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ABSTRACT 

We find different morphological structures of Copper (I) and (II) oxides (Cu2O and 

CuO) which are suitable candidates for  semiconductors, magnetic and spintronic 

devices, batteries, catalysts, supercapacitors etc. In the present work, we explore the 

extensive properties related to crystal structure, electronic band structures and density 

of states  of nanoclusters of Cu2O and CuO (0D), nanowires of Cu2O (1D), nanotubes 

and nanoribbons of CuO (1D), nanosheets of CuO (2D), and bulks of Cu2O and CuO 

(3D) respectively. We use the exchange-correlation functionals LSDA + U, SGGA + 

U, and meta-spin generalized gradient approximation (MSGGA), respectively under 

the density functional theory (DFT) approach implemented  in Virtual Nanolab-

Atomistix ToolKit (VNL-ATK).  

Here, the XC- functional SGGA + U  is used to study (Cu2O)n = 1, 2, 3 and  (CuO)m = 2, 4, 

6 nanoclusters. The nanoclusters (Cu2O)1 show semiconducting and diamagnetic 

behaviors, whereas the (Cu2O)2 and (Cu2O)3 nanoclusters have magnetic moments per 

atom 0.33 µB and 0.22 µB with spin polarization 1 respectively, confirm the half-

metallic and semiconducting ferromagnetic behaviors. The nanoclusters (CuO)2, and 

(CuO)6 of magnetic moments per atom 0.49 µB and 0.58 µB show semiconducting and 

ferromagnetic behaviors, respectively whereas (CuO)4 of magnetic moment per atom 

0.50 µB is a half-metal ferromagnetic nanocluster.  

The Cu2O nanowires of the diameter range 4-6 Å having magnetic moments per atom 

0.36 µB, 0.03 µB and 0.02 µB respectively are ferromagnetic nanomaterials. We find 

the magnetic moment per atom of the nanowire decreases concerning an increase in 

its diameter which is resembling with previously reported data. Our calculation 

reveals that Cu2O nanowires are suitable for sensor and solarcell applications. 

The (2, 1) CuO chiral nanotube with magnetic moment per atom 0.36 µB, shows 

semiconducting behavior with an energy band gap of 2.2 eV, whereas the CuO chiral 

nanotubes of the chiralities (3, 1), (3, 2), (4, 1), (4, 2) with magnetic moments per 

atom  0.31 µB, 0.35 µB, 0.36 µB, and 0.37 µB respectively show the half-metal 

ferromagnetic behaviors. These results also follow the magnetic moment per atom 

increases with increasing in the chirality of CuO chiral nanotube. The magnitude of 

buckling of the optimized (4, 0), (6, 0), (8, 0), and (10, 0) CuO zigzag nanotubes 

decrease on increasing the diameter of the nanotube. The magnetic moment shows 



ix 
 

decreasing trend as increasing the diameter up to a particular limit. The investigation 

also reveals that the diameter and number of atoms are directly proportional to the 

binding energy of CuO zigzag nanotubes. The analysis of electronic band structures 

and density of states of CuO nanoribbons confirm their metallic and ferromagnetic 

behaviors. The calculations show that the magnetic moments of CuO armchair 

nanoribbons are higher than that of the magnetic moments of CuO zigzag 

nanoribbons. The zigzag and armchair forms of CuO nanosheet show metallic 

behaviors and the computed magnetic moment per atom changes irregularly 

concerning their chiralities.  

The bulk form of Cu2O shows diamagnetic and the bulk of CuO shows ferromagnetic 

behaviors with p-type semiconductors whereas the ordering of isolate 4Cu
2+

 ions of 

bulk CuO behaves as antiferromagnetic materials. The measured band gaps with the 

exchange-correlation functionals LSDA + U, SGGA + U and MSGGA are 0.70 eV, 

0.56 eV and 0.79 eV, respectively for bulk Cu2O , whereas 2.42 eV, 2.22 eV, and 2.20 

eV, respectively for bulk CuO. Present calculated results closely agree with the 

corresponding available experimental report for CuO (1.2 eV - 1.9 eV), and less value 

for Cu2O (2 eV - 2.2 eV) bulk structures, respectively.  

In short, the present investigation reports the prediction of crystallographic 

nanostructures in different morphologies along with their bulk structures and 

characterized them under DFT based first-principles study through VNL - ATK 

toolkit. In most of the cases, the present result agrees well with the available 

experimental as well as theoretical data.  
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CHAPTER 1 

1. INTRODUCTION

1.1 Introduction 

The application of nanotechnological devices is the only way to fulfill the demand of 

the present world and lead to future generation activities. Nowadays, the innovative 

applications of nanoscale devices cover almost all the sectors which directly or 

indirectly affect our daily lives like education, medicine, engineering, industry, energy 

harvesting as shown in Figure 1 (Karakasidis, et al., 2007; Khan, 2013; Tran, et al., 

2014; Khan , et al., 2017; & Nasrollahzadeh, et al., 2019). 

Figure 1:  The innovative applications in the field of nanoscience and 

nanotechnology 

Most nanotechnological devices are manufactured from the transition metal oxides 

which show peculiar properties when extending their dimension (D) from 0D to 3D 

via 1D and 2D, and vice versa.  The increasing interest in the extended dimensions of 

transition metal oxide is due to their versatile properties, compared to their bulk 

counterparts, and applicable as promising materials in various fields of nanoscience 
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and nanotechnology.  Copper oxides, which are mostly used as transition metal 

oxides, play a vital role in innovative applications. Cu2O is commonly used as a 

semiconductor, a pigment, a fungicide, antifouling agent for marine paints, pink color 

in a positive Benedict‟s test etc. The hybrid Cu2O - based heterogeneous 

nanostructures contribute a significant role in both fundamental study and 

multifunctional applications likes solar cell, photocatalyst, field emission, carbon 

monoxide oxidation, sensors, template, etc. (Barreca, et al., 2007; & Sun, 2015). 

Similarly, CuO is commonly used as a drycell, batteries, copper salts, wood 

preservatives, pigments in ceramics, diatary supliment in animals feed, disposal to 

safely dispose of hazardous materials and dioxins through oxidation. It is one of the 

top ten transition metal oxides used in the above mentioned applications, and also its 

one - dimensional structures like nanoribbon, nanotube, nanorod, and nanowire are 

being used in sensors (Choi & Jang, 2010). 

Structural-wise, Copper (I) and (II) oxides (Cu2O and CuO) originated from the 

copper and oxygen elements in a fixed empirical ratio through copper oxidation (Zhu, 

et al., 2006). Copper is the conducting and diamagnetic d-block solid element, 

whereas Oxygen is the insulating and paramagnetic p-block gaseous element. The 

atomic and orbital structures of both the oxygen and copper atoms are shown in 

Figure 2(a, b).  

(a)                                              (b) 

Figure 2(a, b): The atomic and electronic structures of oxygen and copper atoms 
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The copper and oxygen ratios in Cu2O and CuO are 2:1 and 1:1 respectively, which 

are found either in crystals or molecules in their stable forms. Their applications in the 

fields of optoelectronics and solar technology provide the research interest on them 

(Heinemann et al., 2013, Devine, et al., 2011). Copper oxides are non-toxic, 

chemically stable, low-cost materials having abundant resources and also, can be 

easily prepared in different shapes and sizes (morphologies) (Ghijsen, et al., 1988; 

Zeng, 2007; Wang, et al., 2016). The molecular and orbital structures of both the 

Cu2O and CuO are respectively shown in Figures 3 and 4.  

Figure 3: The molecular and electronic structures of Cu2O 

Figure 4: The molecular and electronic structures of CuO 
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  Both copper oxides which have a broad range of application from conductor to 

insulator are introduced as prototype materials. Generally, copper oxides with 

different geometric and electronic structures exhibit semiconducting and sometimes 

metallic behaviors (Xiao, et al., 2007; Mojica, 2007; Abdu and Musa, 2009; Jin, et al., 

2014; Pan, et al., 2018; & Linnera, et al., 2018). In the nanotechnological 

applications, these oxides are also employed in the manufacturing of optoelectronics, 

spintronics, solar energy transformation, supercapacitor, energetic materials, coating 

for surfaces protection against corrosion, etc (Li, et al., 2004; Yin, et al., 2005; Nolan 

& Elliott, 2006; Joseph, et al., 2010; Zhang, et al., 2014; & Rongxin, et al., 2021). For 

this cause, we focus our attention on theoretically, studying the structural, electronic, 

and magnetic properties of the different morphologies of both Cuprite and Tenorite 

like nanoclusters (0D), (Subramaniam, et al., 2015);  nanowires (1D), (Wang, et al., 

2003), nanotubes (1D), (Xu, et al., 2014), and nanoribbons (1D),  (Xu, et al., 2014);  

nanosheets (2D) (Ang, et al., 2009); and bulks (3D) (Heinemann, et al., 2013, & 

Rongxin, et al., 2021). The main aim of the present study is their systematic study 

from nanocluster to bulk, to explore the new properties, and to resolve the reasons 

behind the applications. 

The nanostructures of copper oxides have different properties due to the increasement 

in the ratio between surface and volume in comparison to the conventional forms and 

the quantum effects. The high surface - volume ratio leads to greater chemical 

reactivity and affects their strengths, and the quantum effect leads to determining the 

novel properties, and characteristics of copper oxide nanomaterials (Ching, et al. 

1989; & Zhang, et al., 2014). In comparison to the structural characteristics like 

lattice symmetry and cell parameters, the bulk form of copper oxide is usually strong 

and stable in the crystallographic structure than the nanostructure at the different 

morphologies. The electronic property of the bulk oxide surface shows a long - range 

effect on the Madelung field, whereas it is not limited to the nanostructures of copper 

oxide. On the other hand, the interaction between Cu and O increases or decreases by 

the magnitude of bond length (Stefanovich & Truong, 1995; & Stefanovich & 

Truong, 1998).   

Theoretically, the copper oxide reveals the redistribution of charges when extending 

from nanocluster to bulk structure. It must be relatively small for ionic solids, while 

significantly large for covalent ones. The degree of ionicity or covalence in copper - 
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oxygen bond depends on the size of structures (Espino, et al., 2002). The binding 

energy, electronic band structure, and density of states demonstrate various properties 

of copper oxides which are influenced by the sizes as well. If the average nanosize of 

copper oxides increases, then the magnitudes of the electronic band gap, conductivity, 

and chemical reactivity also change (Dar, et al., 2009). The surface property of metal 

oxides is also important to be analyzed because of their immense use in spintronics 

and optoelectronics fields of nanotechnology. According to surface property, the 

nature of 2D - surfaces depends on the typical structures of the bulk geometry and 

electronics. The properties of the surface are strongly modified for 2D - infinite 

surface in the case of nanostructure copper oxides (Torrance et al., 1988; Elesin, et 

al., 1996; Ma, et al., 2008; &  Debbichi, et al., 2012). In addition, the atoms lying at 

the corners or edges of the nanostructure of copper oxide must be arranged in the 

specific geometrical shape and size and also corresponding occupied electronic states 

lie above the valence band of its bulk material which directly affects on the mentioned 

properties. Finally, the nanostructure is formed only when the bulk is limited to the 

nanoscale. (Koshy & George, 2015; Sachin, et al., 2016; & Stepniowski & Misiolek, 

2018). To know above mentioned properties and interplay with electronic and 

magnetic related properties, we must have the idea of structural, electronic and 

magnetic properties of the material under study of the behaviors starting from 

nanocluster to bulk. 

Here, we explore the various morphologies of both Cu2O and CuO and deal with 

structural, electronic, and magnetic properties, their effects, and the innovative 

applications crossing our daily lives. For this, the nanostructures as nanoclusters, 

nanowires, and bulk of copper (I) oxide; and nanotubes, nanoribbons, nanosheets, and 

bulk of copper (II) oxide are designed and then they are simulated for their 

optimization and analyzation of the electronic and magnetic properties of the most 

stable structures which are performed through VNL - ATK tool under first - principles 

study. 

1.2 Rationale of the Study 

The justification of the present study for the use of different aspects is explained 

systematically as follows: 
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1.2.1 Zero - Dimensional Nanostructures 

1.2.1.1 Nanoclusters of Cu2O and CuO 

Cu2O and CuO are mostly stabled in their bulk phases and are categorized in general 

as the transition metal compounds and in particular as high - temperature 

superconductors. The causes of large specific surface to volume ratio and quantum 

confinement effects, the nanoclusters are more active and selective than that of the 

bulk (Ching, et al., 1989; & Zhang, et al., 2014). In the condensed phase, the 

chemical and physical properties of atomic or molecular species of the clusters Cu2Ox 

(x = 1 - 4) were examined and observed that nanoclusters can play a vital role in the 

various environmental processes and in the synthesis of technological materials. 

(Wang, et al., 1996 - II; Lyubinetsky, et al., 2003; Ghodselahi, et al., 2008; Jadraque 

& Martin, 2008; Parra & Farrel, 2009; & Koshy & George, 2015). The structural and 

electronic properties of clusters CunOn (n = 1 - 8) were studied by using DFT and 

various basis sets which gave the best agreement with the experimental works. The 

clusters CunOn  (n = 1 - 3) and CunOn  (n = 4 - 8) were found as planar and nonplanar 

forms respectively.    (Bae, et al., 2011; Chang, et al., 2012; Jin, et al., 2013; Musevi, 

et al., 2013; Sachin, et al., 2016; Du., et al., 2017). The colloidal nanocrystal clusters 

(CNCs) of CuO (60 nm) were prepared through a one - pot solvothermal synthetic 

method. In electrochemical reactions, it was shown that the surface of CuO 

nanoclusters act as a promoter for the reduction of O2. The mesoporous SiO2 coated 

CuO nanoclusters were found to be highly active and stable catalysts for olefin 

epoxidation (Massobrio, 2003; Qian, et al., & Chen, et al., 2011; 2012).  After 

optimization, the point symmetry, total energy, DOS, ionization potential and electron 

affinity of the nanoclusters CuO and Cu2O, were found (Subramaniam, et al., 2015; & 

Latif, et al., 2018).  

We found the lack of the study of mentioned properties of  nanoclusters like (Cu2O)n = 

1, 2, 3 and (CuO)n = 2, 4, 6. Hence, it is needed to optimize their structures and then 

analyze their various properties.    
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1.2.2 One - Dimensional Nanostructures 

1.2.2.1 Nanowire of Cu2O 

The nanowires are the most important and the broad class of one - dimensional 

nanostructure at the foreground of nanoscience and nanotechnology. It is single - 

crystalline, highly anisotropic, and either insulating, semiconducting, or metallic. The 

Cu2O nanowire shows ferromagnetic and metallic nature while Cu2O bulk is a 

diamagnetic and p - type semiconductor of band gap 2.17 eV (Lieber & Wang, 2007; 

Singh, et al., 2007; Tan, et al., 2007; McAuley, et al., 2008; Hansen, et al., 2008; 

Shen, et al., 2010; Xu, et al., 2012; Zhou, et al., 2017; Khan, et al., 2017; & Sundar, 

et al., 2018). The diameter of a nanowire affects its structural stability and electronic 

and magnetic properties. The computational calculation confirms its metallic nature. 

The Cu2O nanowire has been synthesized experimentally as well as computationally. 

With unique geometry and physical properties, the Cu2O nanowires are promising 

materials for many novel applications: gas sensing, solar energy conversion, and 

magnetic storage media (Wang, et al., 2003; Zhang, et al., 2007; Xiao, et al., 2011; 

Lieber, 2011; Shi, et al., 2011; Ethiraj, et al., 2012; Back, et al., 2013; & Luo, et al., 

2014).  

The magnetism in these systems has not been studied much and hence, we need to 

focus on the calculation of magnetic moment per atom of Cu2O nanowires of different 

diameters (4 - 6 Å) along with their structural and electronic properties.  

1.2.2.2 Nanotubes of CuO 

The other class of popular one - dimensional material is the nanotube. CuO nanotubes 

are manufactured through various methods, such as hydrothermal, thermal oxidation, 

anodic templating, etc. The copper oxide nanotubes have high potential applications 

in chemical and biological sensing, solar energy conversion, high - temperature 

superconductivity, and heterogeneous catalysis that have attracted researchers and 

scientists for further research works (Cao, et al., 2003; Malandrino, et al., 2004; Cho 

& Huh, 2008; Mu & He, 2011; Sun, et al., 2012; Xu, et al., 2014; Park, et al., 2015; 

Xiao, et al., 2015; & Zheng, et al., 2016). Computationally, they have been found in 

different chiralities as a zigzag (n, m = 0), and an armchair (n, m = n), which show the 

different structural, electronic, and magnetic behaviors. These types of CuO 
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nanotubes change their magnetic moments concerning temperature. Such CuO 

nanotubes are suitable for nanodiode, sensors, spintronic devices, etc (Lai, et al., 

2010; Farrel & Parra, 2011; Hsuch, et al., 2011; Saini, et al., 2015; Paudel, et al., 

2016; Muthaiyan, et al., 2018).  

Hence, the study of binding energy per atom, electronic band structure, density of 

states, magnetic moment per atom, and spin polarization of the different chiralities 

(zigzag, armchair, and chiral) of CuO nanotubes can be of great importance. 

1.2.2.3 Nanoribbons of CuO 

The CuO nanoribbons, which have been synthesized through a wet chemical process, 

a facile organic - solution method and other experimental methods, are promising 

candidates for high - performance electrochemical capacitors, gas sensors, etc (Liu & 

Zeng, 2004; Gou, et al., 2008; Lo, et al., 2011; Yu, et al., 2012; Zhang, et al., 2013; 

Wang et al., 2018). An interesting fact about these nanostructures is that behave 

completely different at reduced dimensions. The variety of possible applications, that 

have motivated us to further computationally, optimize the zigzag, armchair, and 

chiral forms of CuO nanoribbon and analyze their mentioned properties. The binding 

energy per atom, magnetic moment per atom, and spin polarization have been 

computed as a marker for the required properties of the optimized zigzag (3 ≤ n ≤ 10, 

m = 0) and armchair (3 ≤ n ≤ 10, m = n) CuO nanoribbons.  

1.2.3 Two - Dimensional Nanostructures of CuO 

1.2.3.1 Nanosheets of CuO 

CuO nanosheets were synthesized experimentally through hydrothermal process, 

surfactant - free, facile, low - temperature grow methods. The nanosheets are being 

used in different applications like a gas sensor for various flammable gases including 

ethanol, gasoline and nonflammable as H2S, batteries, energy storage, photocatalysts, 

and non-enzymatic glucose sensors. Due to high-temperature superconductivity in 

copper oxide perovskites, the structural stability of nanosheets is of great interest to 

the scientific community (Ang, et al., 2009; Zhang, et al., 2010; Moura, et al., 2010; 

Jia, et al., 2010; Lu & Wang, 2011; Shahmiri, et al., 2013; Ibupoto, et al., 2013; 

Dubal, et al., 2013;  Moser, et al., 2014; Maddinedi, et al., 2015; Demel, et al., 2015; 

Fan, et al., 2017; & He & Bae, 2018; Deng, et al., 2018). The variations in the 
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different properties at reduced 2D - CuO nanosheets as  zigzag 

and  armchair forms of CuO nanosheet. These nanosheets are 

optimized and then analyzed for the calculations of their binding energy per atom, 

magnetic moment per atom and spin polarization which characterize their structural, 

electronic, and magnetic properties.  

1.2.4 Three - Dimensional Structures of Cu2O and CuO 

1.2.4.1 Bulk of Cu2O 

Cu2O (cuprous oxide) is known as cuprite which has come from “cuprum” in Latin 

word that means copper and is also called "ruby copper". Its major ores are found in 

the most places of the countries around the world. Besides pure copper, the one 

molecule of cuprite gives two copper atoms and one oxygen atom. 

The cuprite is found in the different forms of crystal like cube, octahedral, 

dodecahedron and their combined forms in a mineral specimen (Huang, et al., 2012). 

It is seemed as red or deep red (almost black) color due to the internal reflections. It 

has been also found in the different forms of the chalcotrichite as long needle crystals 

having a admirable red color and a special sparkle which make them the popular 

display cabinet specimens.   

Cuprous oxide having molecular formula Cu2O, known as an inorganic compound is  

one of the principal oxide copper. The color of compound as the reddish mineral 

cuprite depends on the size of particles (He, et al., 2005; & Zoolfakar, et al., 2014). 

This inorganic compound is soluble in acid whereas insoluble in water. Cu2O has 

been produced at a limited range of temperature and oxygen pressure by the oxidation 

of copper metal (Abdu & Musa, 2009; & Eivazihollagh, et al., 2018). 

4Cu + O2 → 2Cu2O 

Cuprite crystal having two sublattices like a face centered cubic of Cu
1+

 ions and a

body centered cubic of O
2-

 ions has been found in a simple cubic structure. In the

cuprite crystal, copper is linearly coordinated by two neighboring oxygens, whereas 

oxygen is tetrahedrally co-ordinated by copper. The short bond  length between Cu 

and O in Cu2O is not compatible with the sum of any pair of the ionic radii for Cu
1+

and O
2- 

for a metal. Cu2O crystallizes in a cubical form of a lattice constant a ( 4.267
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Å), space group (Pn3m) and number (225) consists of Cu
1+

 ions locating at the

positions (1/4, 1/4, 1/4; 3/4, 3/4, 1/4; 3/4, 1/4, 3/4; 1/4,  3/4,  3/4) in the conventional 

fcc lattice  and the O
2-

 ions locating at the positions (0, 0, 0; 1/2, 1/2, 1/2) in the

conventional bcc lattice (Barreca, et al., 2009; Rasadujjaman, et al., 2012; Zemzemi 

& Alaya, 2015; Bhosale & Bhanage, 2016; & Du, et al., 2017). Cu2O transition - 

metal oxide is prototypical material that shows quite peculiar characteristics. It is a 

non - toxic, abundant, and inexpensive p - type semiconductor. The cubic crystal 

Cu2O consists of 4Cu
1+

 and 2O
2- 

ions  and has lattice parameters (a) = 4.27Å, band

gap (Eg) = 2.02 - 2.17 eV and net magnetic moment (µ) = 0 experimentally (Zhang, 

2013; & Isseroff & Carter, 2013). The crystal structure of Cu2O and the values of 

different parameters of a unit cell of bulk Cu2O is shown in Figure 5 and Table 1 

respectively.  

Figure 5: The unit cell of bulk Cu2O 

The Cu2O is a promising material for industrial, engineering, and medical fields for its 

use in various applications such as photocatalytic, photovoltaic, perovskite solar cell, 

thermoelectric, and magnetic storage media. The nanosized Cu2O has widely been 

used as a fungicide, and anti - fouling paint and has also great impact in various 

research fields including sensors, superconductors, electrochemistry, optics, and 

electronics (Badawy, et al., 2015; & Chatterjee & Pal, 2016). It is widely studied  

through theoretical, and experimental processes. The band gap of 0.99 eV vs 2.17 eV 

of Cu2O in LDA + U with Heyd - Scuseria - Ernzerhof (HSE) hybrid functional was 

found (Wang Y. et. al., 2016). 
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Table 1:  The values of  different parameters of  unit cell of bulk Cu2O 

(Ghijsen, et al., 1988; & Wang, et al., 2016) 

Space group and number Pn3m, 225 

Lattice Constants at RT (a, α, β, γ) 4.27Å,  β = α = γ = 90 

Cu - O 1.85Å (bond length) 

O - O 3.68Å 

Cu - Cu 3.02Å 

Bandgap energy at RT (Eg) 2.17 eV 

Valence band Hole mass 0.58 amu 

Conduction band Electron mass 0.98 amu 

Magnetic moment per atom () 0  

Relative permittivity 7.5 

Density () 6.10 g / cm
3

Molecular mass (M) 143.092g / mol 

Melting point 1235 
0
C

1.2.4.2 Bulk of CuO 

The copper (II) oxide with molecular formula CuO in the black to brown color 

knowing as cupric oxide or tenorite is the another inorganic compound. It is obtained 

from the copper mining and also from the other copper - containing products and 

chemical compounds like copper (II) nitrate, copper (II) hydroxide, copper (II) 

carbonate etc. These compounds are used for the preparation of CuO in the laboratory 

for laboratory uses (Wang, et al., 2002; Bello, et al., 2014; Raj & Biju, 2017; Quirino, 

et al. 2018; & Cao, et al., 2018). 

2 Cu(NO3)2 → 2 CuO + 4 NO2 + O2 

Cu(OH)2 (s) → CuO (s) + H2O  
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CuCO3 → CuO + CO2  

The simple structure of the unit cell (monoclinic) of CuO lies in the space group (C2 / 

c) and number (15). The positions of Cu
2+

 and O
2-

 ions are found to be ± ( 1/4, 1/4, 0; 

3/4, 1/4, 1/2 ) and  ± ( 0, u, 1/4; 1/2, u + 1/2, 1/4) respectively. Where u is a parameter 

that describes the relative positions of O
2-

 ions along the lattice vector b. The 

experimental lattice parameters are  a = 4.653 Å, b = 3.410 Å, c = 5.108 Å, u = -

0.584,  =  = 90 and β = 99.483
0 

(Wang, et al., 2002; & Cao, et al., 2018). The 

copper (II) oxide (CuO) is stable in its bulk phase. It is the transition metal compound 

in general and the superconductor at high - T in particular. The CuO is expected to 

have the essentially open Cu - 3d shell (3d
9
4s

0
).  

 

 

Figure 6: The unit cell of bulk CuO 

 

The different dimensional shape and sizes of CuO play a significant roles and directly 

affect on its different mentioned properties in the nanoscale systems. In the 

experimental as well as theoretical study, it was seemed that the bulk CuO is the 

ferromagnetic p - type semiconductor with an energy band gap, Eg = 1.4 eV whereas 

the ordering of isolated 4Cu
2+

-
 
ions in bulk CuO shows antiferromagnetic behavior.  

(Hagemman, et al., 1990; Grant, 2008; & Ekuma, et al., 2014). The structure of bulk 

CuO and its different parameters are shown in Figure 6 and Table 2 respectively. In 

this compound, the nanostructures of CuO are more active and selective in 

comparison to its bulk structure. 

 



13 

Table 2: The values of  different parameters of a unit cell of bulk CuO 

(Tran & Nguyen, 2014; Wang et al. 2016) 

Space group and number C2 / c, 15 

Lattice Constants at RT a = 4.684Å, b = 3.423Å, c = 5.129Å, 

Cu - O 1.95 Å (bond length) 

O - O 2.62 Å 

Cu - Cu 2.90 Å 

Bandgap energy at RT (Eg) 1.2 - 1.9 eV 

Valence band Hole mass 0.54 - 3.7 me

Magnetic susceptibility +238.9  10
-6

 cm
3
 / mol

Magnetic moment per atom ( ) 0.68 

Density = 6.32 g / cm
3

Molecular Mass 79.55 g / mol 

Melting point 1134 
0
C

Boiling point 2,000 
0
C

The CuO transition - metal oxide is prototypical material that shows quite peculiar 

characteristics. It is a non-toxic, and inexpensive p - type semiconductor (Kliche & 

Popovic, 1990; Zaman, et al., 2012; Ekuma, et al., 2014; & Wanninayake, et al., 

2015). The bulk structure of CuO is being broadly applied as a electrode material, a 

supercapacitor, hydrogen storage, and magnetic ceramics (Mao-hai, et al., 2010; 

Stucky, et al., 2014). CuO is widely studied through experimental and theoretical 

processes. Cao studied monoclinic and cubical structures of the bulk  CuO in LDA 

and GGA and found monoclinic - CuO, showing metallic behavior, is more stable 
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than cubic - CuO structure. It has been reported that LDA and GGA potentials within 

DFT formalism fail to explain the bulk CuO as a p - type semiconductor (Cao H., et 

al. 2018). Wang found a band gap of 2.74 eV vs 1.57 eV of CuO in LDA + U with 

HSE hybrid functional (Wang, et al., 2016). Heinemann investigated the magnetic 

moments 0.66 µB and 0.54 µB of CuO by using LDA + U and HSE06 respectively 

(Heinemann, et al., 2013). 

These indicate that both the transition copper oxides Cu2O and CuO are very 

important for general applications and still need to do a systematic study in different 

properties to gain insight into the following natures and applications points of view. 

The research gaps, which are going to be dealt with, are as follows, 

I. There are few experimental and theoretical studies on the structural, electronic, and 

magnetic properties of the different morphologies of copper oxides. 

II. There are the lacking of study on the changing of structural, electronic  and 

magnetic phase or not in the proposed morphologies. 

III. The structural models and properties of the mentioned morphologies need to be 

explored for the designations of semiconductor, magnetic, spintronics, and 

modern technological devices. 

Due to these research gaps, we are motivated to optimize and analyze the different 

morphologies of the mentioned copper oxides to calculate the required physical 

quantities. The binding energy per atom, the energy band gap, the magnetic moment 

per atom, and spin polarization have to be calculated for their stability and other 

identifications. These parameters of the bulks and nanoclusters of both Cu2O and 

CuO, the nanowires of Cu2O, and the nanotubes, nanoribbons and nanosheets of CuO 

can be explored theoretically through exchange - correlation functionals like 

LSDA+U, SGGA+U, and MSGGA for bulks and SGGA+U for all other 

morphologies. It is because SGGA+U provides the accurate opening of band gaps  for 

the reduced morphologies of  strongly correlated systems. 

1.3 Research Objectives 

On the basis of motivations and previous work analysis (explain more detail in 

chapter 2), we have to fulfill the above  mentioned research gaps by working on the 

structural, electronic, and magnetic properties of copper (I) and (II) oxides at different 
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morphologies through first - principles approach. The objectives of  the present work 

are the followings: 

General objective 

To study the structural stability, electronic band structures, and density of states of  

different morphologies of Cu2O and CuO individualy through the first - principles 

approach. 

Specific objectives 

i. To optimize the different morphologies (nanoclusters, nanowires, nanotubes,

nanoribbons, and nanosheets and bulks) of copper oxides 

ii. To analyze the structural evolution and calculate the binding energy of

optimized structure for the structural stability of different morphologies.  

iii. To analyze the electronic band structure and density of states for the electronic

properties. 

iv. To investigate the magnetic moment and spin polarization for the different

systems and find the magnetic properties 

1.4 Organization of study 

This work deals with the different properties of the nanostructures of both copper (I) 

and (II) oxides like nanoclusters (0D), nanowires (1D), nanotubes (1D), nanoribbons 

(1D), nanosheets (2D) and bulks (3D). 

The organization of the present study of the research work on “Structural, Electronic 

and Magnetic Properties of Copper (I) and Copper (II) Oxides at Different 

Morphologies: First - Principles Study”, has been planned with six main chapters 

including 1. Introduction, 2. Literature review, 3. Materials and methods,  4. Results 

and discussion, 5. Conclusion and recommendations, 6. Summary. The references and 

appendix are also included after the summary. 

All the chapters of  our thesis are orderly arranged and expressed the research works 

in brief as follows: 
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Chapter 1: The brief introduction about copper (I) and (II) oxides and their 

applications, rationale, research gaps, and objectives of the research work are 

introduced in “Introduction”. 

Chapter 2: This chapter deals with the findings of former researchers related to the 

present work are briefly discussed and reviewed in literature review. This chapter is 

focused on the descriptions of various properties of Cu2O and CuO nanostructures to 

their bulks, synthesis process, and their applications.  

Chapter 3: In Materials and methods, the general considerations of theory and density 

functional theory are explained including computational details. The working 

procedure of  VNL - ATK software used for the study of different morphologies of 

Cu2O and CuO is also explained in brief. 

Chapter 4: Results and discussion have been divided into four parts where the first, 

second, and third parts describe the structural, electronic, and magnetic properties 

respectively, whereas the fourth part consists of a discussion of the present results. 

Chapter 5: Conclusion and recommendations chapter contains the main findings of 

the present work. Further, what can be done in the future is recommended as a further 

research possibility. 

Chapter 6: Summary points out the remarkable findings of the present work in brief. 

These are key points that describe the whole ideas of our research works.  

References and an Appendix have also been included in the last part of this thesis. 
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CHAPTER  2 

2. LITERATURE REVIEW 

The summaries of the various kinds of literature comprising the most significant and 

recently published reports related to the structural, electronic, and magnetic properties 

of Cu2O and CuO at different morphologies have been provided in this chapter. The 

experimental basis of the  theoretical study of the different morphologies of the 

copper oxides ( nanoclusters, nanowires,  nanotubes, nanoribbons, nanosheets, and 

bulks) have been reviewed. The modified strategies or approaches to deal with 

preparations, properties, and applications in different fields also have been  studied. 

The reviews of the literature followed during  the study of the present work  have 

been described here briefly  in the following sections . 

2.1 Zero-Dimensional Nanostructures of Cu2O and CuO 

2.1.1 Nanoclusters of Cu2O and CuO 

The electronic structures of clusters Cu2Ox (x = 1 - 4) were investigated through 

anion photoelectron spectroscopy (APS). The geometries of clusters including their 

electron affinity were found through density functional theory (DFT) as same as 

experimental observations. In the different oxidation states of clusters, the definitive 

structures of clusters were verified by the analyzation of their chemical bonding and 

electronic structures (Wang, et al., 1996). The equilibrium structures of CuO4 and 

CuO5 nanoclusters were found by using both the density functional theory and plane - 

wave approach (PWA). The isomer containing Cu(O3) ozonide unit has higher energy 

than that of CuO4 based on the Cu(O2) unit. The isomer with one O3 motif has lower 

energy than that made of Cu(O2) unit in the different situations of CuO5. The ozonide 

unit is formed by the hybridization of both Cu - 3d and O - 2p orbitals, and transforms 

into an O3 chain which ensures the stability of the CuO5 nanocluster. From the result, 

one can encounter an unconventional form of CuO bonding due to the O3 group in the 

copper oxide nanoclusters (Massobrio & Pouillon, 2003). The single - phase 

nanoclusters of range 10 nm - 50 nm of Cu2O were grown on the SrTiO3 (100) 

substrates through the very narrow OPA - MBE growth parameter window. For 

experimental and theoretical predictions, the XPS and the AES spectrocopies were used 

to study the regions in the phase diagram for a small system. It was observed that the 
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Cu2O nanocluster in a pure and single phase is much harder than of the bulk and other 

multicomponent materials. The relation between the data of composition of 

nanoclusters and the morphology was plotted with the help of atomic force 

microscopy (AFM) (Lyubinetsky, et al., 2003). The constituents  and 

 clusters of Cu2O were observed through  DFT calculation. The clusters 

and  contain an even and odd number of copper atoms 

respectively. The structures of   and   are hydrated and 

hydrogenated clusters respectively. In the experiment, they found  H atom bounds to 

the divalent O in the even - numbered clusters  and also found the absence 

of the formation of odd - numbered clusters,  in the mass spectra due to 

the lack of the divalent O reactive site (Jadraque & Martin, 2008). The uniform CuO 

colloidal nanocrystal clusters (CNCs) were prepared through a one - pot solvothermal 

synthetic process. The CuO CNCs coated with mesoporous SiO2 shells have been 

found to the highly active and stable catalysts in CuO nanocluster (CuO CNCs@meso 

- SiO2). Its excellent activity and stability in olefin epoxidation reactions was 

experimentally observed through TEM and small angle x - ray diffracion. This 

process can help to make other catalytic systems with various dimensions and 

compositions (Chen, et al., 2011). The structures and stabilities of copper oxide 

clusters, CunOn (n = 1 - 8) were found by using ab - initio simulations and 

calculations. The lowest energy of the structures of the neutral and charged copper 

oxide nonplanar clusters of range n ≥ 4 through the primarily B3LYP / LANL2DZ 

model chemistry. The calculated atomization energy, ionization energy, electron 

affinity, and charge are functions of the number of Cu and O atoms. The clusters 

having n = 1 - 3 become planar whereas clusters having n > 3 nonplanar. The clusters 

having an even number of copper atoms exhibit less stable than that of  an odd 

number of copper atoms due to less strain in the Cu - O - Cu bond angles (Bae G. T., 

et al., 2011). The structural and electronic properties of  CuO, CuO2, and Cu2O were 

studied through the B3LYP / 6 - 31G basis set under the density functional theory 

approach. The binding energy, molecular energy spectrums, HOMO - LUMO gap, 

ionization potential, electron affinity, point symmetry and also dipole moment of the 

nanoclusters were calculated. The high binding energies of CuO - 1 and CuO2 - 1, 

Cu2O - 1, and CuO - 2 were found. The dos profiles report the transition of electrons 
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due to the high value of the HOMO - LUMO gap and the availability of charges in 

energy intervals. The high ionization potential (IP) in CuO - 1, Cu2O - 1, and Cu2O - 3 

clusters, whereas high electron affinities (EA) in Cu2O clusters showed a metallic 

nature. (Subramanian, et al., 2015). The stable compositions and structures of copper 

oxide cluster cations were studied through both the IMMS and DFT calculations. The 

cluster ions CunOm
+
 (n : m = 2 : 1) increases monotonically in the mass spectrum and

the collision cross sections with increasing of cluster size were observed. By 

comparing the CCSs obtained in both the IMMS experiments and DFT calculations, 

they assigned the stable compositions and structures to the optimized clusters (Latif, 

et al., 2018).   

2.2 One - Dimensional Nanostructures of Cu2O and CuO 

2.2.1 Nanowire of Cu2O 

A facile, solution - phase route was used to fabricate and characterise  the large - scale 

of single - crystalline Cu2O nanowire. The wire of controllable diameter is fabricated 

with high aspect ratio in the different morphologies. It was synthesized through the 

reduction of cupric acetate with o - anisidine, pyrrole under hydrothermal conditions. 

The current - voltage characteristics of both Cu2O and Cu2O / poly (2, 5 - dimethoxy 

aniline) core / shell nanowires are linear. The latter exhibited n - type characteristics 

and enhanced conductivity which are being used in electronic devices (Tan, et al., 

2007). The copper / cuprous oxide nanowire arrays were explored through the porous 

alumina membrane (PAM) templates. The growth of Cu2O nanowires is increased 

through both oxygen diffusion and release of compressive stress under the template 

space limitation (Shen, et al., 2010). The superstructures of Cu2O nanowires in 

various regular polyhedral shapes were synthesized through hydrothermal routes. The 

reductant and the additive make the shape of the polyhedron Cu2O nanowires. The 

shape of these nanowires in a batch reaction mode were controlled by the help of 

both the carboxylic acid-doped polymer chains and self - adjusting growth rate of the 

branched nanowires. The SEM and TEM studies demonstrate experimentally the 

polyhedral shape of Cu2O nanowire (Shi, et al., 2011). The Cu2O nanowire arrays 

were fabricated by using the facile method. The nanowire of diameter 50 mm and 

length of 10 μm approximately was prepared on Cu substrate in the air at the optimal 

temperature of 400°C by simple heat treatment. The growth of the Cu2O nanowires 
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was characterized by the electron microscopy. This method offers a great potential 

route for the manufacturing of Cu2O nanowires on large scales. The based devices of 

Cu2O nanowires are sensors and solar cells  (Xu, et al., 2012). The hybrid p - Cu2O  

with n - ZnO nanowires were used to fabricate an oxide p - n heterojunction device on 

the ITO / glass substrate for the study of the photovoltaic performance. The solar cells 

were prepared on the vertical arrangement of ZnO nanowires by the process of metal - 

organic chemical vapor deposition and electrodeposition of the p - type Cu2O layer. 

The solar cells based on the Cu2O / ZnO nanowire exhibits a higher conversion 

efficiency than the planar structure solar cell. (Baek, et al.,  2013). The mechanism for 

the formation of Cu2O and Cu nanowires in anodicaluminaoxide (AAO) template was 

explored through the electrodeposition process. The Potentiostate, XRD, SEM, etc 

were used to find the effects of potential and pH on the formation of these wires. The 

pure Cu2O nanowires were electrodeposited at a lower voltage due to the formation of 

large - size critical Cu nuclei than the mixed Cu and Cu2O nanowires. (Khan, et al., 

2016). The hierarchical CuO / Cu2O @ NiCo2S4 nanowire arrays having ultra - high 

specific capacitance, a high rate, and excellent cycling stability, were constructed on 

copper foam.. The hybrid nanowires of Cu2O and CuO works as a hierarchical 

scaffold for rapid ion diffusion and electron transport. The core of this hybrid 

nanowires and the shell of NiCo2S4 nanosheets work as the electroactive materials. 

The experimental results report the significance of optimal design and fabrication of 

nanowires including a simple method to build the 3D electrode for energy storage 

(Zhou, et al., 2017). 

2.2.2 Nanotubes of CuO  

The nanotubes of Cu, Cu2O and CuO  were manufactured through the controllable 

synthetic route. Under the different reaction conditions,  the Cu, Cu2O, and CuO 

nanotubes were produced by using the same precursor Cu(OH)4
2- 

 in the presence of 

Cetyl trimethyl ammonium bromide (CTAB).  Their approaches manipulated the 

surfactant - inorganic aggregates in the solutions.  It was found that the higher and the 

lower concentrations of Cu(OH)4
2-

 precursor generally leads to the rodlike formation 

and favors the tubular formation respectively. They invented the simple synthesis 

strategy for the synthesis of nanostructures of other metal oxides, such as Al2O3, ZnO, 

and SnO2 (Cao, et al., 2003). The CuO nanotubes were manufactured by the 
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templated metal - organic chemical vapor deposition (MOCVD) route. It is the first 

strategic technique to obtain the regularly packed nanotube array after the removal of 

the template. The other assessed MOCVD procedures with AAO have been also used 

to make the free - standing nanotube arrays of other oxide systems (Malandrino, et al., 

2004). The copper nanowire of length 50 μm as a template which produced the CuO 

nanotube of length 10 μm was made through the oxidation process at 400 
o
C in air. 

The tubular structures of CuO were prepared through the copper diffusion from the 

interior to the exterior of the nanowires before oxidation on or near the surface of 

nanowires. The powder x - ray diffraction (XRD) and the Cu Kα radiation were used 

for the analysis of the structures of CuO nanotubes. The morphologies of CuO 

nanotubes were observed through SEM) and HRTEM (Cho, et al., 2008). The CuO 

nanotubes were developed on the Cu / CuO / glass templates.  Also, the porous 

structures were observed between CuO film and Cu layer after annealing. It was 

shown that both the mean length of nanotube and ickness of porous structure were 

monotonically increasing with respect to increase in the initial thickness of the copper 

film. The fabricated sensor measures a small current in the sealed test chamber 

containing injected isopropyl alcohol (IPA) at applied bias 5V.  Furthermore, the 

sensors with the longer CuO nanotubes become more responsible for the 

measurement of current (Hsueh, et al., 2011). The confined CuO nanotubes were 

made from the CuS nanowires embedded in AAO template by using an annealing – 

induced diffusion in the confined tube type space,. During the fabrication of the AAO 

template, they tuned their diameter and pore size by changing their electrochemical 

parameters. The CuO nanotubes are used in the applications of catalysis, 

electrochemistry, superconductivity, and super hydrophobic coating and also in sensor 

applications due to the large specific surface areas (Mu & He, 2011). The nanotubes 

array was synthesized directly on the Cu plate and improved the electrochemical 

performance of CuO nanotubes through the facile electrodeposition process. The 

prepared CuO nanotubes provide a large specific surface area for electrolyte access 

and the insertion of Li - ions and also adjust the volume change of CuO during 

cycling. The CuO nanotubes as an anode - electrodes exhibit good rate and cycling 

performances (Xiao, et al., 2015). The CuO nanotubes were directly fabricated on the 

Cu substrate by the quantifying of the adhesion energy of CuO and Cu(OH)2 through 

the nano scratch technique. In this reaction time, the adhension energy both 

components increases and also observed that CuO nanotubes exhibit higher 
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debonding behavior than that of Cu(OH)2 nanotube (Saini, et al., 2015). The structural 

stability, electronic band structure, and magnetic moment per atom of the zigzag and 

armchair forms of CuO nanotube were studied through the DFT under the ab - into 

the approach. The binding energy of both types of CuO nanotube increases with the 

diameter. These nanotubes also show the metallic and ferromagnetic behaviors. It is 

observed that the total magnetic moment decreases with the increasing diameter 

(Paudel, et al., 2016). The electronic transport properties of Zinc-doped and undoped 

CuO armchair nanotubes, and both NH3 - absorbed nanotubes were studied through 

the DFT - NEGF method. The adsorption effect of the ammonia (NH3) molecules 

were observed on undoped and Zn - doped CuO nanotubes. The current and 

transmission values decrease in the Zn - doped CuO ANTs due to the „d‟ orbital 

overlapping whereas increase in NH3 - absorbed Zn – doped CuO ANTs. The 

increment in electric current confirms the adsorption of the NH3 molecule on Zn - 

doped CuO nanotube (Muthaiyan, et al., 2018). 

2.2.3 Nanoribbons of CuO 

The mesoscale organization of free - standing CuO nanoribbons spontaneously 

attached to rhombic crystal strips and then the nanoribbons self - assembled into 

dandelion - like architectures with hollow interiors. The constructed nanoribbons like 

rhombic CuO crystal strips and dandelion were observed by the SEM, TEM, and 

SAED. The crystal lattice fringes of d110 (2.7 ± 0.1 Å) and d200 (2.3 ± 0.1 Å) along the 

CuO nanoribbons in the rhombic crystalline building blocks were detected through 

HRTEM SI - 4 (Liu & Zeng, 2004). At the room temperature, the diluted solution of 

copper nitrate and ethanol amine synthesis nanostructures crystals like one 

dimensional copper hydroxide nano strands (CHNS),  two dimensional Cu2(OH)3NO3 

nanoribbons, and three dimensional CuO nanowalnuts. The formation of blue 

Cu2(OH)3NO3 nanoribbon - like precipitates were obsorved from the same precursor 

solution at 10 
0
C. which was further converted into CuO porous nanoribbon. The

catalytic and electrochemical properties of this nanoribbon were also founded (Yu, et 

al., 2012). The mesoporous  CuO nanoribbons were synthesized by the facile and 

scaleable wet - chemical method at room temperature. The researchers used a soft 

templet like tetraoctyl ammonium bromide (TOAB)  under ambient conditions. They 

investigated the structure and morphology of the as - synthesized CuO with the help 
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of XRD, and FTIR spectroscopy.  The CuO nanoribbons having high specific surface 

area was confirmed by physical characteristics. The higher specific capacitance and 

the stable cycling performance capacitance of the as - synthesized CuO nanoribbons 

were found by electrochemical data analysis. The low - cost electrode of CuO 

nanoribbons are being used for high - performance electrochemical capacitors (Zhang, 

et al., 2013). Both CuO nanoribbon and Ag - CuO nanoribbons were developed 

through a wet chemical methods. These are being used as ethanol gas sensor. Both 

sensors as CuO nanoribbon and Ag - CuO nanoribbon found fastly the ethanol gas at 

room temperature. These sensors are more excellent than other sensors due to the fast 

response time and low operating temperature. These materials are used to prepare the 

real - time monitoring ultrafast gas sensors (Wang,  et al., 2018).   

2.3  Two - Dimensional Nanostructures of CuO 

2.3.1 Nanosheets of CuO  

The  stable CuO nanosheet was synthesized  through a mild hydrothermal process in 

the presence of CTAB and observed their primary gas sensing properties through 

XRD approach. Analysis confirms the single phase CuO nanosheets. The 

morphologies of CuO nanosheet were observed through FE - SEM  and tested their 

gas sensing properties in the static state system. Experimentally synthesized uniform 

nanosheets of CuO, consisting of irregular plates of thickness 20 nm - 25 nm and 

length 100 nm - 200 nm,  have gas sensing property. Furthermore, the CuO nanosheet 

gas sensors show a stable gas response and the same gas sensitivity trend as the tested 

gases (Jia, et al., 2010). The CuO nanosheets were synthesized and developed for the 

sensitive and selective determination of H2S gas with high recovery. Furthermore, the 

gas sensor demonstrates good reversibility and strong recovery ability in 9s. This 

sensor is also closely related to environmental pollution, climate change, and human 

health. It has opened up a new way for developing CuO nanosheets to determine H2S 

gas sensors based on other two - dimensional like nanoplates, and nanodisks (Zhang, 

et al., 2010). The CuO nanosheets were synthesized on the gold - coated glass 

substrate through the hydrothermal process. The structural  property and the chemical 

composition of  CuO nanosheets were observed through XRD and XPS technique 

respectively. The structural and chemical compositions were revealed as a highly 

dense, uniform, and good crystalline array. Furthermore, they are being used for the 
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development of the sensitive non - enzymatic glucose sensor which possesses the high 

sensitivity, wide glucose detection range, good selectivity, reproducibility, and 

stability (Ibupoto, et al., 2013). The CuO nanosheets are easily synthesized through 

the controlled delamination of the layered copper hydroxide acetates. The hydroxide 

nanosheets during the transformation to CuO was preserved by this procedure. The 

thickness and lateral size of the nanosheets were found the corresponds three to four 

CuO6 octahedral layers and about 5 nm respectively.. Due to the facile synthesis, 

nanostructures, nanosheet morphology, and use as CuO ink, the CuO dispersions are 

being used as the production of photocatalysts, sensors, and energy storage devices 

(Demel, et al., 2015). The CuO nanosheets were prepared through the hydrothermal 

process which acted as the anode material for the sodium - ion batteries (SIBs). The 

CuO nanosheet electrode with a carboxymethyl cellulose (CMC) binder showed 

significantly more satisfactory electrochemical performance than the electrode 

containing polyvinylidene (PVDF). Furthermore, in practical applications, a SIB full 

cell consisting of CuO nanosheet anode and Na3V2(PO4)3 cathode has been assembled 

and tested (Fan, et al., 2017). The  CuO nanosheets were manufactured after mild heat 

treatment (300 
◦
C) and found as the improved crystallinity, the porous structure, 

manifesting superior Li - ion storage capability with high capacity, excellent rate, and 

cyclability. It was demonstrated the enhanced electrochemical performances for the 

synergy of porous nanosheet morphologies and the improved crystallinity (Deng, et 

al., 2018).  

2.4 Three - Dimensional Structures of Cu2O and CuO 

2.4.1 Bulks Cu2O and CuO 

The former researchers investigated the electronic structure of the closed d shell Cu2O 

nanostructure and observed the same result of the one - electron band structure 

calculation. They compared the electron spectra of Cu2O using ASW method with the 

various experimental tools like XPS, UPS and BIS. They found a good agreement 

between the experimental and computational reports of the energy band gap. This 

kind of agreement is reasonable to expect for Cu2O, which has an essentially full 3d 

shell (Ghijsen, et al., 1988). The former investigators found the origin of the potential 

p - type transparent semiconducting property of Cu2O with indirect energy band gap 

1.5 eV and 3% concentration of Cu vacancy. The  DFT + U description of a small 
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concentration of Cu vacancies is delocalized hole states with hole effective masses 

consistent (Nolan & Elliott, 2006). By applying both the functional LDA + U and the 

hybrid functional HSE06, the structural stability and electronic band structure of the 

bulk Cu2O were observed, and also the semiconducting behavior as well as the direct 

energy band gap were found, which are in good agreement with the experiment value 

(Heinemann, et al., 2013). The combined experimental and theoretical methods, the 

electronic structure, energy band gap, valence, and conduction band structures of 

Cu2O were found by the help of optical absorption, photoemission, and electron 

energy loss spectroscopy (EELS), and compared with theoretical result from many - 

body GW calculation which provides a consistent electronic structure picture across 

band insulators (Wang et al., 2016).  

In the other, self-consistent electronic structure and calculation of bulk CuO were 

observed by  theoretical and experimental methods. The experimental x - ray and 

ultraviolet photoemission spectra (UPS) are good agreement with  theoretically 

calculated electron spectra on account of the densities of occupied and unoccupied 

states of CuO by using the ASW method. Experimently, the bulk form of CuO with 

band gap 1.4 eV, is an antiferromagnetic semiconductor, whereas DFT calculation 

predict it as a non-magnetic metal (Ghijsen, et al.,1988). The different morphologies 

and characters of CuO were investigated and were explored through a facile 

hydrothermal process in the presence of sodium citrate (SC). The different CuO 

samples were founed like 1D nanorod, 2D flakelike and 3D branchlike with bandgap 

energies 2.36 eV, 1.60 eV, and 1.40 eV, respectively larger than Eg = 1.2 eV of bulk 

CuO (Xiao, et al., 2007). The structural stability and electronic band structures of 

CuO were evaluated by using several approaches under DFT. The researchers used 

both the LDA + U and HSE06 hybrid functionals and investigated that CuO is the 

semiconductor of an indirect energy band gap 1 eV approximately (Heinemann, et al., 

2013). The growth mechanisms and fundamental properties together with applications 

of CuO presented a comprehensive review of its different research activities and 

synthesis techniques for producing different morphologies like 0D (nanoparticles), 1D 

(nanowire, nanorod, nanotube), 2D (nanodisc, nanoplate, nanoleave, nanosheet), and 

3D (hierarchical nanostructures). The systemically and summarizing of the wide 

ranges of promising applications of CuO introduce its both physical and chemical 

properties. (Zhang Q. et al. 2014). The some peculiar  properties of the nanostructures 
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of CuO which do not match with other transition metal oxides were observed and 

their potential applications were demonstrated (Tran & Nguyen, 2014). The electronic 

structures of CuO thin film were investigated through experimental and theoretical 

processes. Experimently, the energy band gap, valence and conduction band gap were 

determined by employing the optical absorption, photoemission, and EELSs and then  

compared with the theoretical results obtained from many - body GW calculations. 

The additional onsite potential for the Cu - d orbital energy, the indirect band gap 

(1.24 eV), and the direct band gap (1.46 eV) of bulk CuO were obtained (Wang, et al., 

2016). The electronic transport coefficient of the bulk CuO was investigated with the 

help of hybrid density functional theory. Both DFT and local Gaussian - type basis 

sets were used to find the band structures of both nonmagnetic and magnetic p - type 

metal oxides without empirical corrections. Also, the wave function and transport 

property were found by using the crystal code. This computational calculation is in 

good agreement with the experimental value of the Seebeck coefficient (Linnera J. et 

al., 2018). 

In short, above studies motivate and support us to work on the zero to higher 

dimensional structures to explore the structural, electronic and magnetic properties 

and possible use of these system in relevant fields. The research gaps  need to be 

explored and have been already discussed in chapter 1. The method which we follow 

to calculate the related properties of materials is explain more detail in  chapter 3.  
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CHAPTER 3 

3. MATERIALS AND METHODS 

3.1 Theory 

3.1.1 General Consideration 

Many - body problems mainly deal with two important points: Firstly, many 

electrons, many atoms, many molecules, and Secondly, the interaction among them 

with each other. The problems dealing with the effect of interacting behaviour among 

the number of bodies are said to be many - body problems. These problems are 

derived from the following facts:  

(i)  the real physical systems are composed of a set of interacting particles as nucleons 

in a nucleus interacting with nuclear forces, electrons in an atom, or metal interacting 

by Coulomb forces.  

(ii) the calculation of physical properties of such systems as the energy levels of the 

atom, or magnetic susceptibility of the metal, interactions between particles play a 

very important role. So, the many - body problems deal fairly with general methods 

applicable to all many - body systems (Rodberg, 1957).  

In condensed matter, the electric field that is generated by the atomic nuclei and their 

mutual interactions determines the motion of the electrons. The collection of arranged 

atomic nuclei identifies the symmetry and classification of electronic states. The 

strengths of the interactions among the electrons and the atomic nuclei distinguish 

valence and core electrons. The system of atoms, molecules, or clusters consists of  

atomic nuclei and i electrons. , , and  are the mass, charge, and position of 

atomic nuclei. me, e
-
, and ri are mass, charge, and position of ith electron respectively. 

Let si and σ are spin variables and Pauli spin matrix respectively (Bechstedt, 2014). 

They are expressed as:  

                   (3.1) 

                   (3.2) 
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          (3.3) 

and,            (3.4) 

Where 

The particles possess momentum operators, 

(nucleus)           (3.5) 

and, (electron)           (3.6) 

Where  and ri are canonical position operators of  nucleus and  electron. 

A system, in which all properties as structural, electronic, magnetic, transport, optical, 

thermal, mechanical, etc. are studied with neglecting the spins of nuclei, represents a 

quantum mechanical many - body system.  

3.1.2  Schrodinger wave equation 

The wave function ( ) or the probability amplitude is the amplitude of the wave 

associated with the microbody. It is the mathematical tool based on the first - 

principles study and applied in quantum mechanics for describing a physical system 

of electrons and nuclei of atoms  as shown in Figure 7.  

The first-principles study is free of adjustable parameters which treat electrons. The 

cost of the calculation limits system size and simulation time and does not depend on 

secondary data. 

Figure 7:  The system of electrons and  nuclei of atoms 
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 In 1926, Erwin Schrodinger proposed a wave equation used in quantum mechanics 

for the wave function of a particle and allowed the creation of a complete model for 

the atom, known as the Schrodinger wave equation. The solution of the time-

independent and non - relativistic Schrodinger wave equation (Levada, et al., 2018) 

helps to find the position, momentum, and energy of the microsystem. The 

Schrodinger wave equation is expressed as:  

        (3.7) 

Where, 

 (3.8) 

 ,  (3.9) 

,                                                                                              (3.10) 

                                                                                       (3.11) 

                                                                                     (3.12) 

and,                                                                                           (3.13) 

                                                                                                                                (3.14) 

Where,    and  represent numbers of N nuclei, and i and j represent numbers of M 

electrons in the system.  are the kinetic energies of electrons and nuclei. 

 Hamiltonian‟s energy operator 

, = repulsive potential between electrons 

= attractive potential between nuclei and electrons 

and,  = repulsive potential between nuclei 



30 
 

The Hamiltonian consists of the sum of two kinetic energies; of electrons and nuclei 

and three of the potential energies; of electrons, nuclei, and interaction between both 

electrons and nuclei. 

The last three potentials are, approximately, explained by Coulom potentials. 

                (3.15) 

Here,  the permittivity of vacuum (ε0) = 8.854188 × 10
−12

 As / Vm or farad/meter in 

SI units. 

After knowing the value of  V(r), the Schrödinger equation of many-body systems 

with a Hamiltonian operator predicting all types of properties can be solved. 

In the theoretical method, certain approximations make it easy to solve the physical 

problems of a system. Atoms, molecules, clusters, or solids are systems composed of 

mutually interacting electrons and nuclei to one another. In the nuclei, each proton 

and each neutron are individually 1816 more massive than each electron. As a result, 

the nuclei have the least motion than that electrons and only show the time-averaged 

electronic potential.  

Max Born and J. Robert Oppenheimer decouple and study the motion of electrons and 

nuclei in which the kinetic energy of nuclei is neglected as a first approximation in 

molecular physics. According to a crystallographic study, the atoms oscillate slightly 

and time - independently of their equilibrium positions. As a result, the total potential 

of nuclei remains constant which is neglected for the second approximation 

calculation (Born & Oppenheimer, 1927).   

In mathematical terms, it counts the wave function of a molecule to be taken into 

electronic and nuclear components. 

              (3.16) 

In the comparison of motion, the electron moves faster than the nucleus in its field. 

The motion of nuclei is assumed zero (i.e. zero kinetic energy) and the potential 

energy is taken to approximately constant. After neglecting K. E. and P. E. of nuclei, 

the electronic Hamiltonian becomes: 
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   (3.17) 

From equations (3.8) and (3.17), the Hamiltonian-Schrodinger equation is expressed 

as 

        (3.18) 

The solution of the equation (3.18) in the terms of electronic energy and electronic 

wave function becomes, 

        (3.19) 

Where, 

        (3.20) 

  = total energy of constant nuclear repulsion         (3.21) 

 = total energy of electrons         (3.22) 

Applying the Hamiltonian operator for solving the Schrodinger equations of a helium 

atom,  the quantum states of electronic motion of one or two electrons can be obtained 

easily however not for more than two distinct electrons interact. The state of 

electronic motion is not solved analytically for the systems consist of three or more 

distinct particles. For this, the Hartree approximation is needed to apply for the 

solution of the Schrodinger equation of the system of large numbers of microbodies as 

atoms, molecules, etc.     

3.1.3 Hartree Approximation 

In 1928 AD, Hartree proposed an approximation to solve the equations related to the 

many - body problem consisting of multiple - electrons in the atom based on 

fundamental physical principles, known as Hartree Approximation (Echenique & 

Alonso, 2007). 

According to Hartree, the electronic motion of a helium atom as shown in Figure 8 

with Hamiltonian operator is expressed as follows 

        (3.23) 
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Where,  = Hamiltonian operator,  = the position vector of nth electron 

 = the gradient vector operator for nth electron,  =  kinetic energy operator 

 = nuclear - electron electrostatic interaction potential 

 = two - electrons  electrostatic interaction potential 

Figure 8: Electrons in a Helium atom 

In Figure 8, two electrons of individual charge e
-
 and position vectors r1 and r2 move

around the nucleus of charge 2e
+
 at the center under electrostatic interaction potentials

Vne and Vee with kinetic energy  each. 

Where, e, are electron charge, reduced Plank constant and Coulomb force 

constant respectively. 

According to Hartree, each electron moves in the average of interaction electrostatic 

potential as an effective potential (Veff) with surrounding electrons. The Hamiltonian 

operator is divided into two parts for two electrons of the Helium atom in this 

approximation as below:  

     (3.24) 

Where,  and  are Hamiltonian operators for two electrons and 

respectively. 

Generally, in the Hamiltonian operator, the wavefunction  is the 

product of the electronic motion wavefunctions or orbital wavefunctions 

 of n electrons  respectively. 
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Let an electron system is approximately expressed by the status of one group of 

independent electrons. The wavefunction of this system is expressed as: 

(3.25) 

The total energy becomes in the Hamiltonian form, 

 (3.26) 

In this case, the expectation value (E) is given as 

  (3.27) 

According to variational method, the Schrödinger equation of ith electron 

wavefunction , is represented as: 

        (3.28) 

Where,  = the eigenenergy of  moving electron, 

 = ith electron wave function or orbital wave function 

The total eigen energy ( ) is equal to the sum of the orbital energies of electrons in the 

different motions. 

For helium atom, 

        (3.29) 

It is the Hartree method. 

From equation (3.26), the effective potential for orbital wavefunction is derived as 

        (3.30) 

Here, the Hartree method is suitable for the theory using the effective potential of a 

single atom in which the motion of each electron is free from this effective potential. 

Hartree approximation does not consider the antisymmetric orbital wave and does not 

calculate the exchange-correlation potential. So, Hartree - Fock approximation is 

needed for further study of the many-body problem in solid - states and molecular 

physics. 

3.1.4 Hartree - Fock Approximation 

In molecular theory, the approximate solution of Schrodinger wave equations through 

the slater determinant made up of one spin - orbital per electron is Hartree - Fock 

molecular theory. Fock used the slater determinant to Hartree method for solving the 
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many - body problem consisting of more distinct particles as electrons. According to 

H - F Approximation (Echenique & Alonso, 2007), the closed - shell systems consist 

of N sub - orbitals containing two electrons each defined as functions of the spatial 

and spin coordinates. The electronic (orbital) motion always has antisymmetric orbital 

wavefunction and can be expressed in Slater determinant as follows: 

        (3.31) 

and 

        (3.32) 

where , different spin orbitals in columns and different 

electrons in rows 

The wave function of the system can be expressed as 

          (3.33) 

The total energy will be of the form, 

        (3.34) 

        (3.35) 

The orbital or electron wave function  can be obtained by the minimization 

of the total energy subjected to the normalization condition, 

        (3.36) 

By variation method, the orbital wave function  and total energy E satisfy, 

(3.37) 

        (3.38) 
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 (3.39) 

From equation (3.39), We can get Hamiltonian form of 

(3.40) 

It is Hartree – Fock equation and is the Fock operator. It can be solved self - 

consistently. 

Where,

        (3.41) 

 Now, Hamiltonian in the form of orbital or electron wavefunction can be 

expressed as, 
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              (3.42) 

Where,  

                           (3.43) 

             (3.44) 

and the exchange potential can be expressed as 

                      (3.45) 

It is shown that the total electron energy is not equal to the summation of two orbitals 

energies due to the double - counting of electron - electron interaction. The total 

energy is obtained by the addition of nucleus - nucleus repulsion energy to total 

electron energy.  

The total energy is expressed as: 

              (3.46) 

The self - consistent field method can solve the nonlinear Hartree – Fock equation. Vx 

is non - local and related to the interaction between all electrons in the system. Hence, 

it is difficult to calculate in practice. The Hartree - Fock approach for many - body 

systems as molecules is very difficult to solve even computationally. Further, H - F 

calculation also can not consider electron correlation. Due to the high computational 

cost for calculation, it is restricted to small systems. To remove the above 

descripancies, we need to go further advanced approach. Here, in this work we follow 

“Density Functional Theory (DFT)”  where density plays a main role for the 

electronic calculation  applicable for every level of calculations. The brief description 

of DFT is given in following section. 

3.1.5  Density Functional Theory (DFT) 

In the early 20
th

 century, Thomas - Fermi, and Hartree - Fock's methods were more in 

practice than Density Functional Theory (DFT). In the previous chapter, we are 

familiar with the way to deal with the electronic Schrodinger equation approximately 

through Hartree and Hartree - Fock methods on the base of the many - body wave 
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functions. The wave functions determine the energy as well as all related physical 

properties like structural, electronic, magnetic, electrical, optical, and others. But it is 

complex because it depends on 3N spatial variables together with the spin variables. 

Where N is the electronic number in the system. The wave function is not used to 

describe the materials but the electron density is used. So, the density functional 

theory (Burke, 2012) is required to investigate the electronic structure of many - body 

systems as atoms, molecules, and the condensed phases at the ground state. DFT can 

describe the ground state properties and the particle's applications based on 

approximations including exchange - correlation potential (EXC) (Perdew, et al., 1996 

- I). Where EXC expresses the effect of the Pauli exclusion principle and the Coulomb 

potential without counting the pure electrostatic interaction of the electrons.   

DFT contains mainly two theories as : (i) the nonrelativistic theory and (ii) the 

relativistic theory. The nonrelativistic theory logically discusses the central ideas and 

constructions of DFT with related mathematical aspects and the relativistic theory 

discusses the realistic quantum field theory. The density functional theory also 

consists of several versions: (i) theory with particle densities and spin - independent 

external potentials. (ii)  theory with spin - up and spin - down densities and external 

potentials. (iii) theory with spin - density matrices and general doubly indexed spin - 

dependent potentials.  

Hence, it is concluded that the alternate ab-initio approach based Hartree - Fock 

method for dealing with time - independent and nonrelativistic Schrodinger equation 

 of individual electron wavefunctions in a system is a density functional 

theory (DFT). The DFT overcomes this problem through the terms of the density 

in Hohenberg - Kohn (H - K) and the orbital function  in Kohn - Sham (K - 

S) formulations. (Bretonnet, 2017).

3.1.5.1 Thomas Fermi (TF) Theory 

Thomas - Fermi (TF) theory (Jerome, et al., 1987) based on electron density 

distribution was used to roughly compute electronic energy of only interacting 

electrons moving in an external potential but not predicated on the chemical binding. 

TF theory established an implicit relation between the external potential  and 

the density distribution  as follows: 
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        (3.47) 

The equation (3.47) is based on the physical equation  for the density 

of a uniform, non - interacting, degenerate electrons gas at constant external pressure. 

        (3.48) 

Where  = electronic potential or Hartree potential 

TF theory was a rough solution of the many - electrons Schrodinger equation. It was 

unable to predicate their relation and the role of groundstate density  for the 

determination of the system (Rocco, et al., 2016). 

3.1.5.2 The Hohenberg - Kohn (H - K) Theorem 

Two basic theoretical results were discovered by P. Hohenberg and W. Kohn 

(Hohenberg & Kohn, 1964) “Inhomogeneous Electron Gas.”  

Theorem (I): The potential V(r) or the total energy E(r) is a unique function of the 

electron density . 

Thus,         (3.49) 

Where,  = the non - degenerate ith wave function 

        (3.50) 

 We can determine , is variational. In the ground state, the total energy is 

minimized,  can be obtained in a system by using electron density. 

Theorem (II): The total energy,  at the ground states is always less than that 

energy at the other states.  

Thus,         (3.51) 

Hohenberg - Kohn theorem can be represented as shown in Figure 9 
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↓  ↑ 

   

Figure 9: Hohenberg - Kohn theorem 

Proof: 

Let  be a non - degenerate ground state (eigen function) of N electrons in the 

potential   and its corresponding to the non - degenerate density  and the  

non - degenerate ground state energy .   

Then: 

           (3.52) 

Where, H = the total Hamiltonian corresponding to  

 = a multiplicative operator concerning  

T = kinetic energy operator and  

U = interaction energy operator 

Now, let us consider  to be a second external potential   and  

 to be the corresponding ground state or eigen function , which gives rise 

to the same non - degenerate density . Then, 

             (3.53) 

As is non - degenerate, the variational principle (Rayleigh - Ritz minimal principle) 

is expressed as the following inequality: 

  

              (3.54) 

Similarly, 

           (3.55) 
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Where ≤ is used for a simply ground state  not for non - degeneracy. The sum of 

equations 3.52  and 3.53 leads to the contradiction: 

                           (3.56) 

Equation 3.55 shows the potential  having the same  but not equal to 

, is incorrect. 

Here,  finds out N and  for the electronic system. So, , indirectly, 

finds all properties of the system derived from the solution of the Schrodinger 

equation. 

                (3.57) 

3.1.5.3 The Self - Consistent Kohn - Sham Theorem 

Kohan & Sham (1965) proposed a single particle orbital function  to make the K ­ 

S equation for the treatment of the kinetic and interaction energy terms.  

            (3.58) 

Kohn - Sham theorem can be represented as shown in Figure 10. 

   

↑  ↓ 

 ←  

Figure 10: Kohn - Sham  theorem 

The total energy consists of following terms: 

          (3.59) 

The kinetic energy consists of the K. E. of non ­ interacting particles and remaining 

particles of density : 

               (3.60) 

Here, s and c denote single - particle and correlation respectively. 
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U and are interaction energy and classical electrostatic interaction or Hartree 

energy respectively. 

Here,  is a correction of the approximation raised by exchange (X) and correlation 

(C) effects. 

Hence, 

  = correction K - S approximation 

   (3.61) 

 =  {exchange energy due to Pauili exclusion principle (Fan & Malozovski, 

2023) antisymmetry} +  (correlation energy) 

The corelation K. E. (Tc) of non-interacting particles in term of wavefunctions: 

        (3.62) 

Where,  = the expectation value of the K. E. operator  with the Slater 

determinant arising from the density . A determinate wavefunction must describe all 

consequences of antisymmetrization (i.e. exchange energy) and 

 =  = the pure correlation effect. (Kohan & Sham, 1965)         (3.63) 

Hartree energy  is the classical electrostatic interaction energy that gives the 

mean-field result.  is expressed in term of density as follow: 

        (3.64) 

The exchange energy term (EX) arises due to interaction potential which may be 

expressed in terms of single-particle orbitals as in equation (3.60). 

        (3.65) 

The energy of the exchanging particle j is located at r with other particle k located at 

r'. The electrons with like spins tend to avoid each other and electrons with unlike 
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spins tend to attract each other which may produce an exchange hole. It also helps to 

correct the Hartree energy or potential term UH.  

The difference between full ground - state energies obtained from the correct many - 

body wavefunction and the Hartree - Fock or Kohn - Sham Slater determinant may 

give the correlation energy (EC). It is raised due to the mutual avoidance of the 

interaction electrons which are added to the obtained lowering energy in a real 

system.   

The interaction energy operator ( ) may be expressed in two terms the density 

operators  and the delta function subtracts out the interaction of a charge with itself.  

                   (3.66) 

The EC is the energy lowering that is created due to quantum fluctuations. There may 

be two causes for the quantum fluctuations (i) The electrons with unlike spins try to 

coordinate their movement for minimizing their Colombian energy. (ii)   The change 

in magnitude of K. E. due to the difference between non - interacting and interacting 

kinetic energies. 

The total energy  at the groundstate is found through the minimization of total energy 

(E) with respect to the density ( ), 

                          (3.67) 

 = 0          (3.68) 

Where,                 (3.69) 

 is the external potential produced by the fixed nuclei, the lattice, or a truly 

external field or all. 

 and   are Hartree potential and exchange - correlation potential respectively. 

 For this system, the minimization condition is: 

             (3.70) 
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The density - solving Euler equation (3.70) is .  

Comparing equations (3.69) and (3.70), both minimized equations have  

the same solutions as 

 = ,  if             (3.71) 

Where,   

Hence, It can be calculated that the density of an interacting many - body system in 

potential V(r) is the same as the equation of a non - interacting single - body system in 

potential V(r). 

              (3.72) 

The density  may be calculated in terms of orbital functions,  

               (3.73) 

where,  =  occupation of ith orbital.  

Equations (3.70) and (3.71) are also equivalence of the Kohn - Sham equation. 

3.1.5.4 Construction of Exchange - Correlation Functionals 

The listed exchange-correlation functionals in Table 3 can be used in density 

functional simulations. The non - local nature of the exchange - correlation functional 

is also introduced in one form or another. 

Table 3: Exchange - correlation functionals 

Dependencies Family 

Coulomb d - d or f electrons interaction LDA/GGA + U or LSDA / SGGA + U 

 Meta - GGA or MSGGA 

 GGA or  SGGA 

 LDA or  LSDA 
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3.1.5.4.1  Local Density Approximation (LDA) 

LDA is the exchange - correlation functional which can compute the value of Exc 

from the density ( ) of a uniform electron gas at every position in space (i.e. local 

value of ) in any DFT. LDA with parametrization Perdew - Zunger (PZ) is suitable 

to deal with the structure, elastic moduli, and relative phase stability of many 

materials but it is not so accurate for the binding energy and detail of the energy 

surface away from equilibrium geometries as transition states. The local spin density 

approximation (LSDA) (Stojanovic, 2020) is employed for molecular calculation. 

Each volume element  centered in  contributes to  as the part of a 

homogeneous electron gas with density 

        (3.74) 

        (3.75) 

It is difficult to calculate  through LDA. 

  (from the Hartree - Fock approximation)           (3.76) 

 = combination of Quantum Monte Carlo calculation for low  and results from 

many - body theory (Gell - Mann and Brueckner for high ) (Entwistle, et al., 2016). 

3.1.5.4.2 Generalized Gradient Approximation (GGA) 

In a molecular system, the nonuniform electron density in space raised serious 

limitations for energies in LDA.  These limitations were improved by making them 

depend on the generalized gradient of the density (GGA). The GGA improves the 

LDA's excellent description of bond - lengths with typical errors. 

 The GGA functional in the typical form is expressed as      

        (3.77) 

The GGA functional depending on boh the local value and the local gradient of the 

electron density is a large family of semi - local approximations for the exchange - 

correlation energy. The most commonly used variants in GGA functional are 
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parametrized by revised - Perdew - Burke - Ernzerhoff, (i.e. parametrization rPBE) 

(Perdew, et al., 1996). 

3.1.5.4.3  Meta-GGA Functional 

The TB09 meta - GGA (MGGA) is a higher - level approximation that computes 

more accurate values of energy band gaps of both semiconductor and insulator than 

ordinary LDA and GGA. It is also applied in systems involving both metal and 

semiconductors / insulators. The meta - GGA functional reduces typical errors in the 

excellent description of bond lengths in GGA. It depends on the semi - local 

information in the Laplacian of the spin density or of the local kinetic energy density 

and also on the Kohn - Sham kinetic - energy density τ (r).  

The typical form of meta - GGA is expressed as, 

             (3.78) 

               (3.79) 

The exchange - correlation energy is expressed as .  

The XC- functional MGGA finds the accurate band gap of a semiconductor which is 

comparable to the calculated value with hybrid functional (GW) having a significantly 

higher computational cost (Zahariev, et al., 2013). 

3.1.5.4.4  L(S)DA / SGGA + U 

The two interests of the various limitations in the local approximations used for the 

exchange - correlation energy are the following.  

 (a) Self - interaction: The electron is formally allowed to interact with itself. This can 

prevent electrons from localizing properly. 

(b) Excited states: The LDA and GGA description of conduction band energy levels is 

often poor, so the energy band gap is often too low (Quantum ATK, 2019). 

The mean - field Hubbard correction denoted as XC + U, DFT + U, LDA + U or 

GGA + U is semi - empirical correction. It attempts to improve on these limitations of 

the local exchange - correlation functional by adding an extra mean - field Hubbard 
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term (U) (Quantum ATK, 2019). The LDA and GGA can not predict the transition 

metal oxides to be semiconductors or Mott insulators due to the localized d electrons 

in the orbitals. However, the self - interaction correction (SIC), Hartree - Fock, GW, 

and LSDA / SGGA + U incorporate the strong electron - electron correlation between 

d electrons and f electrons. In the LSDA / SGGA + U method, the electrons are 

localized d or f electrons for which an orbital - dependent term  should 

be used to describe Coulomb d or f interaction, where ni are d or f orbital occupancy. 

The total energy is given as  

i nj -   U N ( N - 1 )            (3.80) 

The orbital energy  is derivative of equation (3.80) with respect to orbital 

occupations nj 

  

  

  

              (3.81) 

The orbital energy shifts with  for occupied orbital  and with +  for 

occupied orbital . 

The orbital dependent potential is expressed as 

                  (3.82) 

The Hubbard potential U is included for higher order many - body terms or to be 

automatized for the calculation of effective interactions. 

In this chapter - 3, we have illustrated the theoretical foundations of the Schrodinger 

Equation, Born - Oppenheimer Approximation (BOA), Hartree Approximation, 

Hartree - Fock Approximation (HFA), Density Functional Theory (DFT), Thomas 
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Fermi Theorem (TFT), The Hohenberg - Kohn Theorem (HKT), Kohn - Sham Theory 

(KST), Local Density Approximation (LDA), Generalized Gradient Approximation 

(GGA), Meta - GGA and L(S)DA / GGA + U, their corrective approach, prerogatives, 

limits, historical construction, and recent refinements. It has been described that the 

strong evidence of how these approaches can represent a useful framework to capture 

some effects of electronic exchange correlations. It has been also described how 

relatively minor extensions to their formulations can significantly improve the 

quantitative predictivity, quality, and numerical efficiency of computational 

approaches which can capture the physics of correlated systems (Tolba, S. A., et al., 

2018; Kirchner - Hall, N. E., 2020). We detail the computational shoftwere, which are 

used to deal with our research works, in sub - section 3.2.  

3.2 Computational Details 

A powerful set of modeling tools Atomistix ToolKit (ATK) have been applied to 

investigate a variety of nanoscale systems starting from  nanocluster to bulk systems. 

It is equally implemented  for sensing devices and two - probe systems on Virtual 

Nanolab (VNL) (Soler, et al., 2002).  

The  Atomistic ToolKit (ATK) software device  which is based on Density Functional 

Theory (DFT) is used  to deals with stable structure calculations and electronic 

properties.  In general, we use a basic exchange - correlation plus Hubbard potential 

(XC + U) functionals, like Local Spin Density Approximation (LSDA)  and Spin 

Generalized Gradient Approximation (SGGA) with additional Hubbard coulomb 

Potential (U), and Meta - Spin Generalized Gradient Approximation (MSGGA) with 

suitable parameterizations Perdew - Zungger (PZ), revised - Perdew - Burke - 

Ernzerhof (rPBE) and TB09LDA for simulation perpose. 

The script generator has been operated for the optimization of the different 

morphologies of Cu2O and CuO through the job manager then we analyze the results. 

We adjust the various parameters to compute the binding energy per atom,  electronic 

band structures, density of states profiles, energy band gap, the magnetic moment per 

atom, and spin polarization.  Different K - point sampling are used for both Brillouin 

zone integration and linear combination of atomic orbitals (LCAO) for valence 

electrons are adjusted  for  different morphologies. In general, we used  (1 × 1 × 7), (1 
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× 7 × 7) , and (7 × 7 × 7)  K - points sampling for one dimentional, two dimentional 

and for three dimensional material samples,  respectively. 

We choose the LCAOs for eigenfunctions, the basic set double - zeta - polarized for 

pseudopotentials, the Brillouin zone routes  ᴦ for nanoclusters; ᴦ, Z for nanowires; 

nanotubes; nanoribbons; nanosheets; ᴦ, X, M, ᴦ, R, X, R, M for cubic bulk Cu2O in 

Figure 11(a) and ᴦ, Y, C, Z, E, A, , ᴦ, B, , Z,  ᴦ for monoclinic bulk CuO in Figure 

11(b).  

  

(a) (b) 

Figure 11(a, b): Brillouin zones with special high symmetry k = b1g1 + b2g2 + b3g3 points of (a) cubic 

Cu2O, (b) monoclinic CuO 

 

 

Figure 12: Flow - chart of VNL - ATK 
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The corresponding optimization geometry has been set at electron temperature 300 K, 

grid mesh cut off 2040 eV (75 Hartree), charge 0, spin - polarized. force tolerance 

0.05 eV / Å, stress tolerance 0.05 GPa, the maximum number of steps 200, and 

maximum step size 0.2 Å, respectively (Quantum ATK, 2019). The flow chart of 

virtual nanolab (VNL - ATK) is shown in Figure 12. 

By knowing the values of different parameters  like total energy (ET), the energy of 

Cu - ion ( , the energy of O - ion ( ), numbers (N) of Cu
+2

 and (M) of O
-2 

ions, 

energy densities of up - spin or majority ( , down - spin or minority (  and spin 

dipole moment of an electron or Bohr‟s magneton ( ), the binding energy per atom 

( ) (Parra, & Farrell, 2009; & Paudel, et al. 2016), the magnetic moment per atom 

( ) (Choy, et al., 1999; Givovannetti, et al, 2011; Jones, et al., 2014; Wang, et al., 

2017; Han, et al., 2019, & Miao, et al., 2019), spin polarization (SP) (Cherepkov, et 

al., 1981; Chalsani, et al., 2007; Tusche, et al., 2013; Kohashi, et al., 2018), and the 

chiral vector ( ) (Sun, B., 2010; & Paudel, et al., 2016) can be measured by using the 

following physical equations: 

             (3.83) 

, where  = magnetic moment of a system 

  

=  / atom]                                      (3.84) 

and,                (3.85) 

 = 9.27 × 10
-24

 A-m
2
 

 where, Ampere - square meter (A-m
2
) is spin dipole moment of an electron or Bohr‟s 

magneton,   and  are the number of electrons per atom in majority (spin - up) 

and minority (spin - down) states respectively.  and  are density of 

states at Fermi level. 

                 (3.86) 
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Where , , and  are the chiral vector and two rectangular components or unit 

vectors of  along two directions in the plane lattice of a crystal as shown in Figure 

13. n and m are indices of two vectors  and  respectively (Chatzichristos, et al.,

2022). We study  theoretically the mentioned morphologies which have been, 

experimentally, described and published in the various papers. These published 

experimental papers are, briefly introduced in sub - section 3.3. 

Figure 13: Schematic diagram showing CuO nanosheet, zigzag, armchair and chiral CuO NTs 

3.3 Experimental Information 

Many researchers have, experimentally, investigated the different morphologies like 

nanoclusters, nanowires, nanotubes, nanoribbons, nanosheets, and bulks of Cu2O and 

CuO.  

3.3.1 Nanoclusters of Cu2O and CuO 

The uniform CuO colloidal nanocrystal clusters (CNCs) with sizes of approximately 

60 nanometers were prepared through a one - pot solvothermal synthetic method 

(Chen, 2011). The selective formation of the single - phase nanoclusters of Cu2O in 

the size range of 10 nm - 50 nm on SrTiO3 (100) substrates was found in a very 

narrow oxygen plasma - assisted molecular - beam epitaxy growth parameter window 

(Lyubinetsky, et al., 2003).  
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3.3.2 Nanowires of Cu2O 

The Cu2O nanowire arrays from the oxidation of the synthesized Cu metal nanowire 

arrays were prepared through a porous alumina membrane (PAM) template with a 

high aspect ratio, and uniform pore size of 120 nm - 140 nm, and ordered pore 

arrangement (Shen, et al., 2010). The formation of pure Cu2O nanowires at - 0.3V 

with pH 8.2 and - 0.5V with pH 9.0 in pores of anodic alumina oxide (AAO) 

templates was investigated by using larger Cu critical clusters (Khan, et al., 2017).  

3.3.3 Nanotubes of CuO 

The free - Standing Copper (II) Oxide Nanotube Arrays were prepared through an 

MOCVD Template Process (Malandrino, et al., 2004). Through the nano scratch 

technique, CuO and Cu(OH)2 nanotubes were directly grown on a Cu substrate and 

found the energy of both increased with the reaction time. Also, they found a higher 

debonding energy in CuO nanotubes than in Cu(OH)2 nanotubes (Saini, et al., 2015). 

3.3.4 Nanoribbons of CuO 

The mesoporous ribbon - like CuO were synthesized through a facile and scaleable 

wet - chemical method, accompanied by tetraoctyl ammonium bromide (TOAB) as a 

soft template under ambient condition (Zhang, et al., 2013). The nanoribbons 

approximately 50 nm thin were prepared by dissolving CuCl in ethylene glycol before 

raising the solution temperature to 150C in air through the developed facile organic - 

solution method (Lo, et al., 2011).  

3.3.5 Nanosheets of CuO 

In the hydrothermal process, the oxidation of commercial copper (Cu) substrates 

fabricated the CuO nanosheets at 150∘C (Zhi - Ang, et al., 2009). As the controlled 

delamination of layered copper hydroxide acetate followed by the in situ solvothermal 

transformations of hydroxide to oxide, the CuO nanosheets were formed (Demel,  et 

al., 2017). In the same way, Cu2O and CuO thin films were deposited on glass and 

silicon substrates at room temperature by reactive pulsed - DC magnetron sputtering 

in an argon and oxygen atmosphere (Wang, et al., 2016).  
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3.3.6 Bulks of Cu2O and CuO 

The bulk of Cu2O was prepared by using thermal oxidation, electrodeposition, and  

sputtering methods. 4Cu + O2 → 2Cu2O, the unwanted CuO is removed using the 

solution of FeCl3, HCl, and NaCl (Abdu & Musa, 2009). The CuO nanostructures 

were prepared by a typical solution method concerning the following steps: preparing 

the precursor solution, modification of nanoproducts with additives or surfactants, 

heat treatment, and washing and drying process (Tran & Nguyen, 2014). 

Copper salt + Alkaline hydroxide → Cu(OH)2+ Salt of alkaline metal Cu(OH)2 → 

CuO + H2O  

From the above mentioned experimental research works, we came to know that the 

different morphologies of Cu2O and CuO can be synthesized and need to  explain 

their structural evolution, electronic and magnetic properties systematically. Because 

of these properties, the nanosystems have wide range of applications. Keeping in 

mind, this  research works are mainly focused on the computational works which have 

not been included in the previous research but have been experimentally synthesized. 

The overall results with discussion are presented in the incoming chapter 4.    
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CHAPTER 4 

4. RESULTS AND DISCUSSION

4.1 Zero - Dimensional Nanostructures of Cu2O and CuO 

4.1.1 Structural, Electronic, and Magnetic Properties of Nanoclusters of 

 Cu2O and CuO 

4.1.1.1 Structural Property 

We have optimized and analyzed the various molecular structures of nanoclusters 

(Cu2O)n = 1, 2, 3 and (CuO)m = 2, 4, 6 as shown in Figures 14(a - f), where the yellow and 

red color spheres represent the copper and oxygen atoms respectively. The 

nanoclusters (Cu2O)n = 1, 2, 3 contain atoms 3, 6, 9, and the nanoclusters (CuO)m = 2, 4, 6 

contain atoms 4, 8, 12, respectively. The binding energy of unit cell as well as per 

atom of both types of nanoclusters are calculated by using the equation (3.83). Our 

computational result revealed that the total energy of system increases with increasing 

the number of atoms. It is also observed that the nanoclusters having more molecules 

are more stable than those having fewer atoms indicating that nanoclusters tend to 

reach towads the bulk properties, as listed in Table 4 and also illustrated in Figure 

15(a). In both cases, the bond length between Cu and O increases by increasing the 

number of atoms as shown in Figure 15(b), which affects on their electronic and 

magnetic properties. 

Figure 14(a - f): The molecular structures of nanoclusters (Cu2O)n = 1, 2, 3 and (CuO)m = 2, 4, 6 
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Table 4: The computed values of different parameters of  the nanoclusters (Cu2O)n = 1, 2, 3 and (CuO)m = 2,4, 6  

(Yadav, et al, 2020) 

Nano- 

Clusters 

(NCs) 

Total 

Atoms 

Total 

Energy 

(eV) 

Binding 

Energy/ 

Atom 

(eV) 

Bond 

Lengths 

(Cu-O) 

Band 

Gap 

(eV) 

HUMO

- 

LUMO 

(eV) 

MM/unit 

cell (µT) 

MM/atom 

(B) 

Spin 

Polarization 

Natures 

(Cu2O)1 
3 2892.65 1.38 1.79 1.00 1.40 0 0 indefinable 

Dia, 

Semi- 

conductor 

(Cu2O)2 6 5785.94 1.58 1.82 0 0.28 2 0.33 1 

Ferro, 

Half-

metal 

(Cu2O)3 9 8682.47 1.82 1.88 0.20 0.56 1.32 0.22 indefinable 

Ferro, 

Semi- 

conductor 

(CuO)2 4 3325.89 1.30 1.81 0.80 1.20 0.98 0.49 indefinable 

Ferro 

Semi- 

conductor 

(CuO)4 8 6656.35 1.55 1.85 0 0.40 4 0.50 1 

Ferro 

Half-

metal 

(CuO)6 12 9985.65 1.57 1.90 0.1 0.60 3.48 0.58 indefinable 

Ferro 

Semi- 

Conductor 

 

  

(a)                                                     (b) 

Figures 15(a, b):  Total energy and bond length of Cu - O in Å vs total number of atoms 
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4.1.1.2 Electronic Property 

Here, we have found the molecular energy spectrums (MES) and DOS profiles of 

both types of nanoclusters (Cu2O)n = 1, 2, 3 in Figures 16(a - c) and Figure 16(d - f); and 

(CuO)m = 2, 4, 6 in Figure 17(a-c) and Figure 17(d-f), respectively. The MES  and DOS 

profiles provide the electronic behaviors of  (Cu2O)1, (Cu2O)3, (CuO)2, and (CuO)6 as 

semiconductors and  (Cu2O)2 and (CuO)4 as half-metals (Groot, et al., 1983).  The 

MES gives the information related to HUMO - LUMO gap of the sytems. It does not 

clearly shows the electronic properties, so we use DOS to distinguish proper 

properties of the given nanoclusters. Overall computational results listing in Table 4 

indicate that the molecular forms of the both nanoclusters (Cu2O)2 and (CuO)4 have 

different properties than that of the bulk counterpart. Experimentally, both bulk Cu2O 

and CuO are semiconductors with band gaps of 2.17 eV and 1.4 eV, respectively 

(Ghijsen, et al., 1988; & Barreca, et al., 2007). 

  

(a) (b) 

 

(c) 

Figure 16(a-c): The molecular energy spectrums of the nanoclusters (Cu2O)n = 1, 2, 3 
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(d) (e) 

(f) 

Figure 16(d-f): The density of states of the nanoclusters (Cu2O)n = 1, 2, 3 

(a) (b) 
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(c) 

Figure 17(a-c): The molecular energy spectrums of the nanoclusters (CuO)n = 2, 4, 6  

(d) (e) 

(f) 

Figure 17(d-f): The density of states  of the nanoclusters (CuO)n = 2, 4, 6  
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4.1.1.3 Magnetic Property 

We investigated the magnetic moments of unit cell, MM per atom and also the spin 

polarization of the various nanoclusters as listed in Table 4. The magnetic properties 

of the nanoclusters are studied through these concepts. From the DOS plot and spin 

orientation, only (Cu2O)1 nanocluster shows diamagnetic behavior whereas all others 

(Cu2O)2, (Cu2O)3, (CuO)2, (CuO)4, and (CuO)6  nanoclusters are found to be 

ferromagnetic materials. From the calculation, their magnetic moments are 0.33 , 

0.22 , 0.49 , 0.50 , and 0.58  respectively. The spin polarization of (Cu2O)2 

and (CuO)4 is individually 1 that represents half - metal ferromagnetic natures 

whereas other nanoclusters behave as metal. Here, the total magnetic moments of the 

unit cells of  (Cu2O)2 and (CuO)4 are 2 µB and 4 µB respectively. 

4.1.1.4 Discussion 

The (Cu2O)1 nanocluster shows the semiconducting and diamagnetic behaviors, 

whereas all others (Cu2O)2, (Cu2O)3 (CuO)2, (CuO)4, and (CuO)6 show the 

ferromagnetic behaviors. The computed values of the total magnetic moments of the 

half - metallic ferromagnets (Cu2O)2 and (CuO)4 nanoclusters are 2  and 4  

respectively and their spin polarizations 1 individually. The total energy and the bond 

length of Cu - O increase concerning the number of atoms. The stability of a 

nanocluster having more number of atoms is stronger than that of less number ones. 

4.2 One - Dimensional Nanostructures of Cu2O and CuO 

4.2.1  Structural, Electronic, and Magnetic Properties of Nanowires of Cu2O 

4.2.1.1  Structural Property 

We selected 3 nanowires of different diameters like 4, 5 and 6 Å respectively and 

optimized them as shown in Figure 18(a - c). Their structural stabilities, electronic 

and magnetic behaviors have been explored through the analysis of binding energy 

per atom, electronic band structure, and density of states respectively. The binding 

energy per atom of Cu2O nanowire of the different diameters has been calculated  as 

dipicted in Table 5. The binding energy/atom of the nanowire of diameter 4 Å is 2.08 

eV, which is observed to be more stable than the others as shown in Figure 19. 
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(a) (b) (c) 

Figure 18(a - c):  The molecular structure of  Cu2O NWs of the diameters  4, 5, 6 

 

 Table 5: The computed values of different parameters of Cu2O NWs 

Diameter 

(Å) 

BE / atom 

(eV) 

MM/unit 

cell (µT) 

MM/atom 

(µB) 

Spin  

Polarization 

4 2.08 8 0.36 1 

5 
1.46 1.02 0.03 0.14 

6 1.48 0.68 0.02 0.08 

 

 

 

Figure 19: BE/atom, MM/atom, and spin polarization vs diameter of  Cu2O NWs 
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4.2.1.2 Electronic Property 

We analysed the electronic band structures (EBS) and density of states (DOS) of the 

Cu2O nanowire of different diameters (4 - 6 Å) with the majority and minority of 

electronic densities through SGGA + U as shown in Figure 20(a - c) and Figure 21(a - 

c), respectively. Here, the black and red lines indicate the majority and minority 

components respectively. The EBS and DOS plots report that the Cu2O nanowire (d = 

4 Å) is half - metal while others are full - metals, which are resemble available 

literatures (Zhou, et al., 2017). 

. 

(a) (b) 

(c) 

Figure 20(a - c):  Electronic band structure of Cu2O NWs of different diameters (4 - 6Å) 
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(a) (b) 

          (c) 

Figure 21(a - c): DOS of Cu2O NWs of different diameters (4 - 6 Å) 

4.2.1.3 Magnetic Property 

We analysed the magnetic behaviors from the calculations of the magnetic moment of 

unit cell, magnetic moment per atom (MM/atom) and spin polarization (SP) at the 

Fermi level. Their computational values have been tabulated in Table 5. Calculations 

show that the total magnetic moment of the unit cell of Cu2O nanowire directly 

depends on the individual magnetic moment of Cu and O atoms. The strong 

interaction makes their magnetic moment decrease and affects the total magnetic 

moment. The variations of the MM/atom, SP, and BE/atom regarding the diameter (4 

- 6 Å) of the Cu2O nanowire are shown in Figure 19. The variation of magnetic 

moment with diameter depends upon the hybridization between Cu - 3d
10

4s
1
 and O -

2p
4
 states, and the contribution of the oxygen atom (O) at the Fermi level. The total
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magnetic moment of unt cell of a stable Cu2O nanowire of diameter 4 Å is 8  which 

reports it is ferromagnetic half metal with unit spin polarization and other structures 

are approximately diamagnetic in nature. 

4.2.1.4 Discussion 

The Cu2O nanowire with a diameter of 4 Å  is found to be more stable than other 

nanowires. The magnetic moment per atom, spin polarization, and binding energy 

vary with its diameter of range from 4 Å to 6 Å. The calculated total magnetic 

moment of a Cu2O nanowire of diameter 4 Å is 8  greater than other nanowires 

revealing that it is a half - metallic and ferromagnetic nanomaterial. 

4.2.2  Structural, Electronic, and Magnetic Properties of Chiral CuO Nanotubes 

4.2.2.1  Structural Property 

The chiral CuO nanotubes of chiralities (2, 1), (3, 1), (3, 2), (4, 1), and (4, 2) consist 

of 28, 52, 76, 28, and 56 atoms, respectively with different views (cross-sectional and 

side view) are shown in Figure 22(a - e)  and Figure 23(a - e), respectively. The 

yellow and red color spheres indicate the copper and oxygen atoms respectively. The 

computed value of binding energy per atom of the different nanotubes  are listed in 

Table 6. From the calculation, it is observed that the (2, 1) CuO nanotube has a 

binding energy per atom of 2.63 eV which shows it as a more stable structure than 

other (3, 1), (4, 1), and (4, 2) CuO nanotubes. The structural stability of the different 

chiralities of CuO nanotubes depends on the binding energy at electronic temperature 

300K. Over the systems, the  stability order is (2, 1)   (4, 2)  (3, 2)   (4, 1) 

 

     

(2, 1) CuO NT (3, 1) CuO NT (3, 2) CuO NT (4, 1) CuO NT (4, 2) CuO NT 

(a) (b) (c) (d) (e) 

Figure 22(a - e): The (n, m) CuO CNTs in molecular forms 
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(2, 1) CuO CNT (3, 1) CuO CNT 

(a) (b) 

  

(3, 2) CuO CNT (4, 1) CuO CNT 

(c) (d) 

 

(4, 2) CuO CNT 

(e) 

Figure 23(a - e):  The (n, m) CuO CNTs in bulk forms 
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Table 6: The chiralities of CuO CNTs with their diameters, BE / atom, MM / atom, and 

spin polarization (SP) 

Chirality 

(n, m) 

Diameter 

(Å) 

BE/atom 

(eV) 

MM / unit 

cell ( ) 

MM / atom 

( ) 

Spin 

Polarization 

Remarks 

For chiral (n > m) 

(2, 1) 2.80 2.63 5.07 0.36 Indefinable Semiconductor, Ferro, 

(3, 1) 3.84 2.38 8 0.31 1 Half metal, Ferro 

(3, 2) 4.62 2.51 13 0.35 1 Half metal, Ferro 

(4, 1) 4.77 2.47 5 0.36 1 Half metal, Ferro 

(4, 2) 5.57 2.56 10 0.37 1 Half metal, Ferro 

4.2.2.2  Electronic Property 

The electronic band structures and density of states (DOS) profiles of the chiral CuO 

nanotube of chiralities (2, 1), (3, 1), (3, 2), (4, 1), and (4, 2), are depicted in Figure 

24(a - e) and Figure 25(a - e) respectively. The black and red lines indicate energy (E) 

vs wave vector (K) plot of up and down spin channels. From the Figures, (2, 1) CuO 

nanotube shows semiconducting nature with an energy bandgap of 2.2 eV whereas (3, 

1), (3, 2), (4, 1), and (4, 2) CuO nanotubes show half-metallic behaviors.  

(a) (b) 
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(c) (d) 

 

(e) 

Figure 24(a - e): The electronic band structures of (n, m) CuO CNTs 

  

        (a)         (b) 
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        (c)         (d) 

 

       (e) 

Figure 25(a - e): The density of states \of (n, m) CuO CNTs 

This result reveals that the (2, 1) CuO nanotube is useful for the nanodiode whereas 

the (3, 1), (3, 2), (4, 1), and (4, 2) CuO nanotubes are useful for the applications of 

high-frequency devices. The energy bandgap of (2, 1) nanotube is close to the energy 

band gap of bulk CuO (1.4 eV - 1.9 eV). 

4.2.2.3 Magnetic Property 

The electronic band structures and the DOS profiles show that the chiral CuO 

nanotube of the chiralities (3, 1), (3, 2), (4, 1), and (4, 2) all have metallic natures with 

varying magnetic moments. The calculated values of  magnetic moment per atom and 

spin polarization of the CuO  are listed in Table 6. The magnetic moments of chiral 
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CuO nanotubes depend on the spin dipole moments of electrons of both isolated 

atoms Cu and O separately, and their interaction.  From the calculations, we  found 

that the magnetic moment per atom decreases with increasing the diameter or chirality 

of the chiral CuO nanotube, The  increasing order  is found for the the binding energy. 

Based on spin polarization, the chiral CuO nanotube of chiralities (3, 1), (3, 2), (4, 1), 

and (4, 2) are half - metallic (Groot, et al., 1983) in nature, while the chiral CuO 

nanotube of chirality (2, 1) is ferromagnetic with magnetic moment 0.36  and 

semiconductor having a band gap of 2.3 eV at the Fermi level. The total MM of unit 

cell also confirms their half - metallic natures. The characteristics curves of the 

magnetic moment per atom and spin polarization concerning the width and chirality 

of (n, m ≠ n) CuO nanotubes are depicted in Figure 26(a). 

Figure 26 : The graphs of Diameter, no. of atoms, magnetic moment, and  spin polarization vs 

chirality of (n, m) CuO_CNT 

4.2.2.4 Discussion 

We have found the optimized structures of the chiral CuO nanotubes with different 

diameters. The chiral (2, 1) CuO nanotube with magnetic moment 0.36  shows the 

semiconducting behavior, while the chiral CuO nanotubes of chiralities (3, 1), (3, 2), 

(4, 1), and (4, 2) have magnetic moments of 0.31 , 0.35 , 0.36 , and  0.37 

respectively, indicating that they bear the half - metal ferromagnetic behaviors. The 
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calculation shows that the magnetic moment per atom decreases with increasing the 

diameter of the chiral (n, m) CuO nanotube. Based on the above characteristics, we 

predict that the CuO nanotubes of different diameters are suitable candidates for 

nanodiode, sensor, and spintronic devices.  

4.2.3  Magnetic Moment of Zigzag CuO Nanotubes at Different Temperatures 

and Sizes 

4.2.3.1  Structural Property 

We calculated the binding energies and magnetic moments of some optimized (n, 0) 

zigzag CuO nanotubes at different temperatures. The binding energies, bond lengths 

of the different diameters of CuO nanotubes  with total energies of different chiralities 

have been listed in Table 7.  

 

Figure 27(a - d): The initial nanostructures of CuO ZNTs 

 

Figures 28(a - d): The optimized nanostructures of CuO ZNTs 

 

Table 7: Bond length, Binding energy, Diameter, and Total energy of CuO ZNTs 

Chirality 

(n, 0) 

No.of atom 

(N) 

Bond length 

(Å) 

Diameter 

(Å) 

Binding 

energy / atom 

(eV) 

Total 

energy 

(eV) 

(4, 0) 16 1.95 4.30 4.73 -13328.95 

(6, 0) 24 1.90 6.29 4.81 -19995.52 

(8, 0) 32 1.90 8.39 4.84 -26661.54 

(10, 0) 40 1.90 10.46 4.85 -33326.89 
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Figure 29:  Relation between binding energy and  total number of atoms in CuO ZNTs 

From the calculation, It is seen that the (4, 0) CuO NT has a larger bond length than 

others and found that the number of atoms and diameter is directly proportional to the 

binding energy. The initial and optimized nanostructures of different chiralities as (4, 

0), (6, 0), (8, 0), and (4, 0)  of zigzag CuO NTs are shown in Figure 27(a - d) and 

Figure 28(a - d) respectively. The copper and oxygen atoms are represented by the 

yellow and red - colored spheres respectively. They are electropositive and 

electronegative atoms, respectively. The binding energy per atom increases 

concerning the number of atoms as shown in Figure 29. 

4.2.3.2  Electronic Property 

The electronic band structures of zigzag (n, 0) CuO nanotubes with up and down 

spins of electronic energy density were investigated at the Fermi energy level as 

shown in Figure 30(a - d). The zigzag (4, 0), (6, 0), (8, 0), and (10, 0) CuO nanotubes 

show the metallic nature due to the hybridization between Cu - 3d and O - 2p states at 

the Fermi level. The Cu - 3d
9
4s

2
 loses 2 electrons from the d - orbital, and the O - 2p

4
 

gains these two electrons due to which one sub - orbital (dx
2 

- y
2
) of 3d must be 

partially filled, resulting in metallic behavior. This result is following some 

computational and experimental values of other nanostructures of CuO analyzed at 

different diameters (Poudel et al., 2016). 
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The total density of states and partial DOS of Cu - 4s, Cu - 3d, and O - 2p states of 

zigzag CuO through the spin polarization - based DFT are shown in Figure 31(a - d). 

The Peak values of density of states near the Fermi level in the valance and 

conduction bands are formed due to the hybridizations of  Cu - 3d and O - 2p states, 

and Cu - 4s states, respectively. The finite contribution of the O atom to the density of 

states at the Fermi level shows these nanotubes behave as metal. The spectral 

distributions in a zigzag (n, 0) CuO have a large range, which provides evidence of 

strong electron - electron interaction and Coulomb interaction (U). 

(a) (b) 

(c) (d) 

Figure 30(a - d): Band structure of CuO ZNTs with the majority and minority spins 
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         (a) 

 

          (b) 

 

         (c) 

 

         (d) 

Figure 31(a - d): Spin-polarized Density of states of CuO ZNTs 
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4.2.3.3 Magnetic Property 

Magnetic moments of (4, 0), (6, 0), (8, 0), and (10, 0) CuO ZNTs are 0.45 µB, 0.31 µB, 

0.19 µB, and 0.23 µB, respectively whereas the magnetic moments for CuO bulk, Cu 

atom and O atom are 0.68 µB and, 0.70 µB, and 0.14 µB respectively. These values are 

a resemblance to the experimental values of Cu (0.70 µB)  and O (0.14 µB), 

respectively (Wang, et al., 2003). The exchange splitting of the Cu - 3d and O - 2p 

states electrons provide a magnetic moment to CuO ZNTs. The fluctuation in the 

magnetic moment on increasing the diameter is due to the number of electrons present 

in the Cu - 3d state. The magnetic moment per electron (µB) is directly linked to the 

number of unpaired electrons and the magnetic properties of unpaired electrons that 

arise from electron spin and electron orbital motion. Magnetic moment decreases with 

an increment of diameter until we reached (10, 0), then the magnetic moment 

increases with the diameter as shown in Figure 32(a). Furthermore, we have analyzed 

magnetic moments with different temperatures. We found that magnetic moment has 

a high value at room temperature then it decreases at higher  temperatures. However, 

(8, 0) NT magnetic moment increases with temperature as shown in Figure 32(b). 

Calculations reveal that the maximum magnetic moment is obtained for (4, 0) 

nanotube with a diameter of 4.30 Å and the minimum for (8, 0) nanotube with a 

diameter of 8.39 Å. 

 

               (a) 
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(b) 

Figure 32(a, b): Magnetic moment as a function of diameter and a function of the electronic 

temperature of CuO ZNTs 

4.2.3.4 Discussion 

The structural, electronic, and magnetic properties of the optimized (4, 0), (6, 0), 

(8, 0), and (10, 0) zigzag CuO nanotubes were analyzed using the density functional 

theory based  ATK - VNL tool. The magnitude of buckling decreases with the 

increasing diameter of the nanotube. The diameter of the nanotube and the number of 

atoms are directly proportional to the binding energy of the CuO ZNT. They show 

metallic nature due to the hybridization of the Cu - 3p state and O - 2p state. Magnetic 

moments change concerning the different diameters and electronic temperatures. The 

highest value of the magnetic moment, . 0.45 B is observed for (4, 0) at 300 K. The 

magnetic moments for (4, 0), (6, 0), and (10, 0) nanotubes decrease whereas increases 

for (8, 0) nanotube. These nanotubes show remarkable magnetic moments, indicating 

that these are potential candidates for spintronic devices, memory devices, and 

magnetic sensors.  

4.2.4  Structural, Electronic, and Magnetic Properties of Nanoribbons of CuO 

4.2.4.1 Structural Property 

We built up computationally the (n = 3 - 10, m = 0) zigzag and (n = 3 - 10, m = n) 

armchair forms of CuO nanoribbon for their optimization and then analyzed their 
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structural stabilities through their binding energies respectively. The supercells (1  1 

 6) with (3, 0) and (1  1  6) with (3, 3) of the armchair and zigzag nanoribbons 

have been shown in Figure 33 and Figure 34, respectively. All the calculated data 

using equations (3.83), (3.84) (3.85), and (3.86) have been listed in Table 8.  and 

Table 9, respectively.The length of the supercell of nanoribbon increases along the C 

direction at constant A and B directions. The width as well as number of atoms of the 

nanoribbon increases with respect to increase of its  chirality. The binding energy per 

atom of both types of the nanoribbons randombly varies with the width as depicted in 

Figure 35.  

Figure 33: Bulk form of (1×1×6) supercell of (3,0) CuO ZNR 

Figure 34: Bulk form of (1×1×6) supercell of (3,3) CuO ZNR 
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Table 8: The obtained values of different parameters of (n = 3 - 10, m = 0) CuO ZNRs 

 (Yadav, et al., 2021) 

Chirality 

(n, 0) 

Width 

(Å) 

BE/atom 

(eV) 

MM/atom 

(µB) 

Spin 

Polarization 

Remarks 

(3, 0) 8.14 -2.39 0.44 1 HMF
*

(4, 0) 11.36 -2.42 0.28 1 HMF 

(5, 0) 14.49 -3.09 0.19 0.41 FMF* 

(6, 0) 17.93 -3.10 0.27 0.29 FMF 

(7, 0) 21.21 -2.54 0.41 0.77 FMF 

(8, 0) 24.75 -2.46 0.61 0.88 FMF 

(9, 0) 28.70 -2.41 0.23 0.37 FMF 

(10, 0) 32.09 -2.47 0.41 0.55 FMF 

Table 9: The obtained values of different parameters of (n, m = n = 10) CuO ANRs 

 (Yadav, et al., 2021) 

Chirality 

(n, m = n) 

Width 

(Å) 

BE/atom 

(eV) 

MM/atom 

(µB) 

Spin 

Polarization 

Remarks 

(3, 3) 14.83 -2.44 0.71 1 HMF 

(4, 4) 20.51 -3.33 0.51 0.62 FMF 

(5, 5) 26.60 -2.47 0.39 1 HMF 

(6, 6) 32.34 -3.13 0.25 0.26 FMF 

(7, 7) 38.05 -3.16 0.84 0.70 FMF 

(8, 8) 43.87 -2.51 0.71 1 HMF 

(9, 9) 50.41 -2.36 0.53 0.56 FMF 

(10, 10) 55.61 -3.17 0.47 0.50 FMF 
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Figure 35:  Binding energy as a function of width of  (n = 3 – 10, m = 0) CuO ZNRs and   (n,  m = n = 

3 - 10) CuO ANRs. 

 

4.2.4.2 Electronic Property 

The stable geometries were found for the study of electronic property. The electronic 

band structure and DOS profiles were used to distinguish conductor (metal), 

semiconductor, half - metal, and insulator (nonmetal). The present calculation reveals 

that CuO nanoribbons possess half - metallic and full metallic nature depending upon 

the chiralities in contrast to the bulk (Heinemannet al., 2013; & Wanget al., 2016). 

The plots of electronic band structures of both the zigzag and armchair forms of CuO 

NRs including their density of states profiles are shown in Figure 36(a - h) and Figure 

37(a - h),  respectively.  The black and red colors individualy represent the majority 

and minority of electronic energy density of states, respectively. The electronic band 

structures and the density of states specify their metallic natures. Our calculation 

reveals that the nanoribbons are extended towards the bulk then  CuO converts from 

conductor to semiconductor. Both type of CuO nanoribbons exhibit the metallic 

property due to the finite contribution of the oxygen atom (O) and the hybridization of 

both Cu - 3d and O - 2p states. Their hybridization states produce the peak value of 

DOS in the valance band whereas the Cu - 4s state produces the peak value of DOS in 

the conduction band at Fermi level. 
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    (a)   (b) 

  
  (c)    (d) 

  
    (e)   (f) 
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(g) (h) 

Figure 36(a - h): Band structures with DOS profiles of (n = 3 – 10, m = 0) CuO ZNRs 

(a) (b) 

(c) (d) 
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(e) (f) 

  
(g) (h) 

Figure 37(a - h): Band structures with DOS profiles of (n, m = n = 3 - 10)  CuO ANRs 

 

4.2.4.3 Magnetic Property 

Both the electronic band structures and the density of states have confirmed the 

metallic natures of both zigzag and armchair forms of CuO nanoribbon. The magnetic 

moment per atom varies with the width of both CuO nanoribbons in Figure 38. The 

variation of magnetic moment ranges from 0.19  - 0.61  in zigzag and between 

0.24  - 0.97  in armchair forms of CuO nanoribbon at the Fermi level. The net 

magnetic moment arises mainly due to the exchange splitting of Cu - 3d and O - 2p 

states. Total magnetic moment depends upon the magnetic moment of individual 

atoms Cu and O atoms following Hund‟s rule (Sanjeev, et al., 2008; & Medel, et al., 

2011). The fluctuation of magnetic moment in different widths of CuO nanoribbon is  
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due to change in bond length of Cu and O. It is found that the magnitude of magnetic 

moment of armchair nanoribbon is more than that of zigzag nanoribbon of CuO in 

every case. The variation of spin polarizations of both zigzag and armchair CuO 

nanoribbons with width are either greater than 0 or equal to or less than 1, tabulated 

in Table 8 and Table 9 respectively and also depicted in Figure 39.  

 

Figure 38: Magnetic moment as a function of width of (n = 3 - 10, m = 0) ZNRs and 

 (n,  m = n = 3 - 10) CuO ANRs 

 

Figure 39: Spin polarization as a function of width of (n = 3 -10, m = 0) CuO ZNRs and 

 (n,  m = n = 3 - 10) CuO ANRs 
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The spin polarization distinguishes the half - metal (Groot, et al., 1983) and full - 

metal ferromagnetism in the cases of both zigzag and armchair forms of CuO 

nanoribbon. The observation confirms that the half - metal  and full - metal 

 ferromagnetic natures of both CuO nanoribbons. 

4.2.4.4 Discussion 

The exchange - correlation functional SGGA + U under ATK - DFT approach was 

used to calculate the binding energy per atom, magnetic moments per atom, and spin 

polarization of CuO nanoribbons. The binding energy per atom varies between - 3.16 

eV and - 2.18 eV concerning the width of nanoribbons. The magnetic moment varies 

between 0.19  and 0.61  in zigzag and, 0.24  between 0.97  in armchair 

forms, respectively. Comparatively, the magnetic moment of armchair is greater than 

that of CuO zigzag nanoribbon. The spin polarization is greater than 0 and equal to or 

less than 1, representing the half or full metal ferromagnetic CuO nanoribbon. The 

property of nanoribbon reports the suitable candidate for high - frequency devices, 

memory devices, sensors, etc (Gou, et al., 2008).  

4.3  Two - Dimensional Nanostructures of CuO 

4.3.1  Structural, Electronic, and Magnetic Properties of Nanosheets of CuO 

4.3.1.1 Structural Property 

The different nanostructures of the zigzag and armchair forms of CuO nanosheet were 

modeled. The structural stability was confirmed through binding energy per atom of 

optimized confirmers. The optimized (1  3  4) supercell of (1, 0) zigzag and 

supercell (1  2  6)  of (1, 1) armchair forms of CuO nanosheet are shown in Figure 

40 and Figure 41, respectively. The calculated parameters of both types of CuO 

nanosheets with the help of equation (3.83) are listed in Table 10 and Table 11, 

respectively. The periods of supercell of CuO nanosheet increasing along B and C at 

constant C direction is the function of the area. The binding energy of the mentioned 

CuO zigzag nanosheet varies from - 2.57 eV to - 2.52 eV in SGGA + U  and from - 

29.28 eV to - 3.88 eV in SGGA indicating that SSGA fails to calculate the structural 

stability in some cases to general explanations. Similarly, the binding energy varies 

from - 3.20 eV to - 2.50 eV in SGGA + U and  from - 3.16 eV to - 3.04 eV in SGGA 
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for armchair. The variation of binding energy is mainly due to the variation of bond 

length of Cu - O. The variation of binding energy with width is depicted in Figure 42. 

Also, the present calculation shows that the CuO zigzag nanosheet is more stable at 

higher (9, 0) chirality, whereas the CuO armchair nanosheet shows more stability at   

(3, 3) chirality in SGGA. The binding energy per atom remains fixed at around - 3 eV 

for both cases in SGGA + U calculation. The comparative analysis through SGGA + 

U confirms that the (7, 7) and (8, 8) CuO armchair nanosheets have relatively higher 

stability than their zigzag counterparts. 

 

 

Figure 40: Supercell (1 × 3 × 4) of unit cell (1, 0) CuO ZNS 

 

Figure  41: Supercell (1 × 2 × 6) of unit cell (1, 1) CuO ANS 
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Table 10:  The width, binding energy, magnetic moment per atom, and spin polarization of CuO ZNSs 

with different chiralities (Yadav, et al., 2020) 

S.N. Zigzag 

Nanosheet 

of CuO 

Widths 

(Å ) 

 

Binding/atom 

(eV) 

Magnetic/atom 

( ) 

Spin                    

Polarization 

SGGA SGGA 

+ U 

SGGA SGGA 

+ U 

SGGA SGGA 

+ U 

1 (1, 0) 1.97 - 3.89 - 2.57 0.71 0.76 0.61 1 

2 (2, 0) 5.18 - 3.88 - 2.57 0.93 0.72 0.70 1 

3 (3, 0) 8.52 - 3.89 - 2.56 0.66 0.69 0.58 1 

4 (4, 0) 11.88 - 3.88 - 2.56 0.97 0.70 0.63 1 

5 (5, 0) 15.25 - 3.88 - 2.56 0.93 0.76 0.61 1 

6 (6, 0) 18.62 -25.81 - 2.56 1.19 0.73 0.69 1 

7 (7, 0) 21.99 -22.42 - 2.55 0.72 0.76 0.58 1 

8 (8, 0) 25.37 -29.28 - 2.52 0.90 0.68 0.64 1 

 

Table 11: The width, binding energy, magnetic moment per atom, and spin polarization of CuO ANSs 

with different chiralities (Yadav, et al., 2020) 

S.N. Armchair 

nanosheet 

of CuO 

Widths 

(Å) 

BE/atom 

(eV) 

MM/atom 

( ) 

Spin 

Polarization 

SGGA SGGA 

+ U 

SGGA SGGA 

+ U 

SGGA SGGA 

+ U 

1 (1, 1) 5.15 - 3.04 - 2.58 0.71 0.62 0.61 1 

2 (2, 2) 10.84 - 3.08 - 2.50 0.59 0.71 0.59 1 

3 (3, 3) 16.63 - 3.16 - 2.50 0.63 0.72 0.58 1 

4 (4, 4) 22.46 - 3.11 - 2.50 1.53 0.69 0.75 1 

5 (5, 5) 28.29 - 3.14 - 3.20 0.69 0.73 0.61 0.62 

6 (6, 6) 34.14 - 3.09 - 2.50 0.70 0.65 0.61 1 

7 (7, 7) 39.98 - 3.10 - 3.20 0.63 1.28 0.58 0.75 

8 (8, 8) 45.83 - 3.09 - 3.20 1.21 0.74 0.72 1 



84 

Figure 42:  Binding energy per atom of CuO ZNS and CuO ANS as a  function of  width 

4.3.1.2 Electronic Property 

The electronic band structures and density of states of  (n = 1 - 8, 0) CuO ZNSs have 

been investigated by using the SGGA and SGGA + U functionals, as shown in Figure 

43(a - h) and Figure 44(a - h), respectively. In the same way, the electronic band 

structures and density of states of (n = 1 - 8, n) CuO ANSs have been found as shown 

in Figure 45(a - h)  and Figure 46(a - h), respectively. The black and the red lines 

indicate the majority and the minority of electron energy density, respectively. Both 

CuO nanosheets show metallic behaviors due to the hybridization between 

Cu(3d
10

4s
1
) and O(2p

4
) states and also the finite contribution of the O atom at the

Fermi level (Paudel, et al., 2016). The density of states (DOS) have been also 

analyzed for the CuO nanosheets of the different chiralities near the Fermi level. The 

high and low peaks of DOS in the valance band and conduction band are due to the 

combined effect of Cu - 3d and O - 2p, and Cu - 4s states respectively.  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

Figure 43(a - h):  Band structures of  the (n = 1 - 8, m = 0) CuO ZNSs with  DOS profile, using SGGA 
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(a) (b) 

  

(c) 
(d) 

  

(e) (f) 
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(g) (h) 

Figure 44(a - h): Band structures of  the (n = 1 - 8, m = 0)  CuO ZNSs with DOS profile, using SGGA 

+ U 

(a) (b) 

(c) (d) 
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(e) (f) 

 
 

(g) (h) 

Figure 45(a - h): Band structures of  the (n = 1 - 8, m = n) CuO ANSs with DOS profile, using SGGA 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 46(a - h): Band structures of  the (n = 1 - 8, m = n)  CuO ANSs with DOS profile, using SGGA 

+ U 
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4.3.1.3 Magnetic Property 

The electronic band structures and density of states, predict the metallic nature of the 

zigzag and armchair forms of CuO nanosheet. The calculated values of magnetic 

moments per atom and spin polarizations for the different chiralities of these 

nanosheets have been given in Table 10 and Table 11, respectively.  The magnitude of 

the given magnetic moment and the spin polarization change with the width of both 

CuO nanosheets have been shown in Figure 47 and Figure 48, respectively. The 

highest value of magnetic moments for zigzag (6, 0) and armchair (4, 4) CuO 

nanosheets in SGGA are 1.19 µB and 1.53 µB, respectively,  whereas the highest 

magnetic moments of zigzag (5, 0) and armchair (7, 7) of CuO nanosheets in SGGA + 

U are 0.76 µB and 1.28 µB respectively. Both types of nanosheets confirm the 

ferromagnetic nature, these are due to the exchange splitting of Cu - 3d and O - 2p 

states. The variation in the magnetic moment concerning the width of zigzag and 

armchair forms of CuO nanosheet is due to the variation in the bond length of Cu - O. 

Figure 47: Magnetic moment of CuO ZNSs and CuO ANSs as a function of the width 
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Figure 48: Spin polarization of CuO ZNSs and CuO ANSs as a function of the width 

 

4.3.1.4 Discussion 

The exchange - correlation functionals SGGA and SGGA + U were applied to 

optimize the structures of the zigzag and armchair forms of CuO nanosheet under 

DFT based ab - initio approach. The analysis of binding energies confirms the 

structural stabilities of CuO nanosheets. The electronic band structures and the 

density of states including spin - up and spin - down, show the metallic ferromagnetic 

natures. The CuO nanosheets show the outstanding magnetic moment and spin 

polarization at particular chirality.  These are suitable candidates for gas sensors, 

batteries, energy storage devices as well as magnetic storage media (Ang, et al., 

2009). 
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4.4  Three - Dimensional Structures of Cu2O and CuO 

4.4.1  Structural, Electronic, and Magnetic properties of bulks of Cu2O and CuO 

4.4.1.1 Structural Property 

Bulks Cu2O and CuO, were optimized and analyzed by using DFT through the VNL - 

ATK code under "First - Principles Study". The yellow and red colored spheres are 

copper and oxygen atoms in the crystal structures of bulks, respectively as shown in 

Figure 49(a, b). The computational values of lattice parameters (a, b, c, ,  and ) 

and the minimum binding energies with their experimental values of both copper 

oxides have been reported in Table 12. These crystallographic parameters have been 

investigated through the exchange - correlation functionals LSDA + U, SGGA + U, 

and MSGGA using equation (3.83). The calculations show that the bulk Cu2O is the 

most stable conformer obtained under the MSGGA with binding energy - 2.9525 eV 

and interatomic Cu - O distance  1.89 Å (cell volumes 83.58 Å
3
).  Similarly, the

LSDA + U gives the most stable structure of bulk CuO with binding energy -3.10581 

eV and interatomic Cu - O distance of 1.98 Å (Cell volume 74.76 Å
3
). These

parameters closely agreed with experimental values (Ghijsen, et al., 1988). 

(a) (b) 

Figure 49(a, b): The bulk configurations of  (a) Cuprous Oxide (Cu2O) and (b) Cupric Oxide (CuO) 
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Table 12: Comparative crystallographic properties of  Bulks Cu2O and CuO 

(Ghijsen, et al., 1988; Tran et al., 2014; & Wang, et al., 2016)  

Physical quantity Cu2O  (Pn3m, 225) CuO  (C2/c, 15) 

Cubic Monoclinic 

Theoretical  values Experimental 

Values 

Theoretical values Experimental 

values 

LSDA 

+U*

SGGA 

+U*

SMGGA LSDA 

+U** 

SGGA 

+U** 

SMGGA 

Lattice 

parameters 

a  (Å} 4.27 4.56 4.37 4.25 4.81 4.65 4.78 4.67 

b (Å} 4.27 4.56 4.37 4.25 3.19 3.41 3.25 3.42 

c (Å} 4.27 4.56 4.37 4.25 5.03 5.11 5.19 5.13 

90 90 90 90 90 90 90 90 

90 90 90 90 104.81 99.54 99.21 99.59 

90 90 90 90 90 90 90 90 

Interatomic 

distances 

Cu - O 1.85 1.97 1.89 1.84 1.98 1.93 1.95 1.95 

O - O 3.70 3.95 3.79 3.68 2.89 2.89 2.89 2.62 

Cu - Cu 3.02 3.22 3.09 3.01 2.98 3.07 3.06 2.90 

Cell 

volume 77.83 94.71 83.58 76.49 74.76 79.88 79.52 81.17 

Number of 

atoms in Cell 6 6 6 6 8 8 8 8 

Binding 

energy/atom -2.57 -2.95 -2.95 - -3.11 -2.65 -2.19 - 

Bandgap (eV) 0.70 0.56 0.79 2.0 - 2.2 2.42 2.22 2.20 1.2 - 1.9 

Magnetic 

moment (B) 0 0 0.80 0.68 

Where, U
*
 
 
= 7 eV and U

**
 = 7.5 eV 

4.4.1.2 Electronic Property 

The electronic band structures and DOS profiles of bulk Cu2O have been found as a 

semiconductor with a band gap ranging from 0.56 eV to 0.79 eV. These values are 

less than the experimental result (2 eV - 2.17 eV) (Ghijsen, et al., 1988; & 

Heinemann, et al., 2013) as shown in Figure 50(a-c). Similarly, the bulk CuO shows 

semiconducting nature with band gap ranging from 2.2 eV to 2.42 eV. These are 
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slightly overestimated than the experimental result (1.2 eV - 1.9 eV) as shown in 

Figure 51(a-c). From the calculation, it is seen that the TB09 meta-GGA (MSGGA), a 

higher level approximation, provides more accurate values of electronic bandgaps 

0.79 eV of Cu2O and 2.20 eV of CuO at the Fermi level than both the LSDA + U and 

SGGA + U. Here, the MSGGA is more preferred for the calculation of bandgap at 

Fermi level. 

  

(a) (b) 

 

(c) 

Figure 50(a-c): The electronic band structure with DOS of  Cuprous Oxide (Cu2O) 
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(a) (b) 

  

(c) (d) 

Figure 51(a - d): The band structure with DOS of cupric oxide (CuO) 

4.4.1.3 Magnetic Property 

From the DOS and PDOS plots, the bulk structures of  Cu2O  and CuO show 

diamagnetic and antiferromagnetic nature respectively. The equal magnitudes of the 

up and down spins in Cu2O cancel each other and show zero magnetic moments,  

whereas CuO is ferromagnetic with a magnetic moment per atom of 0.80   

estimated through the Mulliken Population report.  

  

       (a)       (b) 

Figure 52(a, b): The PDOS profiles of bulk (a) Cu2O and (b) CuO 

The experimental and theoretical results are 0.68 B and; 0.66 B and 0.54 B 

respectively (Ghijsen, et al., 1988; & Heinemann, et al., 2013). However, if we 

closely observed the nature of Cu
2+

 ions in CuO, we found there is antiferromagnetic 

ordering shown in Figure 51(d). The main cause of the ferromagnetic property of CuO 
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is due to unpair electron in dx
2

- y
2 

orbital on 4Cu
2+

 ions. AFM ordering of 4Cu
2+

 ions

in the unit cell of CuO is dominated by AFM nature. The magnetic moment so 

obtained are mainly due to the hybridization of Cu(4d
10

3s
1
)  and O(2p

4
) which

provides the antiferromagnet at the ground state (Sha, et al., 2021). The computational 

PDOS profiles of both copper oxides, shown in Figure 52(a, b)., also reports 

theoretical and experimental results of their magnetic behaviors. 

4.4.1.4 Discussion 

The functionals LSDA + U, SGGA + U, and MSGGA based on first - principles were 

applied for the study of Cu2O and CuO. We have observed the p - type 

semiconducting diamagnetic nature in Cu2O and the p - type semiconducting 

antiferromagnetic nature in CuO. The band gap of Cu2O is of range 0.56 eV - 0.79 

eV, less than that of experimental value 2 eV - 2.17 eV whereas the band gap of CuO 

is of range 2.20 eV - 2.42 eV approximately its experimental value 1.2 eV - 1.9 eV. 

The binding energies of  Cu2O and CuO are -2.95 eV and -2.19 eV, respectively. The 

bulks Cu2O and CuO are used as potential candidates for photocell, storage media, 

gas sensors, and electronic devices (Tran, et al., 2014; & Sha, et al., 2021). 
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CHAPTER  5 

5. CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

The present work focuses on the study of structural, electronic, and magnetic 

properties of the different morphologies of copper (I) and (II) oxides (Cu2O and CuO) 

starting from nanostructure to bulk such as 0D, 1D, 2D and 3D systems. We perform 

the ab - initio calculations through DFT - based VNL - ATK tool  with the different 

exchange - correlation functionals such as LSDA + U, SGGA + U and MSGGA for 

bulks, and SGGA + U for all other morphologies becase SGGA + U underestimates 

the band gap and is strong correlated to the systems. The final results are obtained 

from the calculation of the optimized nanostructures and from  the analysis of 

electronic band structure and density of states. The overall conclusion obtained from 

the study is subdivided into four parts like conclusion for (a) 0D (b) 1D, (c)  2D and 

finally (d) 3D systems, separately as follows, 

In the 0D system,  we have focused on the structural stability of the nanoclusters like 

(Cu2O)1, (Cu2O)3, (CuO)2, and (CuO)6. Out of them, (Cu2O)2 and (CuO)4 are obtained 

to be more stable. Both are semiconductors in nature, however, the (Cu2O)1 shows 

diamagnetic behavior, and others (Cu2O)2, (Cu2O)3, (CuO)2, (CuO)4, and (CuO)6 show 

metallic with ferromagnetic behavior, respectively. The nanoclusters (Cu2O)2 and 

(CuO)4  having magnetic moments per unit cell 2 µB and 4 µB  respectively with unit 

spin polarizations are half - metals. The total maximum energy also increases 

concerning the increasing number of atoms. The nanoclusters can play a key role in 

various environmental processes, in the synthesis of technological materials, and also 

contribute to health hazards associated with airborne fine particles. 

 

In the 1D system, Cu2O nanowires of diameters 5 and 6 Å are full metallic in nature 

whereas the nanowire of diameter 4 Å having binding energy of 2.08 eV / atom and 

total magnetic moment 8 µB is most stable half - metallic ferromagnet. Magnetic 

moment varies with the diameter and all the nanowires are found to be with 

ferromagnetic properties. In particular, the magnetic moment per atom of the 

nanowire of diameter 4Å is 0.36 µB . Due to their unique geometry and physical 

property, the Cu2O nanowires can be used for many novel applications such as gas 

sensing, solar energy conversion, and magnetic storage media. Similarly,  in the case 
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of CuO chiral nanotubes (CNTs), the (2, 1) CuO nanotube with magnetic moment 

0.36 µB shows the semiconducting behavior while the CuO CNTs of chiralities (3, 1), 

(3, 2), (4, 1), (4, 2) with magnetic moments per unit cell 8 µB , 13 µB, 5 µB, and 10 µB  

respectively, show half - metal ferromagnetic behaviors. The magnetic moment per 

atom varies with varing chirality of (n = 2, 3, 4, m = 1, 2) CuO CNT. The structural 

stability shows that (2, 1) CuO CNT with binding energy 2.63 eV / atom has stronger 

stability than others. The CuO nanotubes, popular 1D nanomaterials, having high 

potential can be used for chemical and biological sensing, solar energy conversion, 

high - temperature superconductivity, heterogeneous catalysis, etc. Furthermore, the 

investigation of CuO nanoribbons (NRs) indicates that they are metallic or half - 

metallic depending on the chiralities but all the nanoribbons are found as 

ferromagnetic natures. In case of  CuO ZNRs, the range of magnetic moments per 

atom of (n = 3 - 10, m = 0) CuO ZNRs have been found between 0.19 µB  - 0.61 µB , 

whereas the magnetic moments of (n = 3 - 10, m = n) CuO ANRs between 0.24 µB  - 

0.97 µB . The magnetic moments per atom of CuO ANRs are higher than those of 

CuO ZNRs. The spin polarization, in both cases, is greater than 0 and equal to or less 

than 1, confirm the half or full metal ferromagnetic nature of nanoribbons. The 

binding energy per atom varies between 2.18 eV and 3.16 eV concerning with the 

width, confirms the stability of  selected nanostructures. The CuO nanoribbons, 

promising candidates, can be used for high - performance electrochemical capacitors, 

and gas sensors. 

In the 2D system, the zigzag and armchair forms of CuO nanosheets show metallic 

and ferromagnetic behaviors. The magnetic moment per atom of CuO ZNS varies 

irregularly between 0.66 μB and 1.19 μB, whereas for CuO ANS, between 0.59 μB and 

1.53 μB. The addition of the mean - field Hubbard correction (U) changes these 

variations from 0.68 μB to 0.76 μB in ZNSs and from 0.62 μB to 1.28 μB in ANSs, 

respectively.  The spin polarization greater than 0 and equal or less than 1 identify the 

half and full - metal ferromagnetic nanomaterials respectively.  The CuO nanosheets 

are also 2 - dimensional high potential candidates for gas sensing of various 

flammable gases like ethanol, gasoline, acetone, H2S, batteries, novel energy storage 

devices, photocatalysts, non - enzymatic glucose sensors. 

Finally, in the 3D system, the different exchange - correlation functionals as     

LSDA + U, SGGA + U, and MSGGA have been used for the study of both the bulks 
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Cu2O and CuO. The calculations have confirmed the diamagnetic (MM / atom = 0) 

and the ferromagnetic (MM / atom = 0.80 μB) behaviors for both the p - type 

semiconductors Cu2O and CuO respectively whereas the order of isolated 4Cu
2+ 

ions

in the unit cell shows antiferromagnetic behavior. we have measured the band gaps of 

Cu2O as 0.70 eV, 0.56 eV, and 0.79 eV respectively which underestimate the 

experimental result of 2 eV - 2.2 eV for Cu2O. Similarly, they have obtained the band 

gaps of CuO as 2.42 eV, 2.22 eV, and 2.20 eV, respectively which approximately, 

agrees with the experimental value of 1.2 eV - 1.9 eV for CuO. Our investigations 

reveal that all the materials start from nanoclusters to bulks are the  potential 

candidates for the applications of semiconductor devices, magnetic devices, 

spintronics devices and so on. 

Present result supports that bulk of Cu2O is a suitable candidate for  various 

applications like photocatalytic, photovoltaic, perovskite solar cell, thermoelectric, 

fungicide, and anti-fouling paints. Similarly,  the bulk of CuO  is the vital candidate 

for the applications of gas sensors, electrode materials, magnetic ceramics, hydrogen 

storage materials, solar cells, and photocatalysis.   

In particular, the crystallographic or molecular structures have been predicted with an 

accuracy approaching that of the computation structural techniques. Rather a good 

accuracy of ATK - DFT calculations makes them suitable for the prediction of the 

other properties, especially in situations when the experimental approach may be 

difficult or impossible. 

5.2 Recommendations 

The nanostructures of Copper oxides demonstrate excellent structural, electronic, and 

magnetic properties and exhibit promising candidates for wide fields of application. 

They may show other peculiar properties which will be new and interesting problems. 

Hence,  they are recommended for further study of  

 Further study on optical, electrical, thermal, mechanical related properties

 Comprehensive theoretical and experimental study

 Possible applications  in photoelectronics,  sensors, and others

 Applications in green energy and future generation technologies
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 CHAPTER  6 

6. SUMMARY 

Finally,  the overall findings, investigations, and predictions  from the present study 

copper (I) and (II) oxides (Cu2O and CuO) are summarized as follows, 

1. We have studied the structural, electronic, and magnetic properties of 

nanoclusters (0D); nanowires, nanotubes, and nanoribbons (1D),  nanosheets 

(2D) of both Cu2O and CuO through SGGA + U and their bulks through 

LSDA + U, SGGA + U, and MSGGA under the first principles study.  

2. In the 0D system, we have observed the structural stability of  the 

nanoclusters (Cu2O)1, (Cu2O)2, (Cu2O)3, (CuO)2, (CuO)4, and (CuO)6. Out of 

them (Cu2O)2, and (Cu2O)3 are found to be more stable in accordance with 

their binding energy. The (Cu2O)1 shows diamagnetic and semiconducting 

behaviors whereas all others (Cu2O)2, (Cu2O)3, (CuO)2, (CuO)4, and (CuO)6 

show ferromagnetic behaviors, respectively. The magnetic moments of the 

nanoclusters (Cu2O)2 and (CuO)4 are 0.33  and 0.50  respectively with 

spin polarization 1. The total maximum energy increases concerning an 

increase in the number of atoms. The nanoclusters can be applied in 

environmental processes, in a synthesis of technological materials, and health 

hazards. 

3. In the 1D system, Cu2O nanowires having diameters 5 and 6 Å are full metal 

in which the nanowire of diameter 4 Å having half metallic nature is most 

stable with binding energy 2.08 eV/atom. Its magnetic moment decreses with 

the increasing diameter of the ferromagnetic nanowires. In particular, the 

magnetic moment per atom of the nanowire of diameter 4Å is 0.36 . It can 

be used in  applications as gas sensing, solar energy conversion, and magnetic 

storage media.  

In the case of CuO chiral nanotubes, the (2, 1) CuO nanotube having magnetic 

moment 0.36  is the semiconductor whereas the (3, 1), (3, 2), (4, 1), (4, 2) 

CuO nanotubes are with magnetic moments per atom 0.31 , 0.35 ,  

0.36 , and  0.37  show half - metal ferromagnetic behaviors. The magnetic 

moment per atom is varies with the varing diameter of (n = 2, 3, 4, m = 1, 2) 
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CuO chiral nanotubes. The structural stability shows that the (2, 1) CuO chiral 

nanotube with binding energy 2.63 eV / atom has stronger stability than other 

nanotubes. The CuO nanotubes are being used for chemical and biological 

sensing, solar energy conversion, high - temperature superconductivity, and so 

on.  

Furthermore, the investigation of CuO nanoribbons indicates that they are 

ferromagnetic full or half - metal depending on their chiralities. In the case of 

CuO zigzag nanoribbons, magnetic moments per atom ranges from 0.19  -

0.61  whereas the value of magnetic moments ranges from 0.24  - 0.97  

in the CuO armchair nanoribbons. The magnetic moment per atom of CuO 

ANR is higher than that of the magnetic moment per atom of CuO ZNR. The 

spin polarization, in both cases, is greater than 0 and equal to or less than 1, 

confirming the half or full metal ferromagnetic nature of nanoribbons. The 

binding energy per atom varies between 2.18 eV and 3.16 eV for the width, 

confirming the stability of the nanoribbons. They can be used for high - 

performance electrochemical capacitors, and gas sensors.  

4. In the 2D system, the zigzag and armchair forms of CuO nanosheets show 

metallic and ferromagnetic behaviors. The magnetic moment per atom of CuO 

zigzag nanosheet varies irregularly between 0.66 μB and 1.19 μB, whereas for 

CuO armchair nanosheet, between 0.59 μB and 1.53 μB. The addition of the 

mean - field Hubbard correction (U) changes this variation from 0.68 μB to 

0.76 μB in zigzag and from 0.62 μB to 1.28 μB in armchair nanosheets, 

respectively.  The computed spin polarization as unity or less than unity 

identifies the ferromagnetism in these nanomaterials. The CuO nanosheets 

could be used for gas sensing of various flammable gases like ethanol, 

gasoline, acetone, H2S, batteries, novel energy storage devices, photocatalysts, 

and non - enzymatic glucose sensors.  

5. In the 3D system, the different exchange - correlation functions are 

implemented for the study of both the bulks Cu2O and CuO. The calculations 

have confirmed the diamagnetic and the ferromagnetic behaviors of both the p 

- type semiconductors Cu2O and CuO respectively whereas the resultant 

ordering of isolated 4Cu
2+

 ions in the unit cell of CuO reports 

antiferromagnetic behavior. The measured  band gaps of Cu2O  through  
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LSDA + U, SGGA + U and SMGGA functionals are 0.70 eV, 0.56 eV and 

0.79 eV  respectively contradict with experimental result 2 eV - 2.2 eV 

whereas the energy band gaps of CuO are  2.42 eV, 2.22 eV, and 2.20 eV,  

respectively agree with the experimental result 1.2 eV - 1.9 eV. The bulks 

Cu2O and CuO are being used in various applications like photocatalytic, 

photovoltaic, perovskite solar cell, thermoelectric, fungicide, anti - fouling 

paints, electronics, gas sensors, electrode materials, magnetic ceramics, 

hydrogen storage materials, solar cell, photocatalysis. 

6. The explored properties of different morphologies of copper oxides reveal that

all the materials starting from nanocluster to bulk are potential candidates for

the applications like semiconductor devices, magnetic devices, spintronic

devices, photocell, sensors, solar energy conversion, telephones, high-

frequency devices, electrodes, energy storage devices, catalyst, etc. In

particular, the crystallographic or molecular structures have been predicted

with an accuracy approaching that of the computation structural techniques.

Rather a good accuracy of ATK - DFT calculations makes them suitable for

the prediction of the other properties, especially in situations when the

experimental approach may be difficult or impossible.

7. In short, the nanostructures as well as bulks of copper oxide can be used for

sensors, supercapacitors, electrodes for lithium - Ion batteries, photocatalyst,

and solar energy conversion, field emission display instead of CRT, and paint

protect from corrosion.
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Abstract—The present work reports the magnetism analysis of zigzag and armchair forms of CuO nanorib-
bons by using density functional theory (DFT)-based ab initio approach. The structural stability has been
confirmed through the binding energy calculation. The electronic and magnetic properties have been ana-
lyzed as a function of varied width of CuO nanoribbons, interesting information for variety of applications.
The metallic and ferromagnetic behaviors of CuO nanoribbons are observed, whereas its bulk counterpart
shows a p-type semiconducting and antiferromagnetic nature. The computed magnetic moments for the zig-
zag and armchair forms of CuO nanoribbon are in the ranges of 0.19–0.61 μB and 0.24–0.97 μB, respectively.
The computed spin polarizations confirms the half or full metallic ferromagnetic nature of these nanorib-
bons.

Keywords: CuO, nanoribbon, DFT + U, magnetic moment, ferromagnetism, spin polarization, band struc-
ture
DOI: 10.1134/S1063783421020256

1. INTRODUCTION
In the modern age of science and technology, the

nanostructures [1] have attracted the significant atten-
tion of scientific and industrial groups, due to their
unique behaviors at the reduced dimensions, espe-
cially copper(II) oxide (CuO). Various prospective
applications are in chemical, photochemical, electro-
chemical fields and as catalyst for removing the dye
during purification of water, glass for solar energy con-
version [2–5]. Experimental findings have confirmed
that the CuO in its bulk form is a semiconducting
material with a band gap in the range of 1.2–1.9 eV,
having high electron communication features, high
stability antimicrobial activity [6–8], etc., black brown
in color and insoluble in water. In comparison to the
other transition metal oxides having rock-salt struc-
tures, CuO has monoclinic structure showing peculiar
structural, electronic, and magnetic properties at its
different morphologies. Same as other transition
metal oxides, it has antiferromagnetic ground state at
213 and 231 K, however, paramagnetic at high tem-
perature, which may lead to superconductivity in cop-
per oxide perovskites and novel magnetic property [9,
10]. Recently, Markus Heinemann et al. (2013) and
Y. Wang et al. (2016) used local density approximation
LDA + U (where U = 7.5 eV) and demonstrated that

the bulk CuO is a p-type semiconductor with energy
band gap roughly lying between 1–2 eV [11, 12]. Yu
Xin Zhang et al. (2013) demonstrated that the electro-
chemical data analysis of nanoribbon of width range 2
to 50 nm has a higher specific capacitance of 137 F per
gram and gives a stable performance of about 12%
capacitance loss after 500 cycles. This shows that the
low-cost CuO nanoribbons are promising candidate
for high-performance electrochemical capacitors.
Hence, it is worth analyzing the zigzag and armchair
forms of CuO nanoribbons and others [13–18] com-
putationally, to understand the fundamental science
associated with the proposed one-dimensional mor-
phologies of CuO. The well-known fact is that the
materials behave completely differently at reduced
dimension, like increment in relative surface area and
new quantum effects, and the variety of possible appli-
cation of CuO has prompted us to further analyze its
possible one-dimension morphologies in form of
nanoribbons, especially the magnetism in these.

In the present report, the binding energy, magnetic
moment, and spin polarization have been calcutated
as a marker for the electronic and magnetic properties
of the optimized (n = 3–10, m = 0) zigzag and (n = 3–
10, m = n) armchair CuO nanoribbons by using the
exchange correlation as spin generalized-gradient
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approximation with additional Hubbard potential,
i.e., SGGA + U. Where the integers n and m are the
number of unit vectors along two directions in the
crystal lattice of nanoribbon. The remaining steps are
orderly organized as computational details, results and
discussion, and conclusion.

2. COMPUTATIONAL DETAILS

In the present computational investigation, the
density functional theory DFT + U calculator has
been used, which is based on the methodology,
models, algorithms developed in academic code
TransSIESTA called TransSIESTA-C and McDCal
employing localized basis sets as developed in
SIESTA.

The super cells of order (1 × 1 × 6) of the optimized
(3, 0) zigzag and (3, 3) armchair CuO nanoribbons in
the bulk forms have been modeled and shown in
Figs. 1a and 1b.

The geometries of (n = 3–10, 0) zigzag and (n = 3–
10, m = n) armchair CuO nanoribbons have been opti-
mized using total energy minimization approach,
where the spin generalized gradient approximation
including Hubbard potential (SGGA + U) with
exchange correlation functional, having revised Per-
dew–Burke–Ernzerhof (rPBE) type parameteriza-
tion, has been applied. The linear combination of
atomic orbitals (LCAOs) with double zeta-polariza-
tions (DZP) basis set is used to explain the valence
electrons. The required parameters as U of 7.5 eV,
mesh cutoff of 75 Hartree, and k-point sampling of
1 × 1 × 7 for Brillouin zone integration, have been
selected for the computation of various properties of
zigzag and armchair morphologies of CuO nanorib-
bons [19–22].

3. RESULTS AND DISCUSSION

The optimized geometries of CuO nanoribbons
have been tested for their structural stability as a func-
tion of its varying width. Further, the electronic prop-
erty depending on the electronic band and density of
states (DoS) has been investigated to understand the
magnetic behavior through the spin polarization of the
zigzag and armchair forms of CuO nanoribbon.

3.1. Structural Stability and Electronic Properties

To analyse the structural stabilities of the (n = 3–
10, 0) zigzag and (n = 3–10, m = n) armchair CuO
nanoribbons (NRs), the binding energies of the nano-
structures have been computed using Eq. (1) and listed
in Tables 1 and 2, along with other parameters like
magnetic moments and spin polarizations (H.M.F#. =
half-metal ferromagnetic materials, F.M.F#. = full-
metal ferromagnetic materials).

The size of super cell increases in periodic C direc-
tion with length variation at constant A and B direc-
tions as shown Figs. 1a and 1b, where the number of
atoms per nanoribbon and its width depend on the
chirality of the CuO nanoribbon.

(1)

where ET, ECu, and EO are total energy of CuO
nanoribbon, energy of the isolated Cu and O atoms,
respectively. N and M are numbers of the atoms of Cu
in yellow and O in red color, respectively [23, 24] (the
colors can be seen online).

The variation of binding energy per atom of zigzag
as well as armchair nanoribbon has been plotted as a
function of its width, depicted in Fig. 2.

− −⎡ ⎤=
⎢ ⎥+⎣ ⎦

T Cu O
b

[ ( ) ( )] ,E NE MEE
N M

Fig. 1. Bulk forms of super cells of the (a) zigzag (3, 0) and (b) armchair (3, 3) of CuO nanoribbons.
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The zigzag nanoribbon of chiralities (5, 0) and

(6, 0) are relatively showing better stability than the

others reported here. Similarly, the armchair nanorib-

bon of chiralities (4, 3), (6, 6) and (7, 7) are much sta-

ble than others.

Further, the stable geometries have been investi-
gated for their electronic properties, which further
identify their nature as a metal on the basis of their
band structure and DOS profile. Markus Heinemann
et al. and Y. Wang et al. confirmed the importance of
Hubbard potential U, without which the prediction of
experimentally observed semiconducting nature of
bulk CuO simply by using LDA was not possible, and
demonstrated that the bulk CuO is a p-type semi-
conductor with energy band gap roughly ranging from
1–2 eV. The present study also confirms the impor-
tance of Hubbard potential (U = 7.5 eV) [10, 11] along
with SGGA in analyzing electronic and magnetic
properties of bulk CuO as well as its nanoribbons. The
present investigation confirms that the bulk CuO is a
semiconducting with approximate energy band gap of
2.02 eV.

The band structures with DOS profiles of zigzag
and armchair CuO NRs are shown in Figs. 3a–3h and
Figs. 4a–4h, respectively.

The spin up and spin down are the majority and
minority of electronic density of states respectively.
The computed band structures with DoS profiles con-

Table 1. The obtained values of chirality, width, binding energy, magnetic moment and spin polarization of zigzag CuO
nanoribbons

Chirality (n, 0) Width, Å
Binding energy

per atom, eV
μtotal Spin polarization Remarks

(3, 0) 8.14 –2.39 0.44 1 H.M.F#.

(4, 0) 11.36 –2.42 0.28 1 H.M.F.

(5, 0) 14.49 –3.09 0.19 0.41 F.M.F#.

(6, 0) 17.93 –3.10 0.27 0.29 F.M.F.

(7, 0) 21.21 –2.54 0.41 0.77 F.M.F.

(8, 0) 24.75 –2.46 0.61 0.88 F.M.F.

(9, 0) 28.70 –2.41 0.23 0.37 F.M.F.

(10, 0) 32.09 –2.47 0.41 0.55 F.M.F.

Table 2. The obtained values of chirality, width, binding energy, magnetic moment and spin polarization of armchair CuO
nanoribbons

Chirality (n, n) Width, Å
Binding energy

per atom, eV
μtotal Spin polarization Remarks

(3, 3) 14.83 –2.44 0.71 1 H.M.F.

(4, 4) 20.51 –3.13 0.51 0.62 F.M.F.

(5, 5) 26.60 –2.47 0.39 1 H.M.F.

(6, 6) 32.34 –3.13 0.25 0.26 F.M.F.

(7, 7) 38.05 –3.16 0.84 0.70 F.M.F.

(8, 8) 43.87 –2.51 0.71 1 H.M.F.

(9, 9) 50.41 –2.36 0.53 0.56 F.M.F.

(10, 10) 55.61 –3.17 0.47 0.50 F.M.F.

Fig. 2. Binding energy as a function of width of zigzag (n,

0) (n = 3–10) and armchair (n, m) (n = m = 3–10) CuO

nanoribbons.
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Fig. 3. Band structures with DOS profiles of zigzag (n, 0) (n = 3–10) CuO nanoribbons.
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firm the metallic natures for both the morphologies of

CuO nanoribbons, portraying a complete transforma-

tion from its bulk counterpart, which exhibits a p-type

semiconducting behavior having a narrow band gap in

range of 1.2–1.9 eV. The hybridization of Cu-3d and

O-2p states may produce the peak value of DoS in
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Fig. 4. Band structures with DOS profiles of armchair (n, m) (n = m = 3–10) CuO nanoribbons.
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valence band, while only Cu-4s state may produce the

peak value of DoS in conduction band near the Fermi

level. The zigzag and armchair CuO nanoribbons have

metallic nature due to finite contribution of oxygen

atom (O) together with the hybridization of both

Cu-3d and O-2p states [25].
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3.2. Magnetic Properties

On account of the estimations of the band struc-
tures and the density of states, both the zigzag and
armchair CuO nanoribbons are either half or full
metallic. Hence, it is interesting to analyze the mag-
netic properties of these one-dimensional nanomate-
rials. The total magnetic moments at different chirali-
ties have been computed through the measurements of
DoS at Fermi level. The experimentally reported mag-
netic moments of bulk CuO, isolated Cu atom, and
isolated O atom are 0.86, 0.68 and 0.18μB, respectively

[25]. In magnetization, the relationship expressed as
μtotal = [ρ ↑ (EF) – ρ ↓ (EF)]μB/atom has been applied

for the calculation of total dipole moment per unit vol-
ume per atom for the different morphologies of CuO
nanoribbon, where ρ ↑ (EF), ρ ↓ (EF), and μB are elec-

tronic energy densities of spin up and spin down at
Fermi level, and Bohr’s magneton, respectively. The
variation in computed magnetic moment per atom as a
function of widths of the zigzag and armchair CuO
nanoribbons is shown in Fig. 5.

The computed magnetic moment as a function of
width of the zigzag CuO nanoribbon varies between
0.19–0.61μB, while for armchair CuO nanoribbon,

between 0.24–0.97μB at Fermi level. The net magnetic

moments of both the types of the nanoribbons have to
be produced by the exchange splitting of Cu-3d and
O-2p states. As per Hund’s rule of magnetism [26, 27],
the total magnetic moment of such nanoribbons
depends on the magnetic moment of individual atoms,
which is in present case the Cu and O atoms. The
resultant magnetic moment of Cu and O atoms
decreases with decrease in bond length because of the
increment in interaction between them. Hence, the
fluctuation in magnetic moment on increasing the
width are produced in accordance with the variation of
bond length between Cu and O. Comparatively, the
computed magnitude of magnetic moment of arm-

chair nanoribbon is higher than that of zigzag nanorib-
bon of CuO.

In the same way, the magnetic nature of metal can
be found on the basis of spin-polarization. The spin
polarization P is the ratio of the difference of the elec-
tron density up spin and down spin to their sum at
Fermi level. It is analytically expressed as below,
reported elsewhere [28, 29]:

(2)

where ρ ↑ (EF) is electronic energy density of spin up,

ρ ↓ (EF) is electronic energy density of spin down, and

EF is Fermi energy.

By using Eq. (2), the spin polarizations of both the
zigzag and armchair CuO nanoribbon has been com-
puted and is greater than 0 and equal to or less than 1,
tabulated in Tables 1 and 2, respectively, and also
depicted in Fig. 6.

The spin polarization distinguishes the half- and
full-metal ferromagnetism in zigzag and armchair
CuO nanoribbons. The observation confirms that the
half-metal (P = 1) and full-metal (0 < P ≤ 1) ferromag-
netic natures of the computed zigzag and armchair
CuO nanoribbons.

CONCLUSIONS

The present computational analysis, made through
(DFT + U)-based ab initio approach, includes the
computation of binding energy per atom varies
between –3.16 and –2.18 eV as a function of width of
CuO nanoribbon, defends the stabilities of selected
nanostructures. The metallic and ferromagnetic
behaviors are confirmed through the calculated mag-
netic moments ranging between 0.19–0.61μB in zigzag

and 0.24–0.97μB in armchair forms of CuO nanorib-

bon. Comparative analysis confirms that the magnetic
moment of armchair CuO nanoribbon is higher than

ρ↑ − ρ↓
=

ρ↑ + ρ↓
F F

F F

( ) ( )
,

( ) ( )
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Fig. 5. Magnetic moment as a function of width of zigzag

(n, 0) (n = 3–10) and armchair (n, n) (n = 3–10) CuO

nanoribbons.
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that of zigzag CuO nanoribbon. The spin polarization,
in both the cases, is greater than 0 and equal to or less
than 1, confirms the half- or full-metallic ferromag-
netic nature of nanoribbons. These peculiar magnetic
behaviors in comparison to their bulk counterpart can
be well exploited in high-frequency devices, memory
devices, sensors, etc. As these findings may cover large
areas of the developing fields of science, medicine,
and technology, many researchers would get inter-
ested in further exploring the other properties of these
nanostructures, through computational as well as
experimental researches.
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Abstract 
The investigation of structural stability, electronic and magnetic properties of Cu2O nanowire, in the direction of growth (100) 
and (111) having square: Cu2O-S(m,n)  and hexagonal: Cu2O-H(m,n) cross-section respectively and diameter ranging from ~(7-
15)Å, has been done by using standard Density Functional Theory based on ab-initio self-consistent approach with generalized 
gradient approximation employing spin polarized case parameterized by revised Perdew Burke Ernzerhoff functional. Here, the 
binding energy calculation shows that as the cross-section of both the nanowires increases, the binding energy also increases 
which indicates that the nanowire having smallest cross-section is the least stable and vice-versa. Interestingly, from the analysis 
of electronic properties it can be concluded that the considered Cu2O nanowire exhibit half metallic nature showing the 100% of 
spin polarization at Fermi energy Ef. The asymmetric nature of spin up and spin down density of states shown by total DOS plot 
suggests us that all the Cu2O nanowire structures are magnetic in nature. Here, we found that there is decrease in total calculated 
magnetic moment per atom with increase in cross-sectional diameter but the total magnetic moment per unit cell gives the integer 
value with increased status. Also, the analysis of spin orientation of Cu and O atoms shows that both atoms are Ferro 
magnetically spin polarized with each other indicating the Cu2O nanowire is half-metallic ferromagnetic semiconductor.  

© 2019 Elsevier Ltd. All rights reserved. 
Peer-review under responsibility of the scientific committee of the International Workshop/Conference on Computational 
Condensed Matter Physics and Materials Science: Materials of Energy and Environment, IWCCMP-2016, 18–20 Nov 2016, 
ABV-Indian Institute of Information Technology and Management, Gwalior. 

Keywords:DFT, Binding energy, Magnetic moment, ferromagnetism, Half-metal, Cu2O, Spin polarization. 

1. Introduction 

A dramatic increase in research activities on nanostructured semiconductor materials due to their unique physical 
properties [1-5] has created a great demand for a reference source that summarizes the current state-of-the-art 
nanotechnology. Among them, Nanowires, which are one of the most common 1-D nanostructures, that exhibit high 
aspect ratio and quantum confinement effect, are attractive candidates since they present variety of applications 
[6-8] in the field of Nano devices. From past decades, the transition metal oxide semiconductor nanostructure 
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attracted a steadfast attention to the researcher in the experimental as well as theoretical research as they offer new 
opportunities both for fundamental research & technological applications [9-11].  

Being relatively nontoxic, low cost & high natural abundance, the nanostructured Cu2O act as a versatile candidate 
as it possesses unique electronic, magnetic & optical properties [12-14]. It is well known p-type direct band gap 
(2.17eV) transition metal oxide semiconductor and crystallizes in its cuprite structure with lattice constant 4.2696Å 
where Cu cations can be viewed in a fcc sub lattice and O anions in a bcc sub lattice [15,16]. It is diamagnetic in its 
ground state [17]. The nanostructured Cu2O with various morphologies have been successfully synthesized using 
various methods [18-22] which have variety of applications in the field of Nano devices such as optoelectronic [23], 
thermoelectric device [24], sensing [25], solar cells[26], photocatalysis [27], spintronic [28] etc. Experimentally it 
has been reported that there is induction of anomalous weak ferromagnetism [29] in Cu2O nanowire having diameter 
(50-100)Å. Also, doping of transition metal on bulk Cu2O induces stable integer magnetic moment resulting either 
insulating or half metallic ground state [28]has already been reported. These literatures suggest us that the 
confinement of material from bulk to Nano size or changing their internal configuration may lead to unique as well 
as unexpected results. Half metals, first postulated by de Groot, are those magnetic materials who’s one spin 
direction exhibit metallic character and the other spin direction shows semiconducting or insulating character 
leading to 100% spin polarization [30]. The materials which exhibit half metallic ferromagnetism, uses electron spin 
in place of electron charge, have attracted precise attention in the spintronic applications [31, 32]. From the past few 
years, the researchers were much more exercising to create those spintronic devices which exhibit high curie 
temperature (Tc) and high magnetic moment and of course numerous types of detailed studies on different materials 
[33] has been done.  

In this article, firstly we report the stability of the considered Cu2O nanowire on the basis of binding energy. 
Secondly, by analyzing band structure and DOS profile we investigate the half metallic nature on which, to our 
knowledge, no such data has been reported yet. And, lastly we examine the magnetic moment and orientation of 
spin direction by means of Mullikan population analysis. The following section contains the computational details, 
which is followed by the section “Result and Discussion” and “Conclusion”. 
 
2. Computational Details 
 In this paper, the first principal computation has been performed in the framework of density functional theory 
(DFT) [34, 35] followed by non-equilibrium green function (NEGF) [36] which is supported by ab-initio coded 
Atomistix Toolkit Virtual Nano lab (ATK-VNL) [37].  This ATK-VNL is developed in academic code Tran 
SIESTA [38] employing localized basis set developed in SIESTA [39]. The entire calculation of this work has been 
done through generalized gradient approximation [40] with spin polarized case whose functional is parameterized by 
revised Perdew Burke Ernzerhoff (rPBE) [41]. The description of valance electrons of copper and oxygen was made 
by localized pseudo atomic orbital’s (PAOs) [42]. For Cu valance electrons, double zeta double polarize (DZDP) 
basis set and for O valance electrons, double zeta polarize (DZP) [37] basis set was chosen. In order to minimize the 
total energy, all the nanowire structures were optimized before performing calculations. The calculations were run 
by taking k-point sampling 1x1x30, mesh cut off energy 75 Hartree and maximum force of tolerance 0.05 eV/A. 

3. Results and Discussions 

3.1 Structural Stability 
In the present work, the investigation of structural stability, electronic and magnetic properties of Cu2O-S(m,n) and 
Cu2O-H(m,n) nanowire [S, H, m & n represents square cross-sectional, hexagonal cross-sectional, number of copper 
atom and number of oxygen atom respectively] are made by using standard Density Functional Theory with SGGA- 
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rPBE functional. Before taking the calculations, all the nanowire structures are relaxed in order to achieve them in 
their minimum energy state (stable) configuration. Also we take (110) surface energy equals to 0.1 as it lowers the 
surface energy by ten times for energy minimization. The optimized structures of both Cu2O-S(m,n) and Cu2O-
H(m,n) are as shown in figure (1-2) as below. In order to find binding energy first we calculate the total energy of 
isolated copper atom and oxygen atom which are found to be -1228.4282eV and -429.9342eV respectively. Now the 
binding energy calculations are done by using the standard formula as given in equation [43]: 

𝐸௕ ൌ ሼ௡ா೅ሺ஼௨೔ೞ೚ሻା௠ா೅ሺை೔ೞ೚ሻ–ா೅ሺ஼௨మைሻሽ௡ା௠  (2) 

Where, ET represents the total energy of isolated copper, oxygen atom and Cu2O nanowire, and n, m represents the 
number of Cu-atom and O-atom respectively. 
 

 
Fig: 1 Optimized geometry of Cu2O-S(12,9) (left) and Cu2O-S(40,25) (right) NWs. 

 
 

 
Fig: 2 Optimized geometry of Cu2O-H(12,9) (left) and Cu2O-H(40,25) (right) NWs. 

 
 
Table 1: The calculated half-metallic band gap, binding energy, calculated total & partial magnetic moments and 
spin polarization for Cu2O-S(m,n) & Cu2O-H(m,n) nanowire. 
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The calculated binding energies of each structure are tabulated in table 1. The comparative study focuses on the fact 
that the binding energy of smallest diameter nanowire for both cross-section is least and goes on increasing as the 
cross-sectional diameter increases from which we can conclude that the stability of both the nanowire increases as 
the cross-sectional diameter increases. Also we calculate the binding energy of bulk 2x2x2 Cu2O relaxed structure 
and was found to be 4.25eV which is about to that of considered nanowire structure. From this we can say that the 
stability of our considered nanowire structure is about the same as bulk Cu2O structure. 

 
3.2 Electronic Properties 
 
The calculated spin polarized band structure for considered relaxed nanowire with spin up (majority) and spin down 
(minority) electron state are illustrated as in figure (3-6), where red lines indicates the minority spin and black lines 
indicates the majority spin. The band structure plot for each nanowire of different diameter shows that the minority 
spin state crosses the Fermi level, which indicates metallic nature due to spin down electrons whereas the majority 
spin state has remarkable energy gap around Fermi level. This confirms the present system as a half-metal. The half 
metallic energy gap (EHM) for majority carriers is calculated from the energies of valance band maximum (VBM) 
and conduction band minimum (CBM) and is illustrated in table 1. Here, the dispersed bands in band structure 
around Fermi level are mostly because of strong hybridization between Cu-3d and O-2p electrons. The comparative 
study of band structure tells us that as the cross-sectional diameter increases, the half metallic band gap goes on 
decreasing from wide band gap semiconductor to small band gap semiconductor. Also we found that half metallic 
band gap of hexagonal cross-sectional nanowire is somewhat greater than that of square cross-sectional nanowire as 
compared with comparative diameter. 

 
Fig: 3 Band structure of spin-up state (left) and spin-down state (right) of Cu2O-S(12,9) Nws. 

 
 

Table-1. Energy Bandgap, binding energy and magnetic moment of different configurations. 

S.N. Structures Diameter 
   ( Å) 

Bandgap 
  (eV) 

B.E. 
(eV) 

mcu 
(µB) 

mo 
   (µB) 
 

mt/unit 
cell 
   (µB) 

mt/atom 
    (µB) 
 

Polarization 
       (%) 

1. Cu2O-S(12,9)    7.37    1.74 4.04 3.136 2.867   6.003   0.286     100 

2. Cu2O S(40,25)    14.52    0.83 4.16 5.918 4.060   9.978   0.154     100 

3. Cu2O-H(19,14)    7.20    1.79 4.04 4.710 4.298   9.008   0.273     100 

4. Cu2O-H(61,38)    14.16    0.96 4.16 9.020 5.906 14.926   0.151     100 
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Fig: 4 Band structure of spin-up state (left) and spin-down state (right) of Cu2O-S(40,25) Nws. 

 

 
Fig: 5 Band structure of spin-up state (left) and spin-down state (right) of Cu2O-H(19,14) Nws. 

 

 
Fig: 6 Band structure of spin-up state (left) and spin-down state (right) of Cu2O-H(61,38) Nws. 

 
Similarly, the calculated spin polarized total DOS and partial DOS plot of all the considered nanowire structures 
with majority spin and minority spin are depicted as in figure (7-10) respectively, where black lines indicates the 
majority spin state and red lines indicates the minority spin state. From the analysis of DOS we observe that, for all 
structures, there is a finite gap in the majority spin state at the Fermi level while in the minority spin state, the 
density of state has some value different from zero which also confirms the considered system as half metal. Also, 
the asymmetric nature of spin up and spin down density of states shown by total DOS plot suggests us that all the 
Cu2O nanowire structures are magnetic in nature. Here, for both square as well as hexagonal cross-sectional 
nanowire, the 2-D plot of DOS shows that there is high concentration of charge carriers in valance band where as 
the carrier concentration in conduction band is negligible. The total contribution to majority spin and minority spin 
channel form total DOS is mainly due to copper 3d and somewhat due to oxygen 2p electrons.Also, PDOS analysis 
shows that in both valance band and conduction band thepeaks around the Fermi energy is majorly composed of 3d 
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states of copper andsomewhat due to 2p states of oxygen. The peaks around the Fermi level due to 4sstate shows the 
negligible contribution for both square and hexagonal cross-sectional nanowire as compared to Cu-3d and O-2p 
states. 
 
This energy gap in the majority spin state leads to 100% spin polarization, which mathematically can be defined by 
the equation [44]: 

𝑃 ൌ ே↓൫ா೑൯ିே↑൫ா೑൯ே↓൫ா೑൯ାே↑൫ா೑൯ x 100%                                                                    (2) 

Where, N↓(Ef)and N↑(Ef)represents the density of states of spin down and spin up states respectively at Fermi level. 

 
Fig:7  Total (left) and partial (right) DOS of Cu2O-S(12,9) Nws. 

 
Fig:8  Total (left) and partial (right) DOS of Cu2O-S(40,25) Nws. 

 
Fig:9 Total (left) and partial (right) DOS of Cu2O-H(19,14) Nws. 



6532 O.P. Upadhyay et al. / Materials Today: Proceedings 47 (2021) 6526–6535 

 
 

Fig:10 Total (left) and partial (right) DOS of Cu2O-H(61,38) Nws. 
 

3.3 Magnetic Properties 

As the band structure along with DOS of Cu2O nanowire exhibits half metallic nature, it becomes an interesting task 
to summarize the magnetic properties too. To calculate magnetic moment we use Mullikan population analysis 
method. The calculated total and partial magnetic moments per unit cell of Cu2O nanowire of respective diameter 
are listed as in table1. From this result we came to know that the local magnetic moment per atom at both Cu and O 
cites goes on decreasing if we increase cross-sectional diameter of both nanowire. This fact may be the result of 
increase in number of atoms with increase in diameter that causes strong hybridization and hence made the local 
magnetic moment at both Cu and O cite to decreases. But the total as well as partial magnetic moment per unit cell 
of all structure goes on increasing resulting almost integer value which again confirms the half metallic nature as 
integer magnetic moment is the property of half metal. Also we found that the magnetic spin of both copper and 
oxygen atoms has the same spin direction as shown in table1 which confirms the ferromagnetic nature. From this we 
can conclude that Cu2O nanowire is a half metallic ferromagnetic. In general, the exchange splitting of majority and 
minority states generates the magnetic moment. In Cu2O nanowire, the majority as well as minority states are 
mainly due to copper 3d and oxygen 2p states and hence the exchange splitting between these major two states may 
be the main cause for generation of total magnetic moment. Here, we analyse that, for the comparative diameter, the 
magnetic moment per unit cell of Cu2O nanowire with hexagonal cross-section is higher than that of rectangular 
cross-sectional diameter. 

4. Conclusions 

In conclusion, we have studied the Cu2O nanowire with their structural, electronic and magnetic properties in the 
framework of DFT within SGGA approximation as a function of diameter. From the detailed analysis, we found that 
all these properties of nanowire are strongly influenced due to quantum confinement effect as the bulk Cu2O is well 
known p-type direct band gap semiconductor and is nonmagnetic in its ground state. Stability analysis confirms that 
stability of nanowire increases with increase in diameter. Further, band structure and DOS analysis surprises us that 
all the considered nanowire exhibit half metallic nature leading to 100% spin polarization at Fermi energy. We 
found the remarkable integer magnetic moment per unit cell which is also sign of half metallicity. Also, magnetic 
moment of both copper and oxygen atom shows the same spin direction indicating ferromagnetic nature. Thus, we 
can conclude that our considered system of Cu2O nanowires exhibit half-metallic ferromagnetic semiconducting 
nature which makes it as a promising material for spintronic applications such as non-volatile magnetic memories, 
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magnetic sensors, spin injectors etc. So far we know, no refinement data has been published yet on Cu2O nanowire 
of half metallic ferromagnetic semiconducting nature with diameter ranging from ~(7-15)Å. So, we hope that this 
literature, for both experimental as well as theoretical researcher, may certainly be of great interest to explore other 
properties of this nanowire. 
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Abstract—We report the structural, electronic, and magnetic properties of “zigzag” and “armchair” CuO
nanosheets. The density function theory (DFT)-based ab initio approach has been applied through revised
Perdew, Burke, and Ernzerhof (rPBE) parameterized spin generalized-gradient approximation (SGGA) +
mean-field Hubbard correction (U) exchange-correlation functional. In comparison to the semiconducting
bulk CuO, the other forms of CuO nanosheets show metallic behavior and their structural stabilities have
been analyzed through binding energy estimation. Using SGGA, the computed magnetic moment per atom
of zigzag CuO nanosheet varies irregularly between 0.66 and 1.19 μB, whereas for armchair CuO, between 0.59
and 1.53 μB. The addition of U changes this variation from 0.68 to 0.76 μB in zigzag and from 0.62 to 1.29 μB
in armchair nanosheets, respectively. The computed spin polarization as unity or less than unity identifies the
ferromagnetism in these materials. Obtained results of CuO nanosheets defend them as a potential candidate
for a variety of electronic devices like gas sensors, electrodes, energy storage devices, etc.

Keywords: CuO, nanosheet, DFT, electronic properties, magnetic moment, SGGA
DOI: 10.1134/S1063783420080314

1. INTRODUCTION
Since the discovery of graphene by Geim and

Novoselov through their innovative experiments [1]
performed in 2004 and received the Nobel Prize in
2010, various efforts have been made on the possible
applications of this material. The graphene consists of
a monolayer of carbon atoms wrapped up into zero,
one, two, and three-dimensional forms as a cluster,
tube, sheet, and graphite (bulk), etc. The discovery of
different morphologies of carbon and its applications
has made a revolutionary vs. evolutionary impact in
the field of electronics, engineering, and medical sci-
ence. In the same series, the oxides have also been
impacted a lot the various industries. This has opened
the door of new research for many researchers, to look
for the morphologies of different metal oxides, includ-
ing CuO and others. The bulk form of CuO is semi-
conducting with a band gap of 1.4 ± 0.3 eV [2–5],
whereas its one-dimensional forms show unique phys-
ical and chemical properties due to large specific sur-
face area [6], excellent solar light absorbance [7], and
a narrow band gap as p-type semiconductor. The CuO
cluster, nanotube, nanowire, and nanosheet have been
reported with their attractive properties such as the
increment in the relative surface area and new quan-

tum effects [8–11]. This enhancement in the proper-
ties of reduced dimensional CuO has motivated us to
look at its two-dimensional nanosheets in zigzag and
armchair morphologies as a potential candidate in gas
sensing of various f lammable gases like ethanol, gaso-
line, acetone, and other gases as H2S [12, 13], batteries
[14, 15], novel energy storage devices, photo catalysts
[16], non-enzymatic glucose sensor [17], etc. Due to
novel electronic, magnetic, and recently reported the
high-temperature superconductivity in copper oxide
perovskites [18], the structural stability of nanowire,
nanoribbon, and a metal-doped nanotube of CuO are
of great interest to the scientific community. In a few
earlier DFT-based reports, the local density approxi-
mation (LDA)-based analysis couldn’t explain the
semiconducting behavior of bulk CuO, whereas the
addition of Hubbard correction with LDA has made
this analysis possible. However, various DFT analysis
have confirmed that the band structure prediction is
much easier through GGA-, rather than LDA-based
analysis.

In the present report, the optimized zigzag (1 ≤ n ≤
8, m = 0) and armchair (1 ≤ n ≤ 8, m = n) CuO
nanosheets have been analyzed for its structural stabil-
ity and electronic and magnetic properties, discussed

MAGNETISM
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in terms of their binding energy, the magnetic moment
per atom, and spin polarization, where integers n and
m denote the numbers of unit vector along two direc-
tions in the crystal lattice of nanosheet. The remaining
sections of this paper are orderly arranged as computa-
tional details, results and conclusion.

2. COMPUTATIONAL DETAILS
To analyze the structural stability, electronic and

magnetic properties of CuO nanosheet in its zigzag
and armchair morphologies, the Density Functional
Theory-based ab initio approach has been applied
through, Atomistix Toolkit–Virtual Nanolab (ATK–
VNL) material modeling code which is a further
development of TransSIESTA-C. It is in part McDCal
employing localized basis sets as developed in
SIESTA.

The spin generalized gradient approximation
(SGGA), also with Hubbard correction (SGGA+U),
have been used as an exchange-correlation function
for the optimization of CuO nanosheets through total

energy minimization approach, employed before pro-
ceeding further for magnetic property analysis, using
SGGA as well as SGGA+U with revised Perdew,
Burke, and Ernzerhof parameterization type. The
valence electrons are described by linear combination
of atomic orbitals (LCAOs) with double-ζ-polarized
(DZP) basis sets. The mesh cutoff of 75 Hartree has
been found suitable for the entire calculations with the
k-point sampling of 1 × 7 × 7 for Brillouin zone inte-
gration, having maximum force tolerance as 0.05 eV/A
and maximum stress tolerance as 0.05 eV/A [19–22].
The computed binding energy per atom, the magnetic
moment per atom, and spin polarization for both mor-
phologies of CuO nanosheets are reported in Tables 1
and 2.

3. RESULTS AND DISCUSSION

To analyze the structural stability and electronic
and magnetic properties of zigzag and armchair CuO
nanosheets, the binding energy, band structure and
density of states, and spin polarization have been com-

Table 1. The width, binding energy, magnetic moment per atom, and spin polarization of zigzag CuO nanosheets with dif-
ferent chirality

S.N.
Zigzag 

nanosheet 
of CuO

Width, Å
Binding energy per atom, eV

Magnetic moment
per atom, μB

Spin polarization

SGGA SGGA+U SGGA SGGA+U SGGA SGGA+U

1 (1, 0) 1.97 –3.89 –2.57 0.71 0.76 0.61 1
2 (2, 0) 5.18 –3.88 –2.57 0.93 0.72 0.70 1
3 (3, 0) 8.52 –3.89 –2.56 0.66 0.69 0.58 1
4 (4, 0) 11.88 –3.88 –2.56 0.97 0.70 0.63 1
5 (5, 0) 15.25 –3.88 –2.56 0.93 0.76 0.61 1
6 (6, 0) 18.62 –25.81 –2.56 1.19 0.73 0.69 1
7 (7, 0) 21.99 –22.42 –2.55 0.72 0.76 0.58 1
8 (8, 0) 25.37 –29.28 –2.52 0.90 0.68 0.64 1

Table 2. The width, binding energy, magnetic moment per atom, and spin polarization of armchair CuO nanosheets with
different chirality

S.N.
Armchair 
nanosheet

of CuO
Width, Å

Binding energy per atom, eV
Magnetic moment

per atom, μB
Spin polarization

SGGA SGGA+U SGGA SGGA+U SGGA SGGA+U

1 (1, 1) 5.15 –3.04 –2.58 0.71 0.62 0.61 1
2 (2, 2) 10.84 –3.08 –2.50 0.59 0.71 0.59 1
3 (3, 3) 16.63 –3.16 –2.50 0.63 0.71 0.58 0.62
4 (4, 4) 22.46 –3.11 –2.50 1.53 0.69 0.75 1
5 (5, 5) 28.29 –3.14 –3.20 0.69 0.72 0.61 0.74
6 (6, 6) 34.14 –3.09 –2.50 0.70 0.65 0.61 1
7 (7, 7) 39.98 –3.10 –3.20 0.63 1.29 0.58 1
8 (8, 8) 45.83 –3.09 –3.20 1.21 0.74 0.72 1
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puted and compared with its bulk counterpart. The
challenge of simple LDA scheme that failed to explain
the semiconducting behavior of bulk CuO can be over-
come by adding Hubbard (U) correction in LDA and
HSE06 hybrid functional, where, the prediction of
semiconducting behavior of bulk CuO as p-type semi-
conductor with narrow band gap of 1.39 eV and direct
band gap of 1.91 eV become possible. Attempting with
SGGA, to look at the semiconducting as well as mag-
netic behavior of these oxides, has been a challenge,
and here, too, with the addition of Hubbard potential
U to SGGA, the semiconducting behavior has easily
been predicted with an approximate value of 2.2 eV for
bulk CuO. Figures 1a and 1b illustrates the demon-
stration of super cells of orders (1 × 3 × 4) and (1 × 2 ×
6) of the zigzag (1, 0) and armchair (1, 1) CuO
nanosheets in the bulk forms, respectively.

3.1. Energetic Analysis

The binding energy denotes the structural stability
of both the zigzag and armchair nanosheets have been
computed using Eq. (1) and reported in Tables 1 and
2, respectively. The size of the super cell in both the
nanosheets increases in B and C directions concerning
the variation of area. The widths of both the nanosheets
are directly proportional to their chiralities, while the
number of molecules is proportional to the area. The
equation of binding energy is expressed as

(1)

where Eb, ET, ECu, and EO are binding energy per
atom, total energy of CuO nanosheet, and energy of
isolated Cu and O atoms, respectively. N and M are
number of copper and oxygen atoms, respectively [23].

Table 1 shows the variation of binding energy from
–2.57 to –2.52 eV in SGGA+U and from –29.28 to
‒3.88 eV in SGGA due to the variation of Cu–O bond

− −=
+

T Cu O
b

[ ( ) ],E NE MEE
N M

length. Similarly, Table 2 shows the variation of bind-
ing energy from –3.20 to –2.50 eV in SGGA+U and
from –3.16 to –3.04 eV in SGGA. The variation of
binding energy with width is also depicted in Fig. 2.

Our observations show that the zigzag CuO
nanosheet is more stable at higher indices (9, 0) in
comparison to that at lower indices (n = 1–5, 0),
whereas the armchair CuO nanosheet is also stable at
indices (3, 3) than at indices (1, 1) using SGGA; the
binding energy per atom remains fixed around –3 eV
for both the zigzag and armchair CuO nanosheet in
SGGA+U-based analysis. The comparative analysis
through SGGA+U confirms that the armchairs (7, 7)
and (8, 8) CuO nanosheet has relatively higher stabil-
ity than their zigzags counterpart.

3.2. Electronic Properties
The computed band structures with density of

states (DOS) profiles of the (n = 1–8, 0) zigzag CuO
nanosheets through SGGA and SGGA+U are shown
in Figs. 3 and 4, respectively.

Similarly, the computed band structures and DOS
profiles of the (n = 1–8, n) armchair CuO nanosheets
are shown in Figs. 5 and 6, respectively, where the
black and the red lines indicate the majority spin and
the minority spin, respectively.

It has been observed that both the CuO nanosheets
in the zigzag and armchair forms show the metallic
behavior, while CuO bulk is semiconducting and anti-
ferromagnetic. The possible reason of the metallic
nature of these nanosheets is due to the hybridization
between Cu3d and O2p states at the Fermi level,
reported earlier. However, only the band structure
information is not enough to analyze the electronic
properties; hence, the DOS profiles have also been
analyzed for these nanosheets. The computed DOS of

Fig. 1. Super cells with (a) (1, 0) zigzag and (b) (1, 1) arm-
chair CuO nanosheets.
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both the CuO nanosheets of the different chiralities

near the Fermi level, the peaks in the valence band and

conduction band are observed due to the combined

effect of Cu3d and O2p and Cu4s states. The metallic

behaviors of both the CuO nanosheets may be the

effect of not only the hybridization of Cu3d and O2p
states but also the finite contribution of O atom to the

density of states at Fermi level [24].

3.3. Magnetic Properties

The computed electronic properties of CuO
nanosheets, discussed in the earlier section in terms of
band structures and the density of states, predict the
metallic nature of the zigzag and the armchair CuO
nanosheets. With an objective to utilize these
nanosheets for a variety of applications, where its mag-
netic properties can be exploited, the efforts have been

Fig. 3. Band structures of the (n = 1–8, 0) zigzag CuO nanosheets with DOS profile, using SGGA.
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made to analyze the magnetism in terms of the mag-

netic moment for different chiralities, computed

through spin polarization, reported in Tables 1 and 2.

The magnetic moments of bulk CuO, isolated Cu, and

isolated O are 0.68, 0.7, and 0.14 μB, respectively, and

have already been reported by our group [24]. Where,

the spin dipole moment (μB), known as Bohr’s mag-

neton, the fundamental unit of magnetic dipole

moment, calculated using the formula μtotal =

[n↑(EF) – n↓(EF)]μB/atom, for calculating the total

dipole moment per unit volume per atom of CuO

nanosheet at different morphologies. The spin polar-

Fig. 4. Band structures of the (n = 1–8, 0) zigzag CuO nanosheets with DOS profile, using SGGA+U.
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ization (P) is the ratio of the difference of electron
density of up-spin and electron density of down-spin
to their sum at a Fermi level and analytically expressed
below, reported elsewhere,

(2)↑ ↓

↑ ↓

−=
+

F F

F F

( ) ( )
,

( ) ( )

n E n E
P

n E n E

where n↑ and n↓ are electron density up-spin and
electron density down-spin, respectively, at Fermi
level [25].

The change in magnitude of total magnetic
moments, concerning to the increment in widths of
the zigzag and armchair CuO nanosheets, is reported
in Tables 1 and 2 and also through graphs in Fig. 7.

Fig. 5. Band structures of the (n = 1–8, n) armchair CuO nanosheets with DOS profile, using SGGA.
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The computed magnetic moments using SGGA
are 1.19 and 1.53 μB for zigzag (6, 0) and armchair

(4, 4) CuO nanosheets, respectively, whereas, with
Hubbard correction (SGGA+U), it is 0.76 and 1.29 μB

for the zigzag (5, 0) and armchair (7, 7) of CuO
nanosheets, respectively. Similarly, the spin polari-

zation for both the zigzag (n = 1–8, 0) and armchair
(n = 1–8, n) CuO nanosheets are reported in Tables 1
and 2, respectively and their variation with widths are
depicted in Fig. 8.

Both these parameters confirm the ferromagnetic
nature of CuO nanosheets, where the splitting states of

Fig. 6. Band structures of the (n = 1–8, n) armchair CuO nanosheets with DOS profile, using SGGA+U. 
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Cu3d and O2p exchange themselves and produce

magnetic moment.

The Hund’s rule for the magnetism states that

when the atoms come closer to each other, the interac-

tion between them increases, and the resultant mag-

netic moment decreases, and vice versa. In the same

way, the net magnetic moment of individual CuO

nanosheet depends on their individual magnetic

moment of Cu and O atoms [26, 27]. The variation in

magnetic moment with respect to width of zigzag and

armchair CuO nanosheets is produced due to the vari-

ation in the Cu–O bond length, reported in Tables 1

and 2, respectively.

4. CONCLUSIONS

The optimized zigzag and armchair CuO nano-
sheets have been analyzed to understand their struc-
tural, electronic, and magnetic properties, using
SGGA and SGGA+U exchange-correlation func-
tional under DFT-based ab initio regime. The elec-
tronic and magnetic properties of proposed
nanosheets have been analyzed in terms of the band
structures and density of states with spin-up and spin-
down. In reference to the antiferromagnetic and semi-
conducting bulk CuO, both the forms of CuO
nanosheets show metallic ferromagnetic nature and
their energetic have been discussed through their
binding energies. Interesting electronic properties of
CuO nanosheets can be exploited for applications like
in gas sensors and batteries, and at particular chirality,
both the zigzag and armchair CuO nanosheets show
outstanding magnetic moment and spin polarization,
hence making them a suitable candidate for energy
storage device as well as magnetic storage media.
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Abstract 

The structural, electronic and magnetic properties of the nanoclusters of (Cu2O) n= 1, 2, 3 and (CuO) m = 2, 

4, 6 have computationally studied. Density Functional Theory incorporated in  Atomistic tool kit (ATK-

DFT) calculators with exchange-correlation functional (SGGA+U) based ab-initio approach is applied for 

simulation and calculation of these nanoclusters. In the computational study, the nanoclusters (Cu2O)1, 

(Cu2O)3 , (CuO)2 and (CuO)6 show semiconducting behavior whereas (Cu2O)2 and (CuO)4 show semi-

metallic behaviors. The nanoclusters (Cu2 O)1 and (Cu2O)3 show diamagnetic, (Cu2O)2 and (CuO)4 show 

ferromagnetic, (CuO)2 and (CuO)6 show antiferromagnetic behaviors. The magnetic moments 0.28µB and 

0.03 µB  are observed in the nanoclusters (Cu2O)2 and (CuO)4 while others are found to be as nonmagnetic . 

The total energy of nanoclusters have found to be decreasing towards total minimum energy with increasing 

number of atoms of copper oxides. The nanoclusters (Cu2O) n = 1, 2, 3 and (CuO) m = 2, 4, 6 are used in 

various applications as in the synthesis of technological materials. The analysis of  the effects of bond length 

and binding energy with the size of  nanoclsters have been presented. 

 

Keywords:  Density of States, Magnetic moments, Nanoclusters, Semi-metals, Binding energy. 

 

1. INTRODUCTION 

 The copper oxides Cu2O and CuO exist as stable in 

the bulk phase. They are transition-metal compound 

in general and the high-T, superconductors in 

particular [1]. Cu2O and CuO are expected to have 

the essentially full Cu-3d shell (3d
10

4s
1
) and open 

Cu-3d shell (3d
9
4s

2
) respectively. The shape-sizes 

and dimensions of both copper oxides play very 

important role on their structural, electronic and 

magnetic properties in nanosystem. As 

experimentally and theoretically, the bulk Cu2O is 

found to be diamagnetic and p-semiconductor with a 

band gap 2.17 eV where as the bulk CuO be the 

antiferromagnetic and p-semiconductor with a band 

gap 1.2-1.9 eV [2, 3]. They are widely used in 

various catalytic reactions, semiconducting 

materials, environmental protection, and energy 

storage and conversion systems [4]. In comparison to 

bulk, nano-sized clusters (NCs) are more active and 

selective due to their large specific surface area and 

quantum-confinement effects.  The nanoclusters (0-

dimenson) of Cu2O and CuO are applied to examine 

the remarkable physical and chemical properties of 

atomic or molecular species in the condensed phases. 

They can play a key role in various environmental 

processes and contribute to health hazards associated 

with airborne fine particles [5, 6]. They play an 

important role in the synthesis of technological 

materials [7]. The nanoclusters of both copper oxides 

Cu2O and CuO can be formed by proper synthesis of 

copper and oxygen in the plane oriented substrates or 

other process [8]. An extensive experimental 

investigation is powerful probe to study their 

structural, electronic and magnetic properties and are 

given invaluable insight on the changes of their 

properties with shape-size [9].   Their physical and 

chemical properties are closely related to the 

crystalline quality, structure and stoichiometry [10]. 

In electrochemical reaction, the measurement reports 

that surface CuO clusters acts as a promoter for the 
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reduction of O2 [11].  The CuO nanoclusters coated 

with mesoporous SiO2 also are highly active and 

stable catalysts for olefin epoxidation [12]. That is 

why we are interested to study the various properties 

of clusters (Cu2O)n = 1, 2, 3 and (CuO)m = 2, 4, 6. The 

SGGA+U exchange correlation with hubbard 

parametrization based on ab-initio approach is 

employed for their optimization and analyzing 

perpose.   

Our present paper is organized as follows: The 

method and computational details are described in 

section-2 after completion of the introduction in 

section-1. The results and discussion are written in 

section-3 before  the conclusive remarks explained 

in section-4. Acknowledgments and references are 

listed at the end of the sections.   

 

2. METHOD AND COMPUTATIONAL DETAILS 

A powerful set of modeling tools Atomistix 

ToolKit (ATK)  is used for investigating a variety 

of nanoscale systems as molecules, bulk and two-

probe systems. We have applied the ATK-DFT 

calculator with exchange-correlation functional 

SGGA+U (U=7.5eV) with review-Perdew-Burke-

Ernzerhof (rPBE) parameterization based on 

density-functional theory through first-principle 

approach for simulation of  the nanoclusters (NCs) 

of both (Cu2O)n = 1, 2, 3 and (CuO)m = 2, 4, 6. The 

structures of all nanoclusters have been optimized 

and  analyzed before the estimation of our 

calculations. In the present calculation, we have 

calculated the physical properties like total energy, 

the bond length of Cu-O, the molecular energy 

spectrums (MES), the density of states (DOS), 

magnetic moment, spin polarization, etc using 

ATK toolKit. We have chosen the basic settings 

such as electron temperature 300K, grid mesh cut 

off 75,  exchange correlation SGGA+U and spin 

polarized  through ATK-DFT [13-16] toolkits. The 

computational structures of nanoclusters,  

calculated values of various parameters, total 

energy/bond length vs total atoms and the 

molecular energy spectrums (MES) with density 

of states (DOS) are reported in Fig. 1(1-f),  Table 

1, Fig. 2, 3 and,  Fig. 4 (a-c) and 5(a-c), 

respectively. 

 

3. RESULTS AND DISCUSSION 

The structures, electronic and magnetic properties 

of  the nanoclusters (NCs) of the both (Cu2O)n = 1, 2, 3 

and (CuO)m = 2, 4, 6 are described in  following sub-

sections . 

 

3.1 Nanocluster Structures 

In computational method, the molecular structures 

of copper oxide nanoclusters (Cu2O)n = 1, 2, 3 and 

(CuO)m = 2, 4, 6 have been found as shown in Fig. 1 

(a-f), where the yellow and the red colors spheres 

represent copper and oxygen atoms respectively.   

 

                                         
 

Fig. 1 (a-f): The molecular structures of  the nanoclusters (Cu2O)n = 1, 2, 3 and (CuO)m = 2, 4, 6 

 

In the present calculation, the nanoclusters  

(Cu2O)n = 1, 2, 3 and (CuO)m = 2, 4, 6  have been used 

as samples contain 3, 6, 9 and 4, 8, 12  atoms 

respectively as  in Table 1. The binding energy 

and total energy of both type of nanoclusters 

have found to be  increasing with the increasing 

number of atoms indicating that the nanoclusters 

(NCs) of more molecules are more stable than 

that of less atoms  as in Table 1 and  Fig. 2 

respectively and approaches towards the bulk 

behavior. Similarly, the bond length between Cu 

and O  have found to be increasing with the 

increasing  number of atoms in the nanoclusters 

of both types of copper oxides  as in figure 3. All 

parameters are comparable with previously 

calculated available data [17-19]. 
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Table 1: The calculated parameters of  the nanoclusters (Cu2O)n = 1, 2, 3 and (CuO)m = 2, 4, 6 

Nano- 

Clusters 

(NCs) 

Total 

No. of  

Atoms 

Total 

Energy 

(eV) 

Binding 

Energy/ 

Atom 

(eV) 

Bond 

Lengths 

(Cu-O) 

Band 

Gap 

(eV) 

HUMO

- 

LUMO 

(eV) 

Magneti

c 

Momen

t (B) 

Spin 

Polarization 
Natures 

(Cu2O)1 3 2892.65 1.38 1.79 1.00 1.40 0 indefinable 

Dia, 

Semi- 

conductor 

(Cu2O)2 6 5785.94 1.58 1.82 0 0.28 0.28 1 
Ferro, Half-

metal 

(Cu2O)3 9 8682.47 1.82 1.88 0.20 0.56 0 indefinable 

Dia, 

Semi- 

conductor 

(CuO)2 4 3325.89 1.30 1.81 0.80 2.00 0 indefinable 

Antiferro 

Semi- 

conductor 

(CuO)4 8 6656.35 1.55 1.85 0 0.40 0.03 1 
Ferro 

Half-metal 

(CuO)6 12 9985.65 1.57 1.90 0.1 0.60 0 indefinable 

Antiferro 

Semi- 

conductor 

 

 

 

Fig. 2: The total energy vs total number of atoms in 
nanoclusters (Cu2O)n = 1, 2, 3 and (CuO)m = 2, 4, 6 

 

Fig. 3: The bond length vs total number of atoms in 
nanoclusters (Cu2O)n = 1, 2, 3 and (CuO)m = 2, 4, 6 

 

3.2 Electronic Properties 

We have investigated the molecular energy 

spectrum (MES) with density of states (DOS) of 

both the nanoclusters (Cu2O)n = 1, 2, 3 and (CuO)m = 

2, 4, 6 for the study of their electronic properties as 

depicted in Fig. 4 (a-c) and Fig. 5 (a-c) 

respectively. In this calculation  (Cu2O)1, 

(Cu2O)3, (CuO)2 and (CuO)6 are showing semi-

conducting properties whereas  (Cu2O)2 and 

(CuO)4 found to be as half-metals. The 

nanoclusters (Cu2O)2 and (CuO)4  have found as 

same  molecular structures of unit cells of the 

bulks copper (I) and copper (II) oxides 

respectively. But both bulk forms of copper oxide 

are P-type semiconductors of band gaps 2.17eV 

and 1.2-1.9 eV experimentally [1-3].   
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Fig. 4 (a-c): The molecular energy spectrums of the nanoclusters (Cu2O)n = 1, 2, 3 with DOS profiles 

 

 

 
 

Fig. 5 (a-c): The molecular energy spectrums of  the nanoclusters (CuO)m = 2, 4, 6 with DOS profiles 

 

3.3 Magnetic Properties 

In our observation, the clusters (Cu2O)1 and (Cu 2 

O) 3 show diamagnetic behaviors because each  

individual atomic moment for both cases are found 

separately to be zero where cluster (Cu 2 O) 2 as 

ferromagnetic. The clusters (CuO) 2 and (CuO) 6 

behave as antiferromagnetic being magnetic 

moments of unit cell is zero but individual atoms 

have some polarization. Similarly (CuO) 4  has 

found to be as ferromagnetic. But the bulk forms of 

Cu2O and CuO are diamagnetic and anti 

ferromagnetic materials respectively. The magnetic 

moments of nanoclusters (Cu2O)2 and (CuO)4 are 

0.28   and 0.03  , and their matching spin 

polarization unity. The useful physical equations to 

calculate the magnetic moment per atom and spin 

polarization expressed as equations ( 1 ) and ( 2)  

which  explains the magnetic properties [20-25].  

       
  

    
                                        

…………………..…….............................……. (1) 

 and 

  
               

               
   ...................................……. (2) 

where,        = magnetic moment per atom,    = 

magnetic moment,     = magnetic moment per 

electron,    = spin polarization,        = spin up 

and        = spin down electrons density at 

Fermi level. 

4. CONCLUSION 

The bulks of copper oxides Cu2O and CuO are 

transition-metal p-type semiconductors in general 

and the high-TC, superconductors in particular. 

They show dia-magnetic and anti ferromagnetic 

behaviors as experimentally and theoretically. In 

the present calculations using ATK-DFT have 

found that nanoclusters of  bulks Cu2O and CuO  

found as half-metal ferromagnetic nano- materials, 

the clusters (Cu2O)1, (Cu2O)3 and (CuO)2(CuO)6 as 

semiconductors behave as diamagnetic and anti 

ferromagnetic nano-materials respectively. The  

magnetic moments of clusters (Cu2O)2 and (CuO)4   

have  found to be 0.28   and 0.03    respectively 

with spin polarization unity. The total maximum 

energy and also binding energy increase with 

increasing number of  atoms or molecules in these 

nano-clusters. Similarly, the bond length between  

Cu-O is found to be directly proportional to the 

number of atoms / molecules . It clarifies the 

stability of nanoclustor depends on its number of  

atoms tend towards bulk properties. They can be 

used in various environmental processes, health 

hazards and synthesis of technological materials 

gas sensors etc.. 
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In the past few years’ investigation in the magnetic properties with different aspect in nano structure have been increased rapidly 
because of their technological importance, lots of attractive properties like, high surface-volume ratio, electronic, optical and 
magnetic properties as well as for understanding the physics involved in their many unusual properties comparing with the bulk 
[1-5]. Since, the discovery of the high temperature superconductor in copper oxide peroviskit and its unique electric and magnetic 
properties, Copper oxide (CuO) got more attention and made more interesting candidate for research [6-8]. Our recent ab-intio 
investigation on magnetism in zigzag and armchair CuO nanotubes shows remarkable magnetic properties at different diameter 
[9]. So, it is wrathful to investigate the temperature and size dependent magnetic properties in zigzag CuO nano tubes as a function 
of temperature.

Introduction

Temperature and size dependence magnetic moment of zigzag (n, 0) (n= 4, 6, 8, 10) copper oxide nanotubes (CuO NTs) have been 
computed by using a standard density functional theory. The computational work carried out by employing spin polarized generalized 
gradient approximation with revised Perdew Burke Ernzerhoff type parameterization along ab-initio approach. Bond length, binding 
energy and total magnetic moment have been analyzed and found that the bond length decreases at first and become saturated with 
increasing size of the nanotube. Highest binding energy of (10, 0) confirms this as the most stable amongst all the NTs taken into 
consideration. The observed electronic properties of considered CuO NTs, confirms the metallic nature. The size dependence magnetic 
moment at room temperature is decreases around up to (8,0) beyond that magnetic moments found to be increased with the diameter 
of the nanotubes. The computed temperature dependence's magnetic moment of NTs first increase up to room temperature (300K) 
and then decreases for all NTs except (8, 0).

As a bulk CuO is a p-type semiconductor with band gap of 1.1-1.9 eV, unlike other transition metal oxide semiconductor, it have 
monoclinic structure and possess versatile band structure, optical and magnetic properties [8,10,11].

Our work focuses on the stability analysis of zigzag CuO nanotube in terms of its binding energy, diameter along with temperature 
dependence of magnetic properties. Organization of this article is as follows, next section discusses the method and computational 
details followed by result and discussion section and conclusion of the work is presented before the references.

Method and Computational Detail
Computational calculation has been done by Density Functional Theory (DFT), based on ab-initio code named Atomisitix Toolkit 
(ATK-VNL) with non-equilibrium Green Function (NEGF) [12-15]. ATK-VNL is a further development of TransSIESTA-C and is 
based on the methodology, models, algorithms developed in academic code TransSIESTA and in part McDCal employing localized 

Received Date: October 09, 2017 Accepted Date: January 02, 2018 Published Date: January 05, 2018
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The current work carries the analysis of diameter dependence of structural stability and electronic properties. The diameter and 
temperature dependence magnetic properties of zigzag CuO nanotubes also studied shown in Figure 1.The calculated magnetic 
properties and structure parameter have been listed in Table 1. From Table 1 for the larger diameter nanotubes, the number of atom 
and Binding energy (Eb) increases, whereas bond length between Cu-O is first increased and then become saturated. The nanotube 
of chirality (4, 0) is found to be stable at bond length (Cu-O) of 1.95 Å, where chirality (10, 0) is stable at 1.90 Å. The buckle 
appeared on the optimized structure of nanotube decreases with increasing the diameter as shown in Figure 1. This is mainly due 
to well known effect of reduction of bond strain on the curvature surface with increase in the diameter of nanotube [9].

Stability and Structural Analysis

Results and Discussion

Binding energy of the NTs are calculated through following relation;

in SIESTA [16-18]. Spin Generalized Gradient Approximation with revised Perdew Burke Eenzerhoff used for exchange correlation 
energy [19,20]. Valence electrons were described by localized pseudo atomic orbital’s (PAOs), with double ζ double polarized basis 
set. Mesh cut-off 75 Hartee is applied in entire calculation, with K-point sampling of 1x1x20 and maximum force tolerance set at 
0.05eV/Å [21]. Calculation was began by minimization energy, optimized geometry and further. Minimization of energy gives us 
stable bond length between Cu and O. The stable bond length is used to creates the CuO zigzag nanotubes using ATK-VNL tool.

 Where N= number of copper atoms present in SWNT
 M= number of Oxygen atoms present in SWNT
 ET= Total energy of Cu, O and CuO SWNTs respectively 

Similarly, the binding energy is calculated through equation 1 and listed in Table 1, which concludes that the binding energy 
increases significantly with diameter of zigzag nano tubes for small value of diameter and after certain increase in the diameter it 
increase very slowly: this character of binding energy arise due to reduction in the strain.

µtotal (µB/
atom)

EB 
(eV)

Diameter 
Å

Bond length 
(Cu-O) Å

No. of 
atom N

Chirality 
(n,0)

0.4534.734.301.9516(4,0)

0.3144.816.291.9024(6,0)

0.1914.848.391.9032(8,0)

0.2304.8510.461.9040(10,0)
Table 1: Bond length, Binding energy, Diameter and Total Magnetic Moment 
at room temperature of CuO SWNTs

Figure 1: (color online) Initial and optimized geometries of CuO NTs

Electronic Property
Band structure of CuO zigzag nanotubes with majority and minority spin at room temperature are plotted in Figure 2. Where black 
lines indicate the majority spin and red lines indicates the minority spin. Our work shows that zigzag CuO nanotubes are metallic 
in nature, but the bulk CuO is a p-type semiconductor. This is responsible due to hybridization between O-2p and Cu-3d states 
near the Fermi level. This nature observed here in our case is in line with that reported earlier [22,23].

( )[N*E Cu *E (O ) E (CuO ]T iso T iso T
b

M NT
E

N M
+ −

=
+
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At different diameter, and at room temperature, the density of state (DOS) of  zigzag CuO nanotubes have also been observed using 
spin polarization DFT calculation and plotted at Figure 3. The peaks appear near the Fermi levels in valance band are because of 
Cu-3d and O-2p states, while the peak in conduction band is due to 4s state of Cu. The finite contribution of O atom to the density 
of state at Fermi level might be a reason for the metallic nature of nanotube, besides the hybridization on of Cu-3d and O-2p states.

Figure 2: (color online) Band structure of CuO NTs with majority(black)) and minority 
(red)Spin

Figure 3: (color online) Spin Polarized DOS of CuO NTs at room temperature

Magnetic moment
It would be exciting to analyze the magnetic properties because of the metallic nature of CuO nanotubes. Magnetic moment of 
zigzag CuO nanotube at room temperature listed in Table 1 on which we observe that the magnetic moment is high for (4, 0) (1.95 
Å), after increasing in diameter magnetic moment is decreases but at for (10, 0) (1.90 Å) structure, it starts increases (Figure 4). The 
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magnetic moment of bulk CuO is 0.86 µB/atom and individual Cu, O atoms values are 0.68 µB/atom and 0.18 µB/atom respectively 
[8]. Magnetic moment is induced due to the exchange-splitting between states, here exchange splitting of the Cu-3d and O-2p 
states provide magnetic moment to CuO NTs. The fluctuation on magnetic moment on increasing diameter are due to increase 
in number and decrease in bond length between Cu and O atom. According to Hund’s rule of magnetism if the bond length is 
decrease and number of atom increased that means the atom coming together and interaction between them increases, here this 
is responsible for decreasing magnetic moment [24]. The total magnetic moment µtotal (µB/atom) of CuO nanotubes are linked 
directly to the individual magnetic moment of Cu and O atoms, strong interaction decrease their individual magnetic moment and 
affect the total magnetic moment of CuO nanotubes.

Further we analyzed magnetic moment with different temperature. The temperature variation of the nano tubes is performed 
manually; it actually represents the temperature under which calculations are performed. We found that magnetic moment have 
high value at room temperature (300K) then decrease with increasing temperature which is shown at Figure 5. But for (8, 0) NT 
magnetic moment is increasing with increasing temperature. In our result maximum magnetic moment is observed at 4.30Å [(4,0) 
NT] and minimum at 8.39Å [(8,0)NT].

Structural, electronic and magnetic properties of zigzag nano tube of (4, 0), (6, 0), (8, 0) and (10, 0) NT were analyzed by density 
function theory based on ab-initio code ATK-VNL. Buckling has been occurred on optimized geometry structure. The magnitude 
of buckling is decreases on increasing diameter of tube. Furthermore as diameter increases the number of atoms are also increases, 
however binding energy of CuO nano tube increases at first and tends towards the saturation with increasing number of atoms. The 
hybridization of Cu 3p state and O 2p state make CuO nanotube metallic. Magnetic moments were calculated through Mulliken 
population analysis of CuO nanotube. Magnetic moments with respect to different diameter and different temperature were 
investigated. Highest value of magnetic moment 0.453µB was observed for (4, 0) at 300 K, which continuously decreases for higher 

Figure 4: (color online) Magnetic moment as a function of diameter at room temperature.

Conclusion
Figure 5: (color online) Magnetic moment as function of Temperature (K).
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diameter nanotubes which attains minimum value at (10, 0) beyond that it is found to be increased. We were also analyzed relation 
of temperature and magnetic moment. All study show peak value at room temperature except (8, 0). In (8, 0) nanotube magnetic 
moment is increase with temperature. As our findings are first in series, it would certainly be of great importance to the theoretical 
as well as experimental workers of this area. CuO show remarkable magnetic moment indicating that we can use it in spintronics 
devices, memory devices and magnetic sensors. We are seeking the experimental verification of these data. If verified CuO can be 
used as binary analog to other CNT with novel magnetic properties.
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