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Abstract
First-principle calculation was applied to explore structural, electronic and
magnetic properties of both the bulks Cu.0 and CuO. Density Functional Theory
(DFT) based calculators of exchange-correlation functions LSDA+U, SGGA+U and
SMGGA were used for the comparatively study of both oxides. These calculations
showed the diamagnetic and the antiferromagnetic behaviors of both the p-type
semiconductors Cu20 and CuO respectively. The calculators measured the band
gaps of Cu20 approximately 0.70, 0.56 and 0.79 eV while the band gaps of CuO
approximately 2.42, 2.22, and 2.20 eV respectively. The corresponding
experimental values are 2-2.2 eV and 1.2-1.9 eV. These calculators are more
accurate for the measurement of the band gap of CuO than the band gap of
Cu20. Both oxides are used in various applications as photo catalysis, magnetic
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storage media, sensors, electronics etc.

Introduction

Cuz0 and CuO transition-metal oxides (Wang et
al., 2016) are prototypical materials (Heinemann
et al.,2013) which
characteristics. Both copper oxides are nontoxic,
abundant and p-type
semiconductors (Barreca, et al., 2007). The cubic

show quite peculiar

inexpensive

crystal Cu,O (space group Pm3n, No. - 225)
consists of 4Cu*! and 2072 ions and has lattice
parameters (a) = 4.27ang., band gap (Es) = 2.02 -
2.17eV and net magnetic moment (mg) = 0
experimentally. The monoclinic crystal CuO
(space group C2/c, No. - 15) consists of 4Cu*? and

4072 ions and has lattice parameters (a)
4.684ang., b = 3.423 ang., c = 5.12981ang., B
99.5481, band gap (Ef) = 1.2 - 1.9 eV and net
magnetic moment (ms) = 0.68us experimentally
(Ghijsen et al., 2014; Ekuma et al., 2014). Cu,0
and CuO are promising materials for industrial,

engineering and medical fields and used in

various applications as photocatalysis,

photovoltaic, photothermal, thermoelectric,
magnetic storage media etc. Their nanosized
have been widely used as fungicide, anti-fouling
paints and also great impact in various research
fields including with sensors, superconductors,
electrochemistry, optics and electronics (Zhang
et al.,, 2014; Cao et al.,2018; Isseroff & Carter,
2013; Nolan and Elliott, 2006). The both oxides
have been widely studied through theoretical,
experimental and computational methods.
Hanxing Cao et. al. studied monoclinic and
cubical structures of the bulk CuO in LDA and
GGA and found m-CuO,
behavior, is more stable than c-CuO structure
(Cao et al.,2018; Isseroff & Carter, 2013, Nolan
and Elliott, 2006; Tran & Nguyen, 2014). It shows

LDA and GGA within DFT fail to explain the bulk

showing metallic
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CuO as p-type semiconductor. Y. Wang et al,
found band gap 0.99 vs 2.17 eV of Cu,0 and 2.74
vs 1.57 eV of CuO in LDA+U with Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional (Heinemann et
al.,2013; Zoolfakar et al., 2014; Grant, 2008;
Abdu & Musa, 2009). Markus Heinemann et al.,
estimated magnetic moments 0.66us and 0.54 s
of CuO in LDA+U and HSEOQ6 respectively (Ghijsen
et al., 1988; Bello et al., 2014; Bednorz & Muller,
1986; Chang et al., 2012). We have to be
interested for, computationally, studying the
structural, electronic and magnetic properties of
the optimized Cu20 and CuO through LSDA+U,
SGGA+U and SMGGA within density functional
theory (DFT).

In this article, we concentrate towards the
binding energy per atom, band gap, magnetic
moment for the identification of structural
stability, electronic and magnetic properties of
Cuz20 and CuO. The rest sections of this article
are organized as follows. After this introduction
in section 1, method and computational details
are given in section 2 and then results and
discussion in section 3 before conclusion in
section 4. At

references are also included.

last, acknowledgement and

Methods and Computational Details

A powerful set of tools as Atomistix ToolKit (ATK)
based on density functional theory (DFT)
including with the non-equllibrium Green’s
(NEGF) has
optimization, simulation and calculation of the
structural, electronic and magnetic properties of
the bulks Cu,O and CuO. The exchange-
correlation Spin  Density

Function been wused for the

functionals Local
Approximation (LSDA) and Spin Generalized
Gradient Approximation (SGGA) with additional
Hubbard function (U) and Meta- Generalized

Gradient Approximation (MGGA) with suitable
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parameterizations Perdew-Zungger (PZ), revised-
Perdew-Burke-Ernzerhof (rPBE) and TBO9LDA are
applied to find band gap of both copper oxides
(Khon & Sham, 1965; Perdew et al., 1996; Soler
et al.,, 2002). During their optimizations and
simulations, we selected linear combination of
atomic orbitals (LCAQ’s) of the eigenfunctions,
the basic set double-zeta-polarized for
pseudopotentials, brillouin zone routes G, X, M,
G, R, X, R, M for cubic bulk Cu0and G, Y, C, Z, E,
A, G, B, G, Z, G for monoclinic bulk CuO, electron
temperature 300K, grid mesh cut off 75 Hartree,
charge 0, spin polarized, k- point sampling
(7x7x7).  The
geometry was set at force tolerance 0.05eV/A°,

corresponding  optimization
stress tolerance 0.05GPa, maximum number of
steps 200 and maximum step size 0.2 A° [20].
Our computed values of different parameters of
both the bulks of Cu,O and CuO through
required calculators have been reported in Table
1.

Results and Discussion
Our
electronic and magnetic properties of the bulks
of Cu20 and CuO are described in different steps
3.1, 3.2 and 3.3 as following:

computational results for structural,

Structural property

We investigated the optimized structures of
bulks Cu,0 and CuO through ATK-DFT calculator
as shown in Figures 1(a) and 1(b) respectively.
The yellow and red colors spheres represent
copper and oxygen atoms respectively. The
computational values of lattice parameters a, b,
¢, a, B and y and the minimum binding energies
(Parra & Farrell, 2009; Paudel et al., 2018; Morup
et al., 2010; Han et al., 2019; Chalsani et al.,
2007; Yadav et al., 2021; Yadav et al., 2020a)
with their experimental values of both copper
oxides are reported in Table 1.
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Cu,0 Bulk
Fig. 1(a)
Figure 1 The bulk configurations of Cuprous Oxide (Cu,0) and Cupric Oxide (CuO)

[Etotal—(NXEcy)—(MXEp)]

E. =
b N+M

The binding energy has been calculated by using
an equation (i), where Ep, E;y¢q1, Ecy and Ep
are binding energy, total energy,
energy of copper and isolated energy of oxygen,

isolated

respectively. N and M are numbers of copper
oxygen MGGA
calculated minimum binding energy -2.9525 eV

and atoms  respectively.

CuO Bulk
Fig. 1(b)

of bulk Cu;0 and LSDA+U calculated minimum
binding energy -3.10581 eV of bulk CuO in
comparison to other two calculators and their
corresponding values of interatomic distance of
Cu-O are 1.89 A and 1.98 A and cell volumes
83.58 A3 vs 76.49 A3 (exp.) and 74.76 A3 vs 81.17
A3 (exp.) listed in Table 1.

Table 1. Crystallographic properties of Cu,0 and CuO (ref. Wang et al., 2016; Heinemann et al., 2013;
Barreca et al., 2007; Ghijsen et al., 1988; Ekuma et al., 2014; Zhang et al., 2014)

Parameters Cu,0 (C2/c, 225) CuO (Pn3m, 15)
Cubic Monoclinic
Theoretical values Experimental Theoretical values Experimental values
values
Lattice LSDA+U SGGA+U SMGGA EXP. LSDA+U SGGA+U SMGGA EXP.
a (A) 4.27 4.56 4.37 4.25 4.81 4.65 4.78 4.67
b (I"\} 4.27 4.56 4.37 4.25 3.19 3.41 3.25 3.42
c (A) 4.27 4.56 4.37 4.25 5.03 5.11 5.19 5.13
a(®) 90 90 90 90 90 90 90 90
B () 90 90 90 90 104.81  99.54 99.21 99.59
y (©) 90 90 90 90 90 90 90 90
Shortest distance (A)
Interatomic distance Cu-O 1.85 1.97 1.89 1.84 1.98 1.93 1.95 1.95
Interatomic distance O-O 3.70 3.95 3.79 3.68 2.89 2.89 2.89 2.62
Interatomic distance Cu-Cu 3.02 3.22 3.09 3.01 2.98 3.07 3.06 2.90
Cell volume (13.3) 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 -2.5653 -2.9487 -2.9525 -3.10581 -2.6537 -2.1904 -
Band gap (eV) 0.70 0.56 0.79 2.0-2.2 2.42 2.22 2.20 1.2-1.9
Electronic Property band gap underestimated 0.56-0.79 eV vs 2-2.22

The band structures and DOS profiles shown in
Figures 2 and 3 described the electronic
properties of Cu;O and CuO. The band gap in
conduction band is narrower than in valance
band of Cu,O appeared as semiconductor of

eV (Exp.) shown in Figure 2. The bulk CuO also
having band gap overestimated 2.2-2.42 eV vs
1.2-1.9 eV (Exp.) appeared as semiconductor
shown in Fig. 3 and reported in Table 1.
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Fig. 2. The electronic band structure with DOS of Cuprous Oxide (Cu20)
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Fig. 3. The band structure with DOS of Cupric Oxide (CuO).

The TB09 meta-GGA (MGGA), a higher-level approximation, provided more accuracy values of band
gaps 0.79 eV and 2.20 eV of Cu20 and CuO at Fermi Level than LSDA+U and SGGA+U.

Magnetic Property

The magnetic moments of the bulks Cu.O and
CuO are produced due to the hybridization
Cu(4d°3s') and O(2P%), and Cu(4d°3s?) and
0O(2p?), respectively. The PDOS profiles of both
oxides shown in Figure 4(a) and Figure 4(b)
marked their diamagnetic and antiferromagnetic

behaviors. The up and down spins in Cu,O are
equal and opposite which cancel net magnetic
oment of its compound while in CuO, up-spin
maximum and down-spin  minimum in
conduction band, but reverse in valance band
near the Fermi level which may cause of net

magnetic moment.

s Ef
Cu0 SMGGA s
4 —0p
3 —d
—E
N £
~
T 1
>
S
»n
-1
a
2
3
&
s 4 3 -2 1 0 1 2 3 4 5

Energy (eV)
Fig. 4(a)

Ef
5 M
4 CuO s SMGGA
—p
3 —d
2 Er
—
T 1
Z
—~ 0
[72)
-1 W\?
a
-2
-3
-4
-5 ]
-10 -8 -6 -4 -2 0 2 4 6 8 10
Energy (eV)
Fig. 4(b)



Journal of Physical and Life Sciences 1(1) December (2024)

Fig. 4. The PDOS profiles of Cuprous Oxide (Cu,0) and Cupric Oxide (CuO).
Heinemann et. al. (2013) found magnetic moment 0.66us of CuO by applaying LDA+U which is

approximately to the experimental value 0.68us (Ghijsen et al, 1988). This computational PDOS
profile also supports theoretical and experimental values. The following equations (ii) of magnetic
moment and (iii) of spin polarization may be also usefulness for distinguishing magnetic behaviors of
the bulks Cu,0 and CuO (Morup et al., 2010; Han et al., 2019; Chalseni et al., 2007; Yadav et al., 2021;

Yadav et al., 2020a, 2020b).

eotal = 2= [n 1 (E) — n | (E)]up/atom

_ [nT(Ep)-nl(Ep)]

and ~ Int(Ep+nlEp]

where, ms, Uiora, Mg, N T (Ef), nl (Ef) and P are magnetic moment, magnetic moment per atom,

spin dipole moment, up-spin and down-spin at Fermi level, and spin polarization respectively.

Conclusion

ATK-DFT calculators LSDA+U, SGGA+U and
SMGGA based First-Principle have been applied
for the comparatively study of Cu,O and CuO.
Our reports identified diamagnetic and p-
semiconducting behaviors of Cu,O whereas
antiferromagnetic and p-semiconducting natures
of CuO. The calculators computed band gaps
0.70, 0.56 and 0.79 eV vs 2-2.2 eV (Exp.) in Cu,0
while 2.42, 2.22 and 2.20 eV vs 1.2-1.9 eV (Exp.)
in CuO. The binding energies -2.9525 eV of Cu,0
and -2.1904 eV of CuO were estimated by
SMGGA. The applications of both oxides may be

photocell, storage media, gas sensors,

electronics etc.
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