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ABSTRACT 

 

A FIRST-PRINCIPLES STUDY ON BULK CuO: 

ELECTRONIC STRUCTURES AND 

NATIVE POINT DEFECTS 

 

Publication No. ______ 

 

Dangxin Wu, M.S. 

 

The University of Texas at Arlington, 2005 

 

Supervising Professor:  Qiming Zhang  

In this thesis, we have performed a first-principles study on strongly correlated 

monoclinic cupric oxide (CuO) by using the LSDA+U method implemented in the 

PAW method. Based on the optimized structural parameters, which are in good 

agreement with the experimental data, the electronic structure and the magnetic 

properties are obtained. Our calculations show that CuO is a semiconducting material 

with an indirect gap of about 1.0 eV. The semiconducting nature of CuO from our 

calculations is consistent with many experiments, but is qualitatively different from the 

LSDA calculations which incorrectly predict CuO to be metallic. The indirect gap of 

1.0 eV is also in good agreement with many experimental results. We also found that in 
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its ground state, CuO is antiferromagnetic with a local magnetic moment per formula of 

about 0.60 µB, which is close to the experimental values. 

By applying the LSDA+U method to a 2×3×2 supercell using the optimized 

structural parameters, we examine the structural relaxations, defect levels and defect 

formation energies of some possible native point defect in CuO. The results of the 

formation energies of the native point defects show that both in Cu-rich and O-rich 

environments, negatively charged Cu vacancies can be more easily formed in CuO than 

other native point defects. This explains why CuO is intrinsically a p-type 

semiconductor as measured by several experiments. 
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CHAPTER 1 

INTRODUCTION 

  

 

It is reported that the remaining stocks of recoverable fossils are optimistically 

estimated to last less than 170 years [1]. However, global energy consumption and 

projected demand are rising considerably, implying an energy shortage in the near 

future.  In addition, the emissions of oxides of carbon and sulfur resulting from burning 

fossil fuels for energy generation are increasingly endanger the ecological stability of 

the earth, causing acid rain and the greenhouse effect, and also leading to many health 

problems for human beings. To solve these problems, we have to explore alternatives of 

fossil fuels for energy generation. One of the most attractive alternatives is solar energy 

because it is one of the biggest energy resources and most homogeneously spread over 

the globe. In one hour, the Earth receives enough energy from the sun to meet its energy 

needs for nearly a year [2]. As one of the most important long-term technologies for 

using solar energy, photovoltaic (PV) cells or solar cells as they are often referred to, 

utilize the photovoltaic effects as an energy conversion process and have many 

advantages including [3]: they are environmentally benign; they are reliable and require 

little maintenance; they can be integrated into buildings and other constructions.



 

 1

There are already some PV cells in production and in use. But the shortcomings 

with these currently used PV cells have limited their uses extensively. For instance, 

silicon (Si) cells and Gallium Arsenide (GaAs) cells have high production cost due to 

the need of clean rooms; Copper Indium Diselenide (CIS) cells use indium, which is 

rare, and selenium, which is somewhat rare; Cadmium Telluride (CdTe) cells use heavy 

metal Cd, which is rare and has adverse environmental impacts.  

However, many semiconducting metal oxides (SMOs) can avoid these 

problems. Their constituent metallic elements are rich in the Earth and not harmful to 

the environment. Most importantly, they can be fabricated through wet chemical 

process and therefore have low production cost. Taking into account of the solar 

spectrum characteristics and optimal efficiency of the cells (defined as the ratio of the 

maximum electrical power output to the solar power arriving on unit area), an ideal 

semiconductor for PV cells should have a band gap Eg at 1.4-1.5 eV. For this reason, 

many SMOs, such as TiO2 and ZnO (Eg> 3 eV) cannot be directly used as materials for 

PV cells. But cupric oxide (CuO), as one of SMOs, with a reported experimental band 

gap of 1.2-1.9 eV [4-8], seems an attractive material in this respect. Indeed, in the past 

few years, CuO has attracted increasing interest as promising materials for PV cells due 

to its suitable optical properties. It can absorb sun light throughout the visible region 

with the reported band gap. Besides, the natural abundance of its constituents, the low 

fabrication cost, its stability and non-toxic nature, and its reasonably good electrical 

properties have made it a promising candidate material for large-area low-cost PV 

systems. 
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Due to its fundamental importance in understanding some high-temperature 

superconductors [8-10] and its potential usage in PV cells and other practical 

applications such as gas sensors [11], magnetic storage media [12], electronics [13], 

semiconductors [14], varistors [15] and catalysis [16], CuO has been investigated 

extensively in the experimental aspect. X-ray diffraction [17] shows that the crystal 

structure of CuO is monoclinic with C2/c symmetry and with four formula units per unit 

cell. It has a semiconducting ground state and is found as p-type in many experiments 

[8, 18-20]. The magnetic properties have been studied by neutron scattering 

experiments and it is found that CuO is antiferromagnetic below 220 K with the local 

magnetic moment per unit formula about 0.65 µB [21-25]. On the other hand, only a few 

theoretical studies have been done on this material with limited and somehow incorrect 

results, probably because of its complicated crystal structure but most importantly, its 

strong-correlated electronic nature. The electronic structure of CuO has been studied 

using cluster model calculations [26] and ab initio calculations based on the local spin 

density approximation (LSDA) [27-29]. But these calculations failed to predict the 

semiconducting ground state. Instead, they predicted a nonmagnetic and metallic one 

for CuO. This is because CuO is a strongly correlated system in which the strong 

electron-electron interactions should be considered in the calculations. 

Since its establishment in the 1960’s, Density Functional Theory (DFT) [30, 31] 

has become one of the most important tools for first principles calculations and has 

demonstrated its power in the study of the ground state properties of real materials. 
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Though exact in principle, some approximations must be adopted for the exchange-

correlation expressions in practical calculations.  

As the simplest and the first introduced approximation, the Local (Spin) Density 

Approximation (L(S)DA) [31-34] has reproduced the structural, electronic, magnetic 

and some other ground state properties of many materials satisfactorily.  However, there 

are also some problems with this approximation. For instance, it overestimates the 

binding energies of many systems while underestimates atomic ground state energies, 

ionization energies and band gaps [35-38].  

A natural progression to move beyond LSDA is the Generalized Gradient 

Approximation (GGA) [39-44] which makes gradient corrections to LSDA in 

consideration of the possible in-homogeneity of real electron systems. Although the 

introduction of GGA and various functionals could solve some open problems within 

LSDA and improve the power of DFT calculations to some extent [45-46], GGA 

enlarged very little the class of materials whose properties could be successfully 

described by DFT due to its semi-local nature. Therefore, there still remain some groups 

of materials whose properties cannot be accurately studied by the LSDA and GGA.  

One example is the strongly correlated systems which CuO belongs to. The reason why 

LSDA or GGA methods are not able to correctly describe this class of materials mainly 

consists in the fact that their energy functionals are built to treat the real interacting 

electron system as a (possibly homogeneous) electron gas, and thus result to be not 

accurate enough to deal with the situations in which strong localization of the electrons 

is likely to occur. In the last two decades, many new approaches have been proposed to 
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study this kind of systems with first principles calculations such as the self-interaction 

correction (SIC) method [35, 47], the GW approximation (GWA) [48-51]. One of the 

most popular approaches of this kind is LSDA+U [37, 52-61]. In this method, a mean 

field Hubbard-like term is added to the LSDA or GGA energy functions to improve the 

description of the electron correlations. The energy functional is generally taken from 

the Hubbard model [62] that represents the “natural” theoretical framework to deal with 

strongly correlated materials. 

In the present work, the LSDA+U method implemented in the PAW method are 

applied to the study of the structural, electronic and magnetic properties of crystal CuO. 

As a comparison, we also present the results from the LSDA method. While the LSDA 

method predicts a metallic ground state for CuO, our results from the LSDA+U method 

shows that CuO is a semiconducting material with an indirect gap of about 1.0 eV, 

which agrees with experiments. The structural parameters and an antiferromagnetic 

ground state are also reproduced very well by using the LSDA+U method. We also 

investigate CuO with different native point defects by using the LSDA+U method and 

our study of the formations of these native point defects shows that CuO is an intrinsic 

p-type semiconductor.   

The rest of this thesis is organized as follows.  Chapter 2 is devoted to the 

description of theoretical foundations of our calculations. The density functional theory, 

its related approximations and techniques for practical calculations, and the LSDA+U 

method are discussed in this chapter. Then we show our results on the structural, 

electronic and magnetic properties of CuO in Chapter 3. In Chapter 4, CuO with 
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different native point defects is studied. Defect levels, structural relaxations and 

formation energies are examined. A conclusive discussion on the results of our work is 

presented in the last chapter together with some possible further work to be done. 
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CHAPTER 2 

METHODOLOGY  

 

 

First-principles calculations refer to quantum mechanical calculations which do 

not depend on any external parameters except the atomic numbers of the atoms 

involved in the calculations. In this chapter the theories, approximations and methods 

used in first principles calculations are described. The LSDA+U method implemented 

in the PAW approximation we adopted throughout this work is also described here. 

2.1 Schrödinger Equation 

Any problem in the electronic structure of matter is covered by the time-

dependent Schrödinger equation  

 ( , , )ˆ ( , , ) R r tH R r t i
t

∂Ψ
Ψ =

∂
 (2.1) 

where Ĥ is the Hamiltonian operator corresponding to the total energy of the system,  

( , , )R r tΨ  is the wavefunction, a function of all the self-variants of the system, 

including the nuclear positions R , electron positions and spins r and time t . 

Suppose there are no external fields, the Hamiltonian of a system consisting of 

M nuclei (each with charge Zα and mass mα ) and N electrons, in atomic units 

( 1, 1, 1em e= = = ), is given by 
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 VTH ˆˆˆ +=  (2.2) 

where  

 2 21 1ˆ
2 2

M N

ii
T

m ααα

= − ∑ − ∑∇ ∇   (2.3) 

representing the kinetic energies of the nuclei and electrons respectively, and 

 1ˆ
M M M N N N

i i j ii i j

Z Z ZV
R rR R r r

α β α

α β α α αα β> >

= − +
−− −

∑∑ ∑∑ ∑∑  (2.4) 

describing the potential energies due to nuclear-nuclear repulsion, nuclear-electron 

attraction and electron-electron repulsion. 

Since the Hamiltonian above is independent of time, using the technique of 

separation of variables the solution of the Schrödinger equation can be written as  

 ( , , ) ( , ) ( )R r t R r f tΨ = Ψ . (2.5) 

By substituting this equation back to Equation (2.1), the time-dependent 

Schrödinger Equation is reduced to a time-independent Schrödinger Equation 

 Ψ=Ψ EĤ  (2.6) 

and  

 ( , , ) ( , ) exp( / )R r t R r iEtΨ = Ψ − . (2.7) 

This equation shows that if the potential is independent of time and the system is 

in a state of energy E, all that is required to construct the time-dependent wavefunction 
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from the time-independent wavefunction is multiplication by )/exp( iEt− , which is 

simply a modulation of its phase. 

2.2 The Born-Oppenheimer Approximation  

While theoretically the Schrödinger Equation is powerful to describe almost all 

the systems, it is very disappointing that in practice it is too complicated to be solved 

for all except the simplest systems.  To overcome this difficulty, approximations have to 

be made. And the most common approximation is the Born-Oppenheimer 

Approximation [63, 64]. 

In the Born-Oppenheimer Approximation, the electrons and the ions in a real 

system are treated separately. This treatment is legitimate in most cases because of the 

large mass difference between the two families of particles. The forces on both 

electrons and nuclei due to their electric charge are of the same order of magnitude, and 

so the changes which occur in their momenta as a result of these forces must also be the 

same. One might therefore assume that the actual momenta of the electrons and nuclei 

were of similar magnitude. In this case, since the nuclei are so much more massive than 

the electrons, they must accordingly have much smaller velocities. Thus it is plausible 

that on the typical time scale of the nuclear motion, the electrons will very rapidly relax 

to the instantaneous ground state configuration. So that in solving the time independent 

Schrödinger equation resulting from the Hamiltonian in equation, we can assume that 

the nuclei are stationary and solve for the electronic ground state first and then calculate 

the energy of the system in that configuration and solve for the nuclear motion. This 
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separation of electronic and nuclear motion is known as the Born-Oppenheimer 

approximation. 

Applying the Born-Oppenheimer approximation, the ionic wavefunction (R)ξ  

is independent of the electronic wavefunction and the total wavefunction of the system 

can be approximately written as the product of ionic and electronic terms 

 RΨ(R, r) (R) (r)ξ ψ=  (2.8) 

where the notation of the electronic wavefunction (r)ψR  implies that it only depends 

parametrically on the ionic positions.  

As a result of the Born-Oppenheimer Approximation, the Coulomb potential 

produced by the nuclei can be treated as a static external potential )(rVext   

 ( )
| |ext i

i

ZV r
R r

α

α α

= −
−∑ . (2.9) 

If we define 

 ˆ ( ) ( )ext ext i
i

V r V r=∑  (2.10) 

and 

 2

1

1 1ˆ ( ) ,
2

N N N

i
i i j i i j

F
r r= >

= − − ∇ +
−

∑ ∑∑  (2.11) 

then the Hamiltonian can be written as 

 ˆ ˆ ˆ
extH V F= + . (2.12) 

Since F̂ will be the same for all N-electron systems, the Hamiltonian and hence 

the ground state wave function 0ψ  will be completely determined by N  and êxtV . 
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Therefore, the ground state wave function 0ψ  and electronic charge density 0 ( )rρ are 

both functionals of the number of electrons N  and the external potential ( )extV r . The 

ground state electronic charge density in terms of 0ψ  is 

 
2

0 1 0 2( ) Nr N dr drρ ψ= ∫ . (2.13) 

2.3 Density Functional Theory 

Separate treatment of electronic and ionic movements simplifies the original 

problems and allows us to treat the ions in a classical formalism. However, because of 

the mutual interactions between electrons, the electronic problem is still a far too 

complicated many body quantum problem to be solved exactly in practical 

computations. Owing to this difficulty, further developments are required to convert a 

many-body problem into many one-body problems for real materials. Density 

Functional Theory provides a framework for these developments. 

Density Functional Theory, based on two theorems first proved by Hohenberg 

and Kohn [30] in the 1960’s, makes it possible to describe the ground state properties of 

a real system in terms of its ground state charge density instead of the far more 

complicated wavefunction. This theory allows us to find the ground state properties of a 

system in terms of the ground state charge density without explicit recourse to many-

particle wavefunctions. Since the electronic charge density depends only on four 

variables (three Cartesian variables and electron spin), the original 4M (where M is the 

number of electrons) variables problem involving the complicated wavefunctions is 

reduced to a much simpler problem in which only four variables are needed to define 
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the charge density at a point. Thus the computational efforts will be drastically reduced 

and the problem will be feasible to be solved computationally. 

2.3.1 The Hohenberg-Kohn Theorems 

The two Hohenberg-Kohn theorems state that: 

Theorem I: For any system of interacting particles in an external 

potential ( )extV r , the potential ( )extV r  is determined uniquely, except for a constant, by 

the ground state electronic charge density 0 ( )rρ . 

Theorem II: A universal functional for the energy in terms of the density ( )rρ  

can be defined, valid for any external potential ( )extV r . For any particular ( )extV r , the 

exact ground state energy of the system is the global minimum value of this functional, 

and the density ( )rρ that minimizes the functional is the exact ground state 

density 0 ( )rρ . 

A schematic representation of these two theorems is shown in Figure 2.1. 

( )i rψ  
0 ( )rψ

( )extV r HK
0 ( )rρ

Figure 2.1 Schematic representation of Hohenberg-Kohn theorems. The single arrows 
denote the usual solution of the Schrödinger equation where the potential ( )extV r  
determines all states of the system ( )i rψ , including the ground state 0 ( )rψ and ground 
density 0 ( )n r . The double arrow labeled “HK” denotes the Hohenberg-Kohn theorems, 
which completes the cycle. From [128]. 
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The proofs of the Hohenberg-Kohn theorems are disarmingly simple. To prove 

Theorem I, we use the method of reductio ad absurdum: suppose that there was a 

second different external potential ( )extV r′ which differs from ( )extV r by more than a 

constant. These two external potentials give rise to the same ground state density 

0 ( )rρ but lead to two different Hamiltonians, Ĥ and Ĥ ′ , which have two different non-

degenerate ground state wavefunctions, ψ and ψ ′ . Since ψ ′ is not the ground state 

wavefunction of Ĥ , it follows that 

 
0

0

3
0

ˆ ˆ ˆ ˆ ˆ

( ) ( ) ( )ext ext

E H H H H H

E d r V r V r r

ψ ψ ψ ψ ψ ψ ψ ψ

ρ

′ ′ ′ ′ ′ ′ ′ ′= < = + −

⎡ ⎤′′= + −
⎣ ⎦∫

 (2.14) 

where 0E and 0E′ are the ground state energies for Ĥ and Ĥ ′ , respectively. Similarly, if 

we consider 0E′  in exactly the same way, we have an equation 

 
0

0

3
0

ˆ ˆ ˆ ˆ ˆ

( ) ( ) ( ).ext ext

E H H H H H

E d r V r V r r

ψ ψ ψ ψ ψ ψ ψ ψ

ρ−

′ ′ ′ ′ ′ ′= < = + −

⎡ ⎤′= −
⎣ ⎦∫

 (2.15) 

Adding these two equations, we would obtain the contradictory inequality 

 0 0 0 0 ,E E E E′ ′+ < +  (2.16) 

which is absurd. This shows that there cannot be two different external potentials 

differing by more than a constant which give the same ground state charge density.  

The charge density uniquely determines N  and the external potential 

( )extV r within a constant. Because the external potential and number of electrons 

N determine all the ground state properties of the system since the Hamiltonian and 
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ground state wave function are determined by them. Hence all properties of the ground 

state, for example the kinetic energy [ ]T ρ , the potential energy [ ]V ρ  and the total 

energy [ ]E ρ , are uniquely determined by the charge density ( )rρ . Then we have, for 

the total energy 

 [ ] [ ] [ ] [ ] [ ]( ) ( )ne eeE T V V r V r dr Fρ ρ ρ ρ ρ ρ= + + = +∫   (2.17) 

where                    

 [ ] [ ] [ ]eeF T Vρ ρ ρ= +  (2.18) 

is an introduced functional as defined above. 

The second Theorem can be easily proved by using the variational principle: by 

the first Theorem, a given electronic charge density ( )rρ determines its own external 

potential ( )extV r and ground state wavefunction [ ]0ψ ρ . If this wavefunction is used as a 

trial function for the Hamiltonian having external potential ( )V r , then 

 
[ ] [ ] [ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ] [ ]

0 0 0 0 0 0

0 0 0 0 0 0

ˆ ˆ ˆ

ˆ( ) ( ) .V V

H F V

F r V r dr E E E H

ψ ρ ψ ρ ψ ρ ψ ρ ψ ρ ψ ρ

ρ ρ ρ ρ ψ ρ ψ ρ

= +

= + = ≥ = =∫
 (2.19) 

For non-degenerate ground states, the equality holds only if 

 [ ] [ ]0 0 0 ,ψ ρ ψ ρ=  (2.20) 

and therefore 

 0.ρ ρ=  (2.21) 

This shows that the ground state density is indeed the density that minimizes the 

functional. 
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The inequality follows from Rayleigh–Ritz’s variational principle for the wave 

function, but applied to the electronic density. Assuming differentiability of [ ]E ρ , the 

variational principle requires that the ground state density satisfy  

 { }0[ ] ( ) 0E r dr Nδ ρ µ ρ⎡ ⎤− − =⎣ ⎦∫  (2.22) 

which gives the Euler-Lagrange equation of the form 

 [ ] [ ]0 0

0 0

( )
( ) ( )

E F
V r

r r
δ ρ δ ρ

µ
δρ δρ

= = +  (2.23) 

whereµ is the Lagrange multiplier corresponding to the chemical potential associated 

with the constraint 

 0 ( ) .r dr Nρ =∫  (2.24) 

Equation (2.23) is the basic working equation of density functional theory. 

The above proofs assumed the non-degeneracy of the ground states. It has been 

shown that this condition can be lifted by the so-called “constrained search formulation” 

proposed by Levy [65-67] and Lieb [68-70] and therefore the density functional 

formalism can be generalized to deal with both non-degenerate and degenerate ground 

states.  

[ ]F ρ  of equation (2.18) is a universal functional of ( )rρ  in a sense that [ ]F ρ  

is defined independently of the external potential ( )V r . If we knew the exact 

functional [ ]F ρ , the equation (2.22) would be an exact equation for the ground state 

electron density. Therefore, once we have an explicit form for [ ]F ρ , we can apply this 

method to any system. However, accurate implementations of the density functional 
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theory are far from easy to achieve because of the unfortunate fact that the 

functional [ ]F ρ is hard to come by in explicit form. 

2.3.2 The Kohn-Sham Method 

Density functional theory is the most widely used method today for electronic 

structure calculations because of the approach proposed by Kohn and Sham in 1965 

[31] to replace the original many-body problem by an auxiliary independent-particle 

problem. This is an ansatz that, in principle, leads to exact calculations of properties of 

many-body systems using independent-particle methods; in practice, it has made 

possible approximate formulations that have proved to be remarkably successful. As a 

self-consistent method, the Kohn-Sham approach involves independent particles but an 

interacting density, an appreciation of which clarifies the way the method is used. 

The Kohn-Sham ansatz assumes that the exact ground state density 0 ( )rρ can be 

represented by the ground sate density ( )rρ of an auxiliary system of non-interacting 

particles as shown in Figure 2.2. Although there are no rigorous proofs for real systems 

of interest, it is assumed this equivalent non-interacting system does exist.  

Figure 2.2 A cartoon representing the relationship between the real many body system 
(left hand side) and the auxiliary non-interacting system of Kohn-Sham method. 

 

,E ρ
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The auxiliary Hamiltonian is chosen to have the usual kinetic operator and an 

effective local potential ( )effV r acting on an electron but have no electron-electron 

repulsion terms. Using the atomic units, this Hamiltonian is written as 

 21ˆ ( )
2

N N

s i eff i
i i

H V r⎛ ⎞= ∇ +⎜ ⎟
⎝ ⎠

∑ ∑  (2.25) 

There will be an exact determinantal ground state wavefunction for this system, 

  [ ]1 2
1 det ...

!s NN
ψ ϕϕ ϕ=  (2.26) 

where the iϕ are called KS orbitals corresponding to the N lowest eigenstates of the 

one-electron Hamiltonian ŝh : 

 21ˆ ( )
2s i eff i i ih V rϕ ϕ ε ϕ⎡ ⎤= − ∇ + =⎢ ⎥⎣ ⎦

 (2.27) 

The electronic charge density will be given as 

 2

1
( ) ( )

N

i
i

r rρ ϕ
=

=∑  (2.28) 

and the kinetic term is 

 
[ ] 2

1

2

1

1( )
2

1
2

N

s s i s
i

N

i i
i

T ρ ψ ψ

ϕ ϕ

=

=

= − ∇

= − ∇

∑

∑
 (2.29) 

Using this kinetic energy form, the universal functional [ ]F ρ  can be rewritten 

as 
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[ ] [ ] [ ]
[ ] [ ] [ ] [ ] [ ] [ ]{ }
[ ] [ ] [ ]

ee

s s ee

s xc

F T V

T J T T V J

T J E

ρ ρ ρ

ρ ρ ρ ρ ρ ρ

ρ ρ ρ

= +

= + + − + −

= + +

 (2.30) 

where [ ]J ρ is the classical electrostatic interaction energy corresponding to a charge 

distribution ( )rρ , 

 [ ] 1 ( ) ( )
2

r rJ drdr
r r

ρ ρρ
′

′=
′−∫  (2.31) 

Equation (2.30) also defines the exchange-correlation energy as a functional of 

density 

 [ ] [ ] [ ] [ ] [ ]xc s eeE T T V Jρ ρ ρ ρ ρ= − + −  (2.32) 

from this definition, we can see clearly that the exchange-correlation energy 

[ ]xcE ρ includes two parts of contributions: the non-classical electron-electron 

interaction energy and the difference between the two kinetic energies [ ]T ρ and [ ]sT ρ . 

Upon substitution of the expression of [ ]F ρ  in equation (2.17), the total energy 

functional can be rewritten as 

 [ ] [ ] [ ] [ ] ( ) ( )s xcE T J E r V r drρ ρ ρ ρ ρ= + + + ∫  (2.33) 

and the Euler-Lagrange equation now becomes 

 [ ]( )
( )

s
eff

T
V r

r
δ ρ

µ
δρ

= +  (2.34) 

where the Kohn-Sham effective potential is defined by 
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[ ] [ ]( ) ( )
( ) ( )
( )( ) ( )

xc
eff

xc

J E
V r V r

r r
rV r dr V r

r r

δ ρ δ ρ
δρ δρ
ρ

= + +

′
′= + +

′−∫
 (2.35) 

with the exchange-correlation potential 

 [ ]( )
( )

xc
xc

E
V r

r
δ ρ
δρ

=  (2.36) 

In summary, the KS orbitals satisfy the well-known self-consistent Kohn-Sham 

equations 

 21 ( )
2 eff i i iV r ϕ ε ϕ⎡ ⎤− ∇ + =⎢ ⎥⎣ ⎦

 (2.37) 

and the electronic charge density is constructed using the KS orbitals 

 2

1
( ) ( )

N

i
i

r rρ ϕ
=

=∑  (2.38) 

Comparing with the single Euler-Lagrange equation (2.34), we see that, by 

introducing the N KS orbitals, the Kohn-Sham equations handle [ ]sT ρ , the dominant 

part of the true kinetic energy [ ]T ρ , indirectly but exactly. This is a major advance over 

the Hohenberg-Kohn theorems: the major part of the unknown functional [ ]F ρ is 

known exactly; only a residual part [ ]xcE ρ is unknown now. The relationship between 

the Hohenberg-Kohn theorems and the Kohn-Sham method is schematically 

represented in Figure 2.3. 
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Figure 2.3 Schematic representation of Kohn-Sham method. The notation HK0 denotes 
the Hohenberg-Kohn theorems applied to the non-interacting problem. The arrow 
labeled KS provides the connection in both directions between the many-body and 
single-particle systems. Therefore, in principle, solution of the single-particle Kohn-
Sham problem determines all properties of the many-body system. From [128]. 

 

2.3.3 Spin Density Functional Theory 

The density functional theory as it has been discussed up to this point only use 

the total density ( )rρ as the fundamental variable. However, this is not the widely used 

density functional theory in practical applications. Much common is the spin density 

functional theory which works with two fundamental variables, i.e., the up and down 

spin densities ( )rαρ and ( )rβρ . They are defined as  

 ( )
2

1
( )

N

i
i

r r
σ

σ σρ ϕ
=

=∑   ,σ α β=  (2.39) 

with the interpretation that 3( )r d rσρ is the probability of finding an electron of spin 

σ in 3d r  around r . These two fundamental variables then can be used to calculate the 

particle charge density ( )rρ and spin-magnetization density ( )m r from  

 ( ) ( ) ( )r r rα βρ ρ ρ= +  (2.40) 

 ( ) ( ( ) ( ))Bm r r rα βµ ρ ρ= −  (2.41) 

HK0

( )i rψ  
0 ( )rψ

( )extV r  HK KS ( )KSV r  0 ( )rρ0 ( )rρ

0 ( )rψ 1i Nϕ =  
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where 2B eeh m cµ = is the Bohr magneton. Then the Hohenberg-Kohn Theorems can be 

proved, showing that the ground state wavefunction and all ground state observables are 

unique functionals of ( )rρ and ( )m r  or, equivalently, ( )rαρ  and ( )rβρ . Similarly, the 

Kohn-Sham equations can be developed with spin-dependent effective 

potentials , ( )effV rσ  as follows, 

 

2
, , , ,

2
, , , ,

1 ( )
2
1 ( )
2

eff i i i

eff i i i

V r

V r

α α α α

β β β β

ϕ ε ϕ

ϕ ε ϕ

⎧ ⎫⎡ ⎤− ∇ + =⎪ ⎪⎢ ⎥⎪⎣ ⎦ ⎪
⎨ ⎬
⎡ ⎤⎪ ⎪− ∇ + =⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭

 (2.42) 

where 

 , ( )

,

( )

,
( )( ) ( )( ) ,

( ) ,
( )

xc

eff r

eff xc

r

E
rV r rV r dr

V r r r E
r

β

α

α β

α

α ρ

α β
β

β

ρ

δ ρ ρ

δρ
ρ

δ ρ ρ

δρ

⎧ ⎫⎛ ⎞⎡ ⎤⎣ ⎦⎪ ⎪⎜ ⎟
⎜ ⎟⎪ ⎪⎧ ⎫ ⎝ ⎠′⎪ ⎪ ⎪ ⎪′= + +⎨ ⎬ ⎨ ⎬′− ⎛ ⎞⎡ ⎤⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎣ ⎦⎜ ⎟⎪ ⎪⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭

∫  (2.43) 

i.e. , ,

,,

( ) ( )( )( ) .
( )( )

eff xc

xceff

V r V rrV r dr
V rV r r r

α α

ββ

ρ⎧ ⎫ ⎧ ⎫′⎪ ⎪ ⎪ ⎪′= + +⎨ ⎬ ⎨ ⎬′− ⎪ ⎪⎪ ⎪ ⎩ ⎭⎩ ⎭
∫  (2.44) 

Spin density functional theory is essential in the theory of atoms and molecules 

with net spins, as well as solids with magnetic order. In fact, all modern density 

functional calculations are spin density functional calculations.  

2.4 Approximations of [ ]ρxcE : L(S)DA and GGA 

The density functional theory as it has been discussed up to this point is exact 

and no approximation was introduced into this theory. However, the exchange 
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correlation energy functional [ ]xcE ρ , though well defined and exact in principle, is not 

known exactly. Therefore, to make the density functional theory a practical tool for 

electronic calculations, we have to introduce approximation to express explicitly the 

exchange correlation energy functional [ ]xcE ρ . 

The simplest approximation of the exchange correlation energy is the local 

(spin) density approximation (L(S)DA) proposed by Kohn and Sham in 1965 [31]. The 

main idea of LSDA is that the real inhomogeneous electronic systems can often be 

regarded as locally homogeneous as the homogeneous electron gas having the same 

density.  Thus, the exchange correlation energy is simply an integral over all space with 

the exchange correlation energy density h
xcε at each point, 

 
3

3

, ( ) ( ( ), ( ))

( ) ( ( ), ( )) ( ( ), ( ))

LSDA h
xc xc

h h
x c

E r r r d r

r r r r r d r

α β α β

α β α β

ρ ρ ρ ε ρ ρ

ρ ε ρ ρ ε ρ ρ

⎡ ⎤ =⎣ ⎦

⎡ ⎤= +⎣ ⎦

∫
∫

 (2.45) 

in the second step h
xcε  has been divided into two parts: an exchange part h

xε  and a 

correlation part h
cε  

 ( ( ), ( )) ( ( ), ( )) ( ( ), ( ))h h h
xc x cr r r r r rα β α β α βε ρ ρ ε ρ ρ ε ρ ρ= +  (2.46) 

Since the exchange energy of the homogeneous gas has a simple analytical form 

and the correlation energy has been calculated to great accuracy using the Quantum 

Monte Carlo methods, we can obtain an explicit form for the exchange correlation 

energy based on this approximation and then we can solve the Kohn-Sham equations. 

Although it is extremely simple, the LSDA is a very successful approximation 

for many systems of interest, not only for those where the electronic density is quite 
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homogeneous (these are the systems that the approximation was designed to work 

with), but also for less uniform systems where the electronic density is rapidly varying. 

However, there are also a number of problems with the LSDA [35-38]. For instance, it 

usually overestimates the bonding energies but underestimates the energy band gap. 

To overcome these and other problems of LSDA, it is natural to improve the 

exchange correlation energy functional in LSDA by introducing a dependence on the 

gradient of the electron density, which is call the General Gradient Approximation 

(GGA) [39-44]. The GGA expression for the exchange correlation energy functional 

looks like 

 , ( ) , , , ,GGA
xc xc xcE r dr F drα β α β α β α βρ ρ ρ ε ρ ρ ρ ρ ρ ρ⎡ ⎤ ⎡ ⎤ ⎡ ⎤= + ∇ ∇⎣ ⎦ ⎣ ⎦ ⎣ ⎦∫ ∫  (2.47) 

where the functional xcF is constructed under guidance of wave vector analysis of the 

exchange correlation energy  to satisfy some formal conditions, such as the sum rule, 

the physical asymptotic behaviors and so on. Several expressions of the exchange 

correlation energy density have been described in different formulations of the GGA 

functionals. 

GGA did improve the descriptions of some systems over LSDA. One of the 

famous examples is that GGA has predicted the correct ground state of bulk Fe to be 

ferromagnetic body-centered cubic structure [71], while the LSDA has predicted a 

wrong non-ferromagnetic face-centered cubic structure [72-75]. GGA also reproduces 

the binding energies, atomic energies and bond lengths better than LSDA. Nevertheless, 

there still exist some systems which cannot be properly described by GGA because of 

its semi-local nature. What is worse is that no systematic way has been developed to 
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improve the functionals for exchange and correlation. The problems are most severe in 

materials in which the electrons tend to be localized and strongly interacting, such as 

transition metal oxides and rare earth elements and compounds. 

2.5 Strongly Correlated Systems and LSDA+U Method 

Although there is no rigorous definition for the strongly correlated systems, they 

are often referred as those systems in which the interactions (correlations) among the 

constituent particles are very strong. Such systems usually contain transition metal or 

rare-earth metal ions with partially filled d or f shells. 

As mentioned earlier and from abundant literature [76-79], LSDA as well as 

GGA fails in describing the electronic structure of strongly correlated systems. The 

failure can be traced back to the mean-field character of the Kohn-Sham equations as 

well as to the poor description of strong correlation effects within the homogeneous 

electron gas. The insufficient treatments of on-site strong Coulomb correlation effects 

are responsible for the breakdown of the LSDA and GGA descriptions of the electronic 

structure of these compounds. 

Several attempts have been made to take into account the strong electron-

electron correlation effects such as the self-interaction correction (SIC) method [35, 47], 

the Hartree-Fock (HF) method [80-83], the GW approximation (GWA) [48-51]. One of 

the most popular approaches is the LSDA+U method which was proposed by Anisimov 

et al [37] and reformulated later by some others [52-61]. In the LSDA+U method, the 

electrons are separated into two subsystems as in the Anderson model [84]: localized d 

or f electrons for which Coulomb d-d interaction should be taken into account and 
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delocalized s, p electrons which could be described by using an orbital-independent 

one-electron potential (LSDA). The total energy functional in the LSDA+U method is 

obtained by adding a Hubbard-like term [62] to the LSDA total energy functional, and 

at the same time, by subtracting the Coulomb energy of d-d interactions from the LSDA 

total energy functional.  

In this thesis, we adopt a simple version of the LSDA+U method formulated by 

Dudarev et al [59, 60]. It is based on a model Hamiltonian with the form 

 , , , ,
, , ,

( )ˆ ˆ ˆ ˆ
2 2m m m m

m m m m

U U JH n n n nσ σ σ σ
σ σ

′ ′−
′ ′≠

−
= +∑ ∑  (2.48) 

where ,ˆmn σ is the operator yielding the number of electrons occupying an orbital with 

magnetic quantum number m and spin σ at a particular site; J is a parameter 

representing the screened exchange energy; andU is a spherically averaged Hubbard 

parameter describing the Coulomb-energy cost to place two d electrons at the same site 

 1 1( ) ( ) 2 ( ).N N NU E d E d E d+ −= + −  (2.49) 

Then the total energy functional can be written as 

 ( )2
, ,

,

( ) .
2

LSDA U LSDA
m m

m

U JE E n nσ σ
σ

+ −
= + −∑  (2.50) 

This functional is yet not invariant with respect to a unitary transformation of 

the orbitals. To obtain a rotationally invariant energy functional, Lichtenstein et al [57] 

proposed to replace the number operator ,ˆmn σ by the on-site density matrix mmPσ
′ of the d 

electrons as follows 
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 ( ) .
2

LSDA U LSDA U JE E Tr P P Pσ σ σ

σ

+ − ⎡ ⎤= + −⎣ ⎦∑  (2.51) 

The interpretation of this functional is particularly simple. In the limit of an idempotent 

on-site density matrix Pσ  

 ,P P Pσ σ σ=  (2.52) 

The LSDA+U energy functional yields exactly the same energy as the LSDA functional 

 .LSDA U LSDAE E+ =  (2.53) 

The one-electron potential is given by the functional derivative of the total energy with 

respect to the electron density. In a matrix representation, this can be formulated as 

 1( ) .
2

LSDA U LSDA

ij ij ij
ij ij

E EV U J P
P P

σ σ
σ σ

δ δ δ
δ δ

+ ⎡ ⎤= = + − −⎢ ⎥⎣ ⎦
 (2.54) 

It can be seen that the potential becomes spin and orbital dependent after adding 

the on-site Coulomb interaction to the LSDA Hamiltonian. Because a larger energy cost 

is associated with fluctuations of the d occupancy, the orbital-dependent potential 

reduces the fluctuations of the d occupancy, resulting in a better justification of a mean 

field approach. The LSDA+U method has proven to be successful in applications to 

strongly correlated systems [37, 58-60, 85-87]. 

2.6 Solving the Kohn-Sham Equations 

At this point, we can consider solving the Kohn-Sham equations to obtain the 

quantities we want. However, it is still a formidable task to handle an infinite number of 

non-interacting electrons moving in the static potential of an infinite number of nuclei 

or ions. There exist two difficulties: a wavefunction must be calculated for each of the 
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infinite number of electrons in the system, and since each electronic wavefunction 

extends over the entire solid, the basis set required to expand each wavefunction is 

infinite. To overcome these problems, we must invoke some theories and 

approximations to reduce the infinite systems to finite ones. 

2.6.1 Bloch’s Theorem and k Point Sampling 

Although the pure crystal is infinite in principle, the constituent ions are 

supposed to be at rest in their equilibrium positions and form a periodically repeated 

structure.  In this case the electrons can be considered to move in a static potential 

( )V r , which may be the Kohn-Sham effective potential. Because of the periodicity of 

the crystal structure, this potential is also periodic. In mathematic words, the potential 

satisfies 

 ( ) ( )V L r V r+ =  (2.55) 

for all Bravais lattice vectors L .  

The Bloch’s theorem [88, 89] states that the one-electron wavefunctions of 

electrons moving in this type of potential can be chosen to have the form of plane wave 

times a function with the periodicity of the Bravais lattice: 

 ( ) ( )ik r
nk nkr e u rϕ ⋅=  (2.56) 

where k is the wave vector related to the translational properties and n  is the band 

index labeling different eigenstates corresponding to the same k , and 

 ( ) ( )nk nku L r u r+ =   (2.57) 

for all L in the Bravais lattice.  

Combining the above two equations we obtain 
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 ( ) ( ).ik L
nk nkr L e rϕ ϕ⋅+ =  (2.58) 

From this equation, we see that the Bloch’s theorem have changed the problem of 

calculating an infinite number of electronic wavefunctions to one of calculating a finite 

number of electronic wavefunctions at an infinite number of k points.  

On the other hand, the wave vector k  can always be confined to the first 

Brillouin zone or to any other convenient primitive cell of the reciprocal lattice. This is 

because any k ′ not in the first Brillouin zone can be written as 

 k k G′ = +  (2.59) 

where k does lie in the first Brillouin zone and G is a reciprocal lattice vector defined 

by 

 2G L mπ⋅ =    ( m is an integer) (2.60) 

for all lattice vectors L . Thus we can restrict our attention to those k vectors which lie 

within the first Brillouin zone. The k points required in the electronic states calculations 

can be further reduced by the use of a small special set of k points in the first Brillouin 

zone, which is based on the fact that the electronic wavefunctions and other properties 

at k points that are very close together will be almost identical.  Different methods [90-

92] have been devised to choose the special points for obtaining very accurate 

approximation to the electronic potential and the total energy. The magnitude of any 

error due to the selection of special k points can always be reduced by choosing a 

denser set of k points. 
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2.6.2 Plane Wave Basis Sets and Pseudopotential Approximation 

Solving the Kohn-Sham equations is an integral-differential problem, which is 

hard to attack in practical calculations. Therefore, it is necessary to transform this 

problem into an easier one. This can be achieved by expanding the electronic 

wavefunctions with a basis set. The plane wave basis set [93] seems a natural choice 

since the Bloch’s theorem states that the electronic wavefunctions at each k point can 

be expanded in terms of a discrete plane wave basis set. In addition, plane wave basis 

sets offer many advantages in density functional calculations for solids, including 

completeness, an unbiased representation (parameter free), arbitrarily good convergence 

accuracy and the ability to use the Fast Fourier Transform (FFT) to move back and forth 

between real and reciprocal spaces.  

In principle, to obtain exact expansions of the electronic wavefunctions, an 

infinite plane wave set is required. But in practice, it is impossible because we can only 

handle a finite number of plane waves. Thus the plane wave set is usually truncated to 

include only plane waves that have kinetic energies less than some particular cutoff 

energy cutE : 

 
2

2 .
2 cutk G E

m
+ ≤  (2.61) 

In this way, a finite plane wave basis set is produced. The truncation of the plane wave 

basis set at a finite cutoff energy will certainly lead to the accuracy problems in the 

computed results. But it is possible to reach the accuracies we want by increasing the 

value of the cutoff energy until the calculated results have converged.  
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However it is still computationally too difficult in the real calculations even after 

the above methods and approximations are introduced. This is because a large number 

of plane waves are required to model accurately the core wavefunctions which oscillate 

rapidly with many nodes. A possible way to overcome this difficulty is the 

pseudopotential approximation [94-101] which is based on the fact that most physical 

properties of solids are dependent on the valence electrons to a much greater extent than 

on the core electrons. The pseudopotential method removes the core electrons and 

replaces them and the strong Coulomb potential by a much weaker pseudopotential and 

replaces the valence electron wavefunctions with a set of pseudo, smoothly varying 

wavefunctions which have no radial nodes in the core region. By doing so, the number 

of plane waves needed to expand the electronic wavefunctions is reduced significantly 

and fewer electronic wavefunctions have to be calculated because of the removal of the 

core electrons.  

The pseudopotential approximation, especially the Vanderbilt’s ultrasoft 

pseudopotential [101] approach is now widely used in the electronic structure 

calculations [102-106]. But the success of the method is partly hampered by the rather 

difficult generation of the pseudopotentials. It is also reported that the pseudopotentials 

fail in spin-polarized calculations for materials with a large magnetic moment [107]. 

2.6.3 The Projector Augmented Wave (PAW) Method 

Some of the disadvantages of the pseudopotential method can be avoided in the 

all electron projector augmented wave (PAW) method [107-109] proposed by Blöchl. 

This method combines the ideas of the pseudopotential [94-101] and linearized 
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augmented plane wave (LAPW) [110-113] methods. In the PAW method, the all-

electron (AE) wavefunction is constructed from a pseudo (PS) wavefunction and atom-

like functions localized near the nuclei. The PS wavefunction ϕ coincides with the AE 

wavefunction ϕ  in the interstitial region, i.e., outside the atomic regions. Inside the 

atomic region, or called augmentation region, the wavefunction is almost atom-like 

because the effect of the surrounding crystal is small. Therefore, a natural choice is to 

use solutions φΛ of Schrödinger equation for the isolated atom, the so-called AE partial 

waves, as a basis set for the augmentation region. Here { }, , ,t n l mΛ =  is a global index 

for the atom t , the angular momentum l , the magnetic quantum number m , and the 

index n , the energy for which Schrödinger equation is solved. Then the AE 

wavefunction is related to the PS wavefunction through a linear transformation: 

 ( )n n npϕ ϕ φ φ ϕΛ Λ Λ
Λ

= + −∑  (2.62) 

where φΛ is introduced PS partial wavefunctions which are centered on the atom. They 

are equivalent to the AE partial waves φΛ outside their augmentation regions and 

match continuous onto φΛ inside the augmentation regions. The projector functions 

pΛ are dual to the PS partial waves: 

 .p φ δ′ ′Λ Λ ΛΛ=  (2.63) 

The first term in equation (2.62) represents the PS wavefunction defined over 

the entire space, which is equal to the AE wavefunction in the interstitial region, and 



 

 31

which is expanded in plane waves. The second term is the AE partial wave expansions, 

which describes the correct nodal behavior of the wavefunction in the augmentation 

region. The third term eliminates the spurious contribution of the PS wavefunction in 

the augmentation region. 

From equation (2.62), the AE charge density can be obtained: 

 1 1( ) ( ) ( ) ( )r r r rρ ρ ρ ρ= + −  (2.64) 

where ( )rρ is the pseudo charge density related directly to the PS wavefunctions nϕ  

 ( ) n n n
n

r f r rρ ϕ ϕ=∑  (2.65) 

with nf defined as orbital occupation numbers for the nth state. 

The onsite charge densities 1( )rρ and 1( )rρ are only defined inside the 

augmentation regions of each atom.  They are defined as 

 1
,

( , )
( ) ,PAWr P r rρ φ φ′ ′Λ Λ Λ Λ

′Λ Λ

= ∑  (2.66) 

 1
,

( , )
( ) .PAWr P r rρ φ φ′ ′Λ Λ Λ Λ

′Λ Λ

= ∑  (2.67) 

The matrix ,
PAWP ′Λ Λ describes the occupancies of each augmentation channel ( , )′Λ Λ and is 

calculated from the PS wavefunctions applying the projector functions: 

 , .PAW
n n n

n
P f p pϕ ϕ′ ′Λ Λ Λ Λ=∑  (2.68) 

Generally speaking, the PAW potentials are more accurate than the 

pseudopotentials. This is because that firstly the radial cutoffs (core radii) are smaller 

than the radii used for the pseudopotentials. Thus the required energy cutoffs and basis 
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sets are somewhat larger. Secondly, the PAW potentials reconstruct the exact valence 

wavefunctions with all nodes in the core region through the cut-and-paste way as given 

by equation (2.62). 

2.6.4 Implementation of LSDA+U within PAW Method  

To derive the LSDA+U method within the PAW method, one needs to define 

the orbital density matrix mmP ′ . The natural definition is based on the AE charge density 

inside the augmentation regions, 1( )rρ , which can be written more explicitly as [86, 87] 

 1
,

,
( ) PAW

lmn l m n lmn l m n
lmn l m n

r P r rρ φ φ′ ′ ′ ′ ′ ′
′ ′ ′

= ∑  (2.69) 

with the restriction to l and 2l′ = (d electrons), one can therefore relate the on-site 

density matrix mmP ′ to the PAW on-site occupancy matrix ,
PAW

lmn l m nP ′ ′ ′ through 

 , .PAW
mm lmn l m n lmn l m n

nn
P P φ φ′ ′ ′ ′ ′ ′ ′

′

= ∑  (2.70) 

This establishes the crucial link between the PAW and the LSDA+U method. 

The total energy then has the form 
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 (2.71) 

where , ,
,

t t
i ii

Pσ σ=∑ is the average occupation of the d shell for each spin direction as 

obtained from the d-orbital occupancies ,
,
t

i jP σ . The expressions , ,t t t t
i k ee j lVχ χ χ χ are 
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the four-center matrix elements of the screened Coulomb interaction eeV . Here the 

addition energy is applied only to the valence electrons, which are re-optimized while 

constrained to remain orthogonal to the core states. 

2.6.5 The Self-Consistent Procedure 

The solution of Kohn-Sham equations has to be obtained by an iterative, self-

consistent procedure. The reason is that the effective potential ( )effV r  depends on the 

density ( )rρ , which we are solving for. This procedure begins with initially guessed 

charge densities ( )rαρ and ( )rβρ , constructs the KS effective potentials from equation 

(2.43), and then finds the new output charge densities from equations (2.42) and (2.39) 

to begin another loop until the input and output charge densities are self-consistent. 

Then the interested quantities can be computed from the self-consistent charge densities 

or wavefunctions. 

This self-consistent loop is shown schematically in Figure 2.4. 
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Figure 2.4 Schematic representation of the self-consistent loop to solve the Kohn-
Sham equations. Adapted from [128]. 
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CHAPTER 3 

STRUCTURAL, ELECTRONIC AND MAGNETIC  

PROPERTIES OF CRYSTAL CuO 

 

 

In this chapter, the structural, electronic and magnetic properties of crystal CuO 

are studied by using the LSDA+U method. As a comparison, the electronic structure is 

also calculated by the LSDA method. 

3.1 Computational Details 

The calculations in this thesis were all performed using the Vienna Ab-initio 

Simulation Package (VASP) [107, 114-117]. VASP is a complex software package for 

performing ab initio quantum mechanics molecular dynamics simulations using 

pseudopotentials [94-101] or the PAW potentials [107-109] on plane wave basis sets. 

The approach implemented in VASP treats exchange and correlation based on density 

functional theory.  

In order to reduce the number of plane wave basis functions necessary for 

accurately describing electronic wave functions, the PAW potentials implemented in the 

LSDA+U method in VASP by Kresse and Joubert [107] were used in this work to 

describe the electron-ion interactions. The PAW potential for Cu was generated from 

the atomic configuration of [Ar]3d104s1. The 3d and 4s electrons were treated as valence 
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electrons. For O, the atomic configuration to generate the PAW potential was 

[He]2s22p4 and the 2s and 2p electrons were considered as valence electrons. At the 

level of the LSDA, the exchange-correlation functional proposed by Perdew and Zunger 

[35] based on the quantum Monte Carlo calculations of Ceperley and Alder [118] is 

used. 

In both the LSDA and LSDA+U methods applied to the calculations in this 

section, the special k-point set is generated by the Γ centered Monkhorst-Pack scheme 

[92] with a density of 8×8×8. The plane wave energy cutoff is set at 500 eV (36.75 Ry) 

to ensure the convergence of the calculations. For the LSDA+U calculations, we 

adopted the simplified rotationally invariant approach proposed by Dudarev et al [59, 

60]. The values of U and J for Cu are set at 7.5 eV and 0.98 eV, respectively. We 

adopted these values from Reference [37], where the values were obtained from a 

“constrained LDA calculation” [119].  

3.2 Crystal Structure 

In order to check both the PAW potentials and the LSDA+U method we adopted 

in this work, calculations were performed to determine the crystal structure of cupric 

oxide. The crystal structure of CuO has been studied by x-ray diffraction [17, 120, 121] 

and it is found that, unlike the usual rocksalt structure of other 3d transition-metal 

monoxides, CuO crystallizes in a monoclinic tenorite structure with C2/c symmetry. 

The unit cell containing four formula units is shown in Figure 3.1. The copper ions 

occupy positions ( )1 4,1 4,0;3 4,1 4,1 2±  along the lattice vectors a, b, c, respectively, 
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and the oxygen ions take positions ( )0, ,1 4;1 2, 1 2,1 4u u± + , where u is a parameter 

describing the relative positions of oxygen ions along lattice vector b.  

Due to its complex monoclinic structure, the unit cell shape, lattice vectors and 

atomic coordinates were relaxed simultaneously at a series of fixed volumes and the 

total energies were calculated for each volume.  The optimized structural parameters 

corresponding to the lowest energy are listed in Table 3.1, along with experimental 

values and the percentage differences between them. From Table 3.1 we can see that the 

agreements between the experimental values and our calculated values are excellent, 

demonstrating that both the PAW potentials and the LSDA+U method we adopted are 

suitable for further study of CuO. 

                      

 (a) (b) 

Figure 3.1 The crystal structure of cupric oxide. Black circles indicate O atoms, while 
grey circles indicate Cu atoms. (a) Side view. (b) Top view along the b axis. 
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Table 3.1 Calculated structural parameters for unit cell of CuO and their comparisons 
with experimental results. β is the angle between lattice vectors a and c in the 
monoclinic cell and u is a parameter describing the relative positions of O atoms along 
lattice vector b. 

Parameter Experiment * Theoretical (This work) Percentage Difference 

a 4.653 Å 4.55 Å 2.17% 

b 3.41 Å 3.34 Å 2.10% 

c 5.108 Å 4.99 Å 2.31% 

u -0.584 -0.582 0.34% 

β 99.483˚ 99.507˚ 0.024% 

* Reference 122. 

 
 
 
 

3.3 Electronic Structure 

Using the optimized structural parameters for the perfect crystal, the electronic 

structure, including the band structure and density of states (DOS), of cupric oxide is 

calculated by using the LSDA+U method. To find out the effects of the introduced 

Hubbard U on this system, the electronic structure is also calculated by LSDA method, 

using the same optimized structural parameters and energy cutoffs. 
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Figure 3.2 Density of states calculated using the LSDA method. The Fermi level is set 
at 0 eV. The majority is plotted upward; the minority is plotted downward. 

 

The density of states of CuO from the calculations based on the LSDA and the 

LSDA+U methods are shown in Figure 3.2 and 3.3, respectively. The DOS calculated 

from LSDA method (Figure 3.2) exhibit a metallic character in that the spin densities 

states are crossed by the Fermi level. This is in contradiction to many experiments, 

where CuO is found to be a semiconducting material [8, 18-20]. On the other hand, the 

LSDA+U approach leads to a different picture of the DOS of CuO (Figure 3.3). No 

density states crossed the Fermi surface and an energy gap of about 1.0 eV is obtained. 

Thus within the LSDA+U method, CuO is a semiconductor, which agrees well with the 

experiments, but is totally different from the conclusion within the LSDA method.  
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Figure 3.3 Density of states calculated using the LSDA+U method for CuO. The Fermi 
level is set at 0 eV. The majority is plotted upward; the minority is plotted downward. 
The symmetric filling of both majority and minority electrons indicates an 
antiferromagnetic ground state. 

 

The above results can be seen more clearly in the band structures of CuO. The 

band structures of CuO along high-symmetry directions of the first Brillouin zone 

calculated by using the LSDA and LSDA+U methods are shown in Figure 3.5 and 3.6, 

respectively. The first Brillouin zone of the monoclinic structure is shown below in 

Figure 3.4. The notations of the high-symmetry points of the first Brillouin zone are 

followed from Reference [123] where 
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Figure 3.4 The first Brillouin zone of monoclinic structure. 
 

In general, the band structures of CuO calculated from the LSDA and the 

LSDA+U methods are very similar. But they do have some differences, especially in 

the vicinity of the Fermi level. From Figure 3.5, we can clearly see that three electronic 

levels crossed the Fermi surface, which is set at 0. Thus there is no energy gap and CuO 

is predicted to have a metallic or semi-metallic ground state by the LSDA method. The 

band structure calculated by the LSDA method (Figure 3.5) is similar to the band 

structure of CuO calculated previously by the orthogonalized linear combination of 

atomic orbitals method (OLCAO) [29].  

On the other hand, the band structure by the LSDA+U method (Figure 3.6) 

shows no electronic levels crossed by the Fermi surface. The three electronic levels 

crossed by the Fermi surface in the LSDA calculations have been shifted away from the 



 

 42

Fermi surface by introducing the Hubbard U, thus opening an indirect energy gap of 

about 1.0 eV and predicting a semiconducting ground state for CuO, which is the 

correct ground state obtained by many experiments [8, 18-20]. Our calculated energy 

gap 1.0 eV is also close to the experimental value 1.2-1.9 eV [4-8]. The indirect nature 

of the band gap is confirmed by some experiments [6, 19]. 
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Figure 3.5 Band structure of CuO calculated using the LSDA method. The Fermi level 
is set at 0 eV. 
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Figure 3.6 Band structure of CuO calculated using the LSDA+U method. The Fermi 
level is set at 0 eV. 
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3.4 Magnetic Properties 

To find the magnetic properties of CuO in its ground state, all possible initial 

magnetic moments corresponding to the ferromagnetic, antiferromagnetic and non-

magnetic (paramagnetic) cases were assigned to the four Cu atoms in the unit cell. Then 

the unit cell was allowed to relax and total energies of each initial setting were obtained. 

We found that the lowest energies correspond to the antiferromagnetic case with spin 

alignments shown in Figure 3.7 (the unit cell with totally reversed spin alignments also 

has the same lowest energy). The antiferromagnetic ground state and the spin 

alignments of the four Cu atoms from our calculations agree with the results from the 

experiments [22, 23, 124], where CuO is found to be antiferromagnetic below 221.5K 

with the same spin alignments as our calculations.  

Figure 3.7 The unit cell of CuO with spin alignments corresponding to the lowest total 
energy. For the same lowest energy, the spin alignments could be totally reversed. 
Black circles indicate O atoms, while grey circles indicate Cu atoms. The atoms are 
numbered for the convenience of differentiating in Table 3.2 later. 
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Table 3.2 Decomposed magnetic moments in µB of atoms in the unit cell of CuO. The 
numbers of ions are assigned as shown in Figure 3.7. 

# of ion s p d total 

1 0 -0.006 0 -0.006 

2 0 0.004 0 0.004 

3 0 0.004 0 0.004 

4 0 -0.006 0 -0.006 

5 -0.004 -0.005 0.608 0.599 

6 0.004 0.005 -0.606 -0.597 

7 -0.004 -0.006 0.611 0.601 

8 0.004 0.006 -0.609 -0.599 

total 0 -0.004 0.005 0.001 

 
 
 
 

After the antiferromagnetic ground state with the particular spin directions 

shown in Figure 3.7 was obtained, we have calculated the decomposed magnetic 

moments of each ion, which is listed in Table 3.2. From this table, we can see that the 

local magnetic moment per unit formula from our calculation is about 0.60 µB. The 

local magnetic moment from our calculations has a big difference with the value from 

previous calculations by Manabu Takahashi and Jun-ichi Igarashi [125]. In their 

calculations using the three-body scattering approximation on a multi-orbital tight-

binding model, the local spin moments of Cu ions and O ions are 0.743 µB and 0.107 



 

 47

µB, respectively. However, our first-principles result is in good agreement with the 

experimental value 0.5 µB ~ 0.68 µB [21-24, 124].  

3.5 Discussion 

While the LSDA method predicts a wrong non-magnetic and metallic ground 

state for CuO, the LSDA+U method using the PAW potentials in the present work 

makes important improvements over the LSDA method by predicting CuO correctly 

with an antiferromagnetic and semiconducting ground state, in good agreement with 

experiments. The structural parameters from our calculations are only within a few 

percents with the experimental values ranging from 1.2 to 1.9 eV. The electronic 

structure obtained in our LSDA+U calculations shows that CuO is a semiconductor with 

an indirect energy gap of about 1.0 eV. The indirect gap is confirmed by many 

experiments and the value of 1.0 eV is also close to the experimental values. The spin 

orderings of Cu atoms and the local magnetic moments per unit formula in the obtained 

antiferromagnetic ground state from our calculations also agrees very well with 

experimental results.  
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CHAPTER 4 

NATIVE POINT DEFECTS IN BULK CuO 

 

 

Native point defects are defects intrinsic to the semiconductors. They play a 

very important role in semiconductors, both fundamentally and practically. In this 

chapter, we have studied the structural relaxations and defect levels induced by various 

native point defects in CuO. The formation energies of these defects are also calculated 

using the total energies of the supercells. By comparing the formation energies, it is 

concluded that Cu vacancies are most stable defect in CuO and thus CuO is intrinsically 

a p-type semiconductor. 

4.1 Computational Details 

The calculations in this section are carried out using the supercell method with 

the LSDA+U method of the simplified rotationally invariant approach as we did in the 

previous chapter. The values of U and J are the same as those used in the last chapter. A 

plane wave cutoff energy of 400 eV (29.4 Ry) is used in these calculations.  

4.1.1 Supercell Geometry 

For calculations on a system that contains a single defect, a continuous and 

infinite number of plane wave basis states would be required since the Bloch theorem 

cannot be applied to this system. However it is impossible to use an infinite number of 
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basis set in practical calculations. To overcome this difficulty, the supercell geometry is 

introduced. In the supercell geometry, the defect surrounded by a region of perfect 

crystal is constructed as the supercell, containing usually much more atoms than a unit 

cell does, and the whole structure (supercell) is periodically repeated throughout the 

space. A major advantage using the supercell is that we can perform the numerical 

integrations over Brillouin zone only at the Γ point. Because the first Brillouin zone is 

inversely proportional to the cell, enlarging the cell will reduce the size of the first 

Brillouin zone. When the supercell approaches to the limit of infinitely large, the first 

Brillouin zone shrinks into one point – the Γ point. This is important in two aspects: 

first, the larger the supercell size, the closer our results will be to the case of a single 

isolated defect. When the supercell is infinite, the defect becomes a truly isolated defect 

because there are no interactions between defects in neighboring supercells. Second, at 

Γ point, k=0, the Bloch wave function is a real function in stead of a complex function 

in other k points. This will reduce the computational efforts significantly. Practically, 

we cannot construct an infinite large supercell, so we must make sure the supercell is 

large enough to prevent the defects in neighboring cells from interacting appreciably 

with each other. For this reason, a unit cell containing a few atoms is usually not 

appropriate for defect calculations. As for how large of the supercell is enough, 

convergence of the computed defect energy as a function of the supercell size can be 

checked. When the computed defect energy has converged, it can be assumed that 

defects in neighboring supercells no longer interact and the supercell is constructed 

large enough. 
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In this study, based on the optimized structural parameters for the perfect crystal 

CuO we obtained in Chapter 3, we constructed a supercell with 2×3×2 times of a unit 

cell containing 96 atoms (Figure 4.1) for defect calculations. After the defect is 

introduced, the atoms in the supercell are allowed to relax. Numerical integrations over 

the first Brillouin zone were performed only at the Γ point because of the large size of 

supercells. This is also confirmed by performing the integrations with a 2×2×2 k-point 

grid: the formation energies differences of a few typical defects are less than 0.1 eV 

between using only the Γ point and using the 2×2×2 k-point grid. To check the 

convergence of the computed total energies, we also constructed a 2×2×2 supercell 

containing 64 atoms. Compared to 96-atom supercells, the 64-atom supercells 

calculations yield very similar results, indicating convergence.  

Figure 4.1 Structure of CuO supercell containing 96 atoms used in the study in this 
section. Black circles indicate O atoms, while grey circles indicate Cu atoms. 
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4.1.2 Calculating Formation Energies 

Based on the standard formalism proposed by Zhang and Northrup [126], the 

formation energy Hf for an intrinsic defect with charge q (including its sign) in CuO can 

be expressed as 

( ; ) ( ) ,f T T Cu Cu O O VBM FH E defect q E perfect n n qE qEµ µ= − − − + +  (4.1) 

where );( qdefectET and )( perfectET are the total energies of a supercell with the defect 

and the perfect supercell. Cun ( On ) denotes the number of copper (oxygen) atoms 

removed from (-) or added to (+) the perfect supercell and Cuµ ( Oµ ) is the 

corresponding chemical potential. VBME is the energy of the valence-band maximum and 

FE  is the Fermi energy defined to be zero at the valence-band maximum with a 

maximum value equal to the energy band gap we obtained in Chapter 3, 1.0 eV.  

From equation (4.1) we see that the formation energies of native point defects 

depend on the chemical potentials of Cu and O, and also vary with the Fermi energy. 

The chemical potentials of Cu and O depend on the experimental growth conditions, 

which can be Cu-rich or O-rich or anything in between. Under Cu-rich conditions, the 

copper is assumed in thermodynamic equilibrium with the bulk solid Cu and therefore 

][bulkCuCu µµ = , where ][bulkCuµ is the total energy per atom of metallic Cu. The O 

chemical potential in this case is not independent but constrained by the equilibrium 

condition 

 .CuOCuO µµµ =+  (4.2) 

Under O-rich conditions, the oxygen is assumed to be in equilibrium with O2 gas, so its 

chemical potential is ][ gasOµ , the total energy per atom of molecular O2. In this case, 

Cuµ is then obtained from condition (4.2). To obtain ][bulkCuµ and ][ gasOµ , separate 

calculations were performed to get the total energies of metallic Cu with fcc structure 

and molecular O2. For metallic Cu, a 16×16×16 k-point set generated by the 

Monkhorst-Pack scheme [92] and the cutoff energy of 342 eV were used. The 

optimized lattice parameter was 3.52 Å, which is in good agreement with experimental 
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value of 3.61 Å [122]. In the case of O2, only Γ point was used and an O2 molecule 

placed in a cubic cell with the dimension of 16Å was allowed to relax. The optimized 

O-O bond length we obtained is 1.22 Å, very close to experimental value 1.21 Å [127]. 

Our calculated values of ][bulkCuµ and ][ gasOµ are -4.71 eV and -5.24 eV, respectively.  

4.2 Results and Discussions 

We have considered three different types of native point defects: vacancies (VCu, 

VO), antisite defects (CuO, OCu) and isolated interstitials (Cui, Oi). A vacancy is 

introduced by removing a Cu atom or O atom from the supercell. For the antisite 

defects, an O atom is replaced by a Cu atom or a Cu atom is substituted by an O atom in 

the supercell. In the case of isolated interstitials, an atom of Cu or O is put on the 

possible sites in the supercell. In this study, the central “empty” position of the unit cell 

(see Figure 4.2) is considered as a possible interstitial site. For each defect species, we 

have considered its charge q neutral to fully ionized states: -2~0 for a Cu vacancy VCu, 

0~+2 for an O vacancy VO, 0~+2 for antisite CuO, -2~0 for antisite OCu, 0~+2 for a Cu 

interstitial Cui, and -2~0 for an O interstitial Oi. 

Figure 4.2 Initial interstitial position considered in the unit cell of CuO. Black circles 
indicate O atoms, while grey circles indicate Cu atoms. The interstitial is represented by 
a light grey circle. 
 

c 
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4.2.1 Electronic Structures and Structural Relaxations 

After a defect is introduced, structural relaxations take place around the defect. 

The distances between a defect and its neighboring atoms before and after the 

relaxations were examined and summarized in Table 4.1. Because of the low symmetry 

of the monoclinic structure, the atoms in a certain coordination shell do not always have 

equal distance from a defect. In this case, the average distance is listed in the table. For 

example, an O vacancy site has four Cu ions as first nearest neighbors (1st n.n.): two are 

1.900 Å and another two are 1.906 Å from the defect site. So the average value 1.903 Å 

is listed in the table as the distance. 

As seen from the table, in the presence of VCu
0, while 1st n.n. O ions relaxed 

outward nearly 11%, 2nd n.n. O ions show very slightly inward relaxations and 2nd n.n. 

Cu ions also exhibit inward relaxations of about 2%. This can be explained in terms of 

ionic size and charge effects. When a Cu atom is removed to form the vacancy, 1st n.n. 

O ions are no longer electrostatically attracted to the vacancy and therefore move away 

from the vacancy. In contrast, 2nd n.n. Cu ions move closer to the vacancy because 

electrostatic repulsions of Cu-Cu are reduced by the introduced vacancy. When negative 

charge states of VCu increase, 2nd n.n. Cu ions continue to move toward the vacancy 

because of the electrostatic attraction between VCu and 2nd n.n. Cu ions. Compared to 

the 2nd n.n. Cu ions, the distances between VCu and 1st n.n. O ions do not change so 

much with increasing charge states of VCu. This is because O ions with a large ionic size 

are subject to significant electrostatic repulsions with surrounding O ions and therefore 

they are energetically more difficult to relax than Cu ions, even in the presence of the 

charged defects. 
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Table 4.1 Structural relaxations around native point defects. Average distances from the 
defect positions to neighboring ions are listed. Neighboring atomic species and their 
coordination number are also shown in parentheses. 

Distance in Å (atomic species; coordination number)   
1st n.n. 2nd n.n. 

Cu (bulk CuO) 1.903 (O;4) 2.713 (O;2), 2.822 (Cu;4) 
VCu

0 2.112 (O;4) 2.709 (O;2), 2.763 (Cu;4) 
VCu

1- 2.116 (O;4) 2.702 (O;2), 2.757 (Cu;4) 
VCu

2- 2.115 (O;4) 2.701 (O;2), 2.751 (Cu;4) 
OCu

0 1.886 (O;4) 2.772 (Cu; 4) 
OCu

1- 2.076 (O;4) 2.695 (Cu;4) 
OCu

2- 2.254 (O;4) 2.414 (Cu;4) 
O (bulk CuO) 1.903 (Cu;4) 2.554 (O;2), 2.713 (Cu;2) 

VO
0 1.828 (Cu;4) 2.438 (O;2), 2.697 (Cu;2) 

VO
1+ 1.852 (Cu;4) 2.440 (O;2), 2.702 (Cu;2) 

VO
2+ 1.888 (Cu;4) 2.442 (O;2), 2.704 (Cu;2) 

CuO
0 2.190 (Cu;4) 2.437 (Cu;2), 2.545 (O;2) 

CuO
1+ 2.228 (Cu;4) 2.369 (Cu;2), 2.436 (O;2) 

CuO
2+ 2.225 (Cu;4) 2.372 (Cu;2), 2.451 (O;2) 

interstitial (bulk CuO) 1.411 (Cu;2) 1.872 (O;2) 
Cui

0 1.780 (O;2) 2.247 (Cu;2) 
Cui

1+ 1.893 (O;2) 2.128 (Cu;2) 
Cui

2+ 1.887 (O;2) 2.130 (Cu;2) 
Oi

0 1.797 (Cu;2) 1.939 (O:2) 
Oi

1- 1.746 (Cu;2)  2.165 (O:2) 
Oi

2- 1.723 (Cu;2) 2.252 (O:2) 
 
 
 
 
In the case of VO

0, 1st n.n. Cu ions show inward relaxation of about 4%, and 2nd 

n.n. O ions and Cu ions also move toward the vacancy by 4.5% and 0.6%, respectively. 

Such inward relaxation of 1st n.n. Cu ions is contrary to the case of VCu
0 and can be 

understood by noting the large ionic size of oxygen. When an O atom is removed, 

attractive interactions of the O atom and 1st n.n. Cu ions no longer exist, but an open 

space is formed by the vacancy. Because of this open space by the VO formation, 1st n.n. 

Cu ions with a small ionic size can move closer to the vacancy site. 2nd n.n. O ions have 

a bigger percentage inward relaxation because the repulsive interactions of the O ions 
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and the O atom have disappeared due to the formation of the vacancy. When the charge 

of the vacancy increases, 1st n.n. Cu ions relax slightly away from the vacancy 

compared to the case of the neutral state of the vacancy because of the electrostatic 

repulsions between 1st n.n. Cu ions and VO with a positive charge.  

When an O atom is replaced by a Cu atom (antisite CuO), 1st n.n. Cu ions 

surrounding the original O atom relaxed outwardly more than 15%. This is reasonable 

because Cu ions will repel each other after the disappearance of the attractive forces 

between 1st n.n. Cu ions and the O atom. With increasing charge of the antisite, 1st n.n. 

Cu ions move further away from the antisite. For the antisite OCu, 1NN O ions move 

toward the neutral antisite slightly because of the space cleared by the large-size Cu 

atom. For charged antisite OCu, however, 1st n.n. O ions move away from the charged 

antisite by more than 9%. This can be attributed to the repulsions between 1st n.n. ions 

and the negative charged antisite. 

The interstitial site has two 1st n.n. Cu ions at 1.411 Å and two 2nd n.n. O ions at 

1.872 Å. In the presence of Cui
0, Cu ions surrounding this interstitial exhibit a huge 

outward relaxation of more than 59%, while O ions show inward relaxation of about 

5%. Because of the relaxations, two O ions became 1st n.n. ions located at 1.780 Å and 

two Cu ions became 2nd n.n. ions located at 2.247 Å. As the charge of the interstitial 

increases, the two O ions move away from Cui and the distances between them are very 

close to Cu-O bond lengths in perfect CuO (1.900 and 1.906 Å) while two Cu ions 

move closer to Cui. In the case of Oi
0, 1st n.n. Cu ions also show outward relaxation of 

about 27%, much less than that in the case of Cui
0. The relaxed distances between Cu 

ions and Oi
0 (1.797 Å) are close to Cu-O bond lengths in perfect CuO. 2nd n.n. O ions 

move away from Oi
0 as well in this case. When the negative charge of the O interstitial 

increases, Cu ions move closer to the interstitial while O ions move farther away from 

the interstitial due to the electrostatic interactions between the ions and the charged 

interstitial. 
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Figure 4.3 Densities of states (DOS) for perfect CuO supercell and defective supercells. 
The valence band maxima are set at 0 eV. The majority is plotted upward; while the 
minority is plotted downward. (a) Perfect, (b) CuO

0, (c) OCu
0, (d) VCu

0, (e) VO
0, (f) 

Cui
0,and (g) Vi

0. 
 

(a)

(b) (c) 

(e) 

(g) (f) 

(d) 
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Native point defects not only cause structure relaxations around the defect in 

CuO, but also lead to changes to the electronic structures of the crystal by inducing 

defect levels. Calculated densities of states (DOS) with k-point density of 4×4×4 for the 

perfect supercell and those containing six kinds of neutral native point defects are 

shown in Figure 4.3. In this figure, the valence band maxima are set at 0 eV. 

From Figures 4.3 (a)-(g), we see that extra levels can be observed in the density 

of states in defective configurations although the overall DOS profiles for these 

defective supercells are similar to that of perfect CuO supercell. In the case of CuO
0, a 

deep level is present at about 0.56 eV in the band gap. This state is occupied by an 

electron with down spin. OCu
0 also induces a deep level at about 0.53 eV but occupied 

by an electron with up spin. In the case of VCu
0, two extra levels appear in the low-

energy valence band.  For VO
0, an unoccupied extra level is introduced in the center of 

the band gap. In the case of Cui
0, no apparent defect levels can be observed from the 

graph but the majority DOS and the minority DOS are no longer symmetric because of 

the defect. For Oi
0, like VCu

0, two extra levels are present in the low-energy valence 

band.  

4.2.2 Formation Energies 

As stated earlier, formation energies depend not only on atomic chemical 

potentials but also on the Fermi level. In Figure 4.4 and Figure 4.5, we show our 

calculated formation energies Hf for native point defects in CuO as a function of the 

Fermi level EF, in the O-rich and Cu-rich limits, respectively. For each defect species, 

only the lowest-energy charge states with respect to EF are shown in the figures. We see 

that our results in these two extreme cases are very similar. This is because the 

calculated chemical potentials of Cu in bulk solid copper and O in O2 gas are close. 

While the stable charge states of some defect species are varying with the position of 

the Fermi level, some defects have only one stable charge state in the whole range of 

the Fermi level. For example, VCu
2- is always the most stable defect in copper 

vacancies. It can be seen that when EF is close to EVBM (0 eV), the stable charge states 

for each defect are CuO
2+, Cui

0, VO
0, Oi

0, OCu
2-, VCu

2-. On the other hand, when EF is 
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close to ECBM (1.0 eV), CuO
0, Cui

0, VO
0, Oi

2-, OCu
2-, VCu

2- are the most stable defects.  

Figure 4.4 Formation energies of native point defects in CuO as a function of the Fermi 
level EF in the O-rich environment. For each defect species, only the lowest-energy 
charge states with respect to EF are shown. The zero energy of EF corresponds to the 
valance band maximum. 

Figure 4.5 Formation energies of native point defects in CuO as a function of the Fermi 
level EF in the Cu-rich environment. For each defect species, only the lowest-energy 
charge states with respect to EF are shown. The zero energy of EF corresponds to the 
valance band maximum. 
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An important conclusion we can draw from these two figures is that in both the 

O-rich and the Cu-rich environments, VCu
2- always has the lowest formation energy 

(less than 1.0 eV), indicating that this defect is very easy to form during the growth of 

crystal CuO. This means that intrinsically, CuO is a p-type semiconductor. They will act 

as a sink for any excess of electrons in the material. This result is in agreement with 

many experiments [8, 18-20]. 
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CHAPTER 5 

CONCLUSION AND FURTHER WORK 

 

 

In this thesis, we have performed the first-principles study on the strongly 

correlated cupric oxide (CuO), both perfect and with various native point defects. The 

LSDA+U method implemented with the PAW potentials were used in the calculations. 

The optimized structural parameters obtained agree very well with experimental values, 

suggesting the validities of the LSDA+U method and the PAW potentials we used. 

Using the optimized structural parameters, we have studied the ground state 

electronic and magnetic properties of CuO. As a comparison, the electronic structure 

was also studied by the LSDA method. Our results from the electronic structure 

obtained by the LSDA+U method showed that CuO is a semiconductor with an indirect 

gap of about 1.0 eV, which is consistent with experimental results. By calculating and 

comparing the total energies with all possible spin directions of the four Cu atoms in the 

unit cell, we found an antiferromagnetic ground state for CuO, which has been 

confirmed by many experiments. Another important conclusion from these calculations 

is that while the LSDA approximation predicts CuO incorrectly with a non-magnetic 

and metallic ground state, the LSDA+U method showed it to be antiferromagnetic and 
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semiconducting. This suggests that the LSDA+U method indeed makes significant 

improvements over the LSDA method for the strongly correlated systems. 

To calculate the formation energies of various native point defects, the unit cell 

of CuO was expanded into a supercell containing 96 atoms in the perfect crystal case. 

According to our results, copper vacancies are the most stable defects in CuO, both in 

Cu-rich and in O-rich environments. Among the copper vacancies, the charge state 

2
CuV − exhibits a negative formation energy value, indicating that this point defect is easy 

to form at even low temperatures. Therefore, CuO is intrinsically a p-type 

semiconductor, which also agrees with several experiments. 

Our main goal in this research is to investigate CuO as a potential material to 

produce low-cost large-scale solar cells. Since the fabrication of both p-type and n-type 

doped layers to form the p-n junction is required in virtually all electronic and 

optoelectronic devices, our further work shall be concentrated on the doping effects on 

CuO by introducing some impurities such as Ni, Zn etc. Special focus should be put on 

the n-type doping because of its intrinsic p-type nature as we discussed.  
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