

phase unit cell of Gd2O3 with four Gd 67 

atoms and 18 O atoms, two nonequivalent Gd 

atoms at sites 8b and 24d, and one O atom at 

site 48e [28]. The electronic structure and 

optical characteristics of pure gadolinium 

oxide and Cd doped Gd2O3 were analyzed 

using a primitive cell. The Monkhorst-Park 

technique was applied to integrate the 

Brillouin zone, using a k-point mesh of 

3*3*3 and cutoff energy is 571eV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In the current study, we have considered the 

configurations of Gd2O3 as Gd: 4𝑓75𝑑16𝑠2 

where [Xe] denotes core states and 

(4𝑓75𝑑16𝑠2) valence states of Gd atoms, 

and O: 2𝑠22𝑝4  where [He] represent core 

states and (2𝑠22𝑝4) valence states of O 

atoms.  

As we proceed, we create a Gd2O3 supercell 

with a scaling of (211) and examine the 

electronic characteristics such as band gap 

Figure 1 : Cubic structure of Gd2O3. The large and tiny spheres represent the atoms 

Gd and O, respectively. 

 

 



                        NUST Journal of Natural Sciences, Vol. 8, Issue 1, 2023 

 

 
Influence of Cd-doping at electronic and band structure characteristics of gadolinium oxide: A 

DFT based theoretical study                                                                                                             5 
 

and DOS by using DFT. After this, one Gd 

atom out of eight is replaced with Cd atom at 

super cellular level and recalculates the 

properties.  

Results and Discussion 

 

The unit cell of Gd2O3 was replicated to 

create a supercell with a 2*1*1 configuration 

which contains 39 atoms with 8 Gd and 31 O 

atoms, and a gadolinium atom was replaced 

by a cadmium atom in the crystal, which is 

known as cadmium doping as shown in 

Figure 2. Our goal is to examine the structural 

alteration and enhanced characteristics of 

Gd2O3 while doping the Cd at the super 

cellular level. We now have the modified 

band gap, DOS, and SCF calculations for this 

unit cell. When an atom of gadolinium in a 

Gd2O3 crystal is replaced by an atom of 

cadmium, it is called cadmium doping. The 

impact of cadmium doping on the features of 

gadolinium oxide depends on the 

concentration and distribution of the dopant 

atoms, as well as the specific properties being 

studied. 

  

 

 

 

 

 

 

For Cd-doped Gd2O3 structure with (space 

group Pn-3m), lattice parameters are a 

=10.715Å, b = c = 5.358Å, and cell angles are 

α=β=γ=90°. Fine-quality pseudopotentials 

with energy cut-off of 250 electron volts (eV) 

were utilized to emulate the interaction 

Figure 2: Crystal structure of 2 × 1 × 1 supercell of Cd-doped Gd2O3 
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between the valence electrons and 

conduction holes in a precise manner for Cd-

doped gadolinium oxide. By using an energy 

cut-off of 250 electron volts (eV), the 

calculations of band structure, density of 

states, electron density, and optical features 

were able to produce accurate and optimized 

results. To perform k-point grid sampling of 

reduced Brillouin zone using the Monhorst 

Pack scheme, a 3 × 3 × 3 grid was set for pure 

Gd2O3 while a 1 × 1 × 1 grid was used for Cd-

doped Gd2O3. During the geometry 

optimization the energy convergence for this 

Cd-doped structure is 1.209 ×10−6 eV/atom, 

the highest displacement is 0.001Å, highest 

stress is 0.03 GPa, and highest force is 0.03 

eV/Å. The total volume of lattice parameters 

is 307.589𝐴3. When Cd is introduced as a 

dopant in a material, the lattice parameters a, 

b, c, and the unit cell volume V are observed 

to increase. Additionally, the band gap Eg of 

the material is found to decrease with the 

incorporation of Cd dopants.  

The impact of cadmium doping on the 

characteristics of gadolinium oxide can 

depend on concentration and distribution of 

the dopant atoms, as well as the specific 

properties being studied. In general, the 

introduction of a dopant atom can have 

several effects on the properties of a material, 

including changes in its electronic, optical, 

magnetic, and mechanical properties. 

Specifically, when a single atom of 

gadolinium in a Gd2O3 crystal is replaced by 

an atom of cadmium, the electronic and 

optical features of the material may be 

affected. For example, cadmium doping may 

introduce new electronic states into the 

material's band structure, which can alter its 

electronic conductivity, its optical absorption 

and emission properties, or its magnetic 

properties. Dopants can introduce new 

electronic states into the material's band 

structure, which can alter its electronic 

conductivity, optical absorption and emission 

properties, or magnetic properties. Dopants 
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can also create defects or distortions in the 

crystal lattice, which can affect the 

mechanical, thermal, or chemical stability of 

the material. Additionally, dopants can 

interact with other defects or impurities in the 

material, leading to further changes in its 

properties[29]. 

Electronic Properties of Pure and Cd-

Doped Gd2O3 Crystal Structure  

Band Structure of Pure and Cd-Doped 

Gd2O3 Crystal Structure 

Analyzing the electronic properties of 

materials involve band structure and DOS, as 

these factors are significant in determining 

these properties. The calculated electronic 

band structure of un-doped Gd2O3 is 

presented in Figure 3a. In general, the band 

gap energy of the material is determined by 

the VBM and CBM, which are situated at G 

point in Brillouin zone. The energy scale is 

referenced to f𝑒𝑟𝑚𝑖 𝑙𝑒𝑣𝑒𝑙, which has a 

position of 0 eV. The band gap of pure-

Gd2O3, as determined by DFT-GGA 

calculations, is almost negligible small  band 

gap [30]. 

 In Figure 3 b, the electronic band structure 

for 2 × 1 × 1 supercell of Cd-doped Gd2O3 is 

depicted. The Cd dopant, which acts as an 

acceptor, results in addition to more bands in 

the structure with valence band is found to be 

convergent to the Fermi level. Gadolinium 

oxide has a band gap below zero i.e., the 

energy required to move an electron from 

valence band to the conduction band is 

extremely small. This means that the material 

can conduct electricity very easily, as the 

electrons in the valence band can easily move 

into the conduction band and flow through 

the material. Cadmium doping is responsible 

for modifying the electronic structure of the 

material and changing the position of the 

Fermi level, but it cannot fundamentally 

change the nature of the band gap. Doping 

with Cd, which is a group II element, has  

introduce additional energy levels into the 
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band gap and modify the electronic 

properties of the material, but it cannot 

eliminate the band gap entirely (see figure 3 

b) [31].  

Density of States (DOS) of Pure and Cd-

Doped Gd2O3 Crystal Structure 

 

In Figure 4 (a) & (b), total density of states 

(DOS) of pure and doped Gd2O3 crystal 

structure are presented. The DOS curves 

typically show two main regions: valence 

band and the conduction band. Valence band 

denotes the energy levels that are occupied by 

electrons in their ground state, while the 

conduction band denotes the energy levels 

that can be accessed by electrons when they 

are excited to higher energy states. 

  

 

 

 

 

 

 

 

 

 

 

Figure 2: Band structure of (a) pure Gd2O3 and (b) Cd-doped Gd2O3 
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DFT calculations express that valence band 

of Gd2O3 is governed by oxygen 2p states, 

while the conduction band is dominated by 

gadolinium 5d states. The DOS in the valence 

band is relatively high and extends over a 

broad energy range, while the DOS in the 

conduction band is lower and more sharply 

peaked. Results show that Band gap of 

gadolinium oxide (Gd2O3) is zero, and then 

its density of states (DOS) curve would show 

a continuous distribution of electronic states 

across the entire energy range. In other 

words, there would be no energy gap between 

the valence and conduction bands, and DOS 

would be non-zero at all energies. In such a 

scenario, there would be no energy gap 

between valence and conduction bands, and 

there would be available electronic states at 

all energies [32].  

 

 

 

 

 As seen in figure most frequently, the 𝑂-2𝑠 

and 𝐺𝑑-5𝑝 states are found between -20 and 

-15eV. O-2p and Gd-5d states arise as bands 

in the energy ranges of around 3.3 eV to 0 eV,  

 

 

with overall widths of about 3.25 and 3.3 eV, 

respectively. The Gd-5d state also shows out 

near the bottom of conduction band.  In DOS, 

Fermi level is taken to be 0 eV. After doping 

Figure 4: Calculated total density of states of (a) pure-Gd2O3 and (b) Cd-doped Gd2O3 in 2 

× 1 × 1 supercell. 
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peaks for Cd up and down spin occur at an 

energy of -9 eV, and band structure of Cd 

doped Gd2O3 tends to narrow down with 

more heavily populated with electronic states 

as depicted by DOS (see figure 4b). This is 

because doping with Cd, which is a group II 

element, has introduced additional energy 

levels into the band gap and modified the 

electronic properties of the Gd2O3 , but it 

cannot eliminate the band gap entirely. 

Conclusion 

In this study, we investigated the structural 

and electronic characteristics of cubic Gd2O3 

within a density functional theory 

framework. Calculations demonstrate that 

there is a direct band gap in the gamma 

direction and structural optimizations were 

carried out with acceptable accuracy. 

Furthermore, Cd doping has a significant 

effect on the band structure and density of 

DOS with increasing the population of 

energy states of valance band.  The results 

reported in this study are significant for 

optoelectronics applications in replacement 

cadmium for reduce the cytotoxicity issues 

associated with it.   
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