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ZnO-based diluted magnetic semiconductors have high prospects in spintronics applications. In this
study, the electronic and magnetic properties of Fe-doped MgZnO are studied by density functional
theory calculations. The investigations of the band structure, total density of states, and projected
density of states revealed a strong correlation between Mg and O atoms in addition to the
magnetism and impurity level generated by the Fe atoms. In the spin charge density and band
structure of 2.78% Fe-doped MgZnO, Fe atoms always cause paramagnetic coupling with oxygen

atoms bonded around them, and when the initial magnetic moments were parallel, the band gap is
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Accepted 21st December 2020 roadened in the opposite channel. On the contrary, when the initial magnetic moments are anti
parallel, the band gap is narrowed in both the spin-up and spin-down channels. This shows that the

DOI: 10.1039/d0ra09306h initial magnetic moments have a great influence on the band structure, giving another way to tune
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1. Introduction

Diluted magnetic semiconductors (DMSs) have a wide range of
application prospects in optoelectronics and spin devices,
hence attracting increasing attention. They are usually fabri-
cated by incorporating transition elements, particularly the
ferromagnetic elements such as Fe, Co and Ni, into non-
ferromagnetic semiconductors.'™

The electronic and magnetic properties of DMSs are tuned by the
concentration of transition metal dopants and further regulated by
spin injection.”® Take GaMnAs for example, a Curie temperature as
high as 318 K has been achieved with a mole composition of Mn
around 5%.° However, for many diluted magnetic semiconductors,
the Curie temperature is usually far below room temperature, which
greatly limits their application scenarios. Therefore, researchers
prefer semiconductors, such as ZnO, GaN, and In,0;, with natural
Curie temperatures exceeding room temperature.”

In recent years, ZnO-based DMS has attracted great attention.
This is because ZnO is a wide direct band gap (3.37 eV) semi-
conductor with unique physical and chemical properties, particu-
larly a large exciton binding energy (60 MeV) at room temperature,
and other advantages such as environment friendliness, availability
of different preparation methods, relatively low cost.***
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The application scenario for ZnO-based materials is greatly
broadened by employing the band engineering process and the
incorporation of transition metals. For Fe-doped MgZnO, the
band gap can be modulated between 3.37 eV (ZnO) and 7.80 eV
(MgO) by changing the composition of Mg.*> The addition of Fe
not only further regulates its electronic properties, but also
endows the material with unique magnetic properties. Thus, it
is interesting and important to study the electronic and
magnetic properties of ZnO-based DMS experimentally and
theoretically, which have been seldomly reported.****

With this consideration, herein, the first-principle calculations are
employed to study Fe-doped MgZnO. In 1Fe-doped MgZnO, the most
stable configuration employed for further investigation was selected
by determining the total energy, which is the lowest when the Fe
atom occupies the second nearest site at the same A-face of the Mg
atom. The correlation among different atoms was analyzed by the
total and projected density of state. In the case of 2Fe-doped MgZnO,
the spin charge density of different initial magnetic moments is used
to analyse the influence of Fe atoms on the surrounding atoms.
Moreover, the band structure of the spin-up and spin-down channels
of the two Fe atoms were calculated to analyse the effects of different
initial magnetic moments. We showed that the initial magnetic
moments have a great influence not only on the total magnetic
moment but also on the band structure, giving another way to tune
the electronic and magnetic properties dynamically.

2. Calculation method and model

The first principle calculations presented in this study were
carried out by Vienna Ab initio Simulation Package (VASP) on
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the basis of density functional theory (DFT).***” The electron
exchange and interactions are described by the generalized
gradient approximation (GGA), while the electron-ion interac-
tion is described by the Perdew, Burke and Ernzerhof (PBE)
method.'®'®* The energy cut-off is 500 eV. After each cycle, the
adopted conjugate gradient algorithm was stopped when the
energy difference became less than 107> eV and the stress
difference per atom was less than 0.01 eV A~*. Considering that
the calculations with a standard GGA cannot correctly describe
the strongly correlated systems with partially filled d or f shells, the
GGA+U strategy was adopted in all calculations, which was prac-
ticable for on-site Coulomb interactions within the Dudarev
approximation.”*** The value of U was set to 3.8 eV for the d-
electrons of Zn atoms, although the band gap was still smaller
than the experimental values and the lattice constant was more
consistent with the experimental results (as shown in Table 1
below). Also, the value of U was set to 3.5 eV for the d-electrons of
Fe atoms.” The Brillouin zone is a 3 X 3 x 3 gamma-centered K-
point mesh in the Monkhorst-Pack scheme.*

The crystal structure of ZnO used for the calculations was the
wurtzite structure (space group C6v4-P6zmc). The Zn atom and
the four nearest neighbor O atoms constitute a tetrahedron. The
Zn atom is at the center of the tetrahedron and it hybridized the
d orbital with the p orbital of the O atoms. Along the (0001)
direction, O atoms and Zn atoms were alternately stacked layer
by layer to form a ZnO lattice.

Table 1 The lattice parameters of ZnO, MgZnO, FeMgZnO and ZnO
(experimental)

ZnO MgZnO  FeMgZnO  ZnO (experimental)**
a=b(A) 3247  3.247 3.249 3.249
c(A) 5229  5.224 5.226 5.205
cla 1.610 1.609 1.608 1.602
a=7y() 90 90 90 90
8°) 120 120 120 120

Fig. 1 The structure of Fe-doped MgZnO. The site O for Mg atoms,
and 1-7 represent candidate sites for doping with Fe atoms.
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A 3 x 3 x 2 supercell was used, as shown in Fig. 1. The Mg
atom is put at the center of the A-face of the supercell (site 0)
and the Fe atoms are placed at the following sites, including the
same A-face (site 1: the nearest atom, site 2: the second nearest
atom), the nearest B-face (site 3: the nearest atom, site 4: the
second nearest atom), and the nearest A-face (site 5: the nearest
atom, site 6: the second nearest atom, site 7: the third nearest
atom).

3. Results and discussion
3.1 Structural properties

Crystal structure is often modified after the incorporation of
dopant atoms. The lattice constants of ZnO, MgZnO and Fe-
doped MgZnO (FeMgZnO) after structural optimization are
shown in Table 1. Compared to the experimental results, the
lattice constants of ZnO, a and b were slightly smaller, while ¢
was a little bit bigger. Compared to those in ZnO, ¢ decreased,
while @ and b remained almost unchanged in MgZnO, but a and
b increased, while ¢ and c/a also reduced in FeMgZnO.

In the following investigation, for the case of 1Fe-doped
MgZnO, the location of the Fe atom (denoted as Fel) was
selected by comparing the system total energies with Fel at
different sites (sites 1-7), as shown in Fig. 2. As a result, Fel
located at site 2 (configuration 2) was adopted for further
analysis due to its lowest relative energy.

3.2 Electronic properties

For 1Fe-doped MgZnO, the electronic properties were demon-
strated by the total and projected density of states (TDOS and
PDOS), and the band structure, as depicted in Fig. 3.

It can be seen from the TDOS and PDOS of Zn, O and Mg in
Fig. 3a that the conduction band of 1Fe-doped MgZnO is mainly
composed of O 2p and Zn 4s orbits, while the valance band is
mainly composed of O 2p and Zn 3d orbits. The PDOS of Mg is
mainly composed of 2p and 3s orbits. Compared with the PDOS
of oxygen, the Mg 3s and O 2p orbits in the conduction band are
similar as well as the Mg 2p and O 2p orbits in the valence band
are similar. This shows a strong correlation between Mg and O.
Besides, TDOS is asymmetric, implying that the magnetism is
generated.

As shown in Fig. 3b, the PDOS of Fe is mainly composed of
3d orbit and extreme asymmetry was observed in both the
conduction band and the valence band, indicating that Fe is the
main cause of magnetism.

The band structure of 1Fe-doped MgZnO is shown in Fig. 3¢
and d. Both the conduction band minimum (CBM) and the
valence band maximum (VBM) are located at the I' point,
demonstrating a direct band gap, and Fe introduced impurity
levels in the spin-down channel near the Fermi level and CBM.
Thus, for 1Fe-doped MgZnO, the asymmetry of Fe's PDOS and
the strong correlation between Mg—-O bring significant changes
in the electronic properties, which is of great importance for
changing the electronic structure of the ZnO-based materials.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The relative energy (cycle line) and difference in the bond length (square line) of the 1Fe-doped MgZnO.
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Fig.3 The TDOS, PDOS and band structure of 1Fe-doped MgZnO. (a) The TDOS and PDOS of Zn and O, and the PDOS of Mg in the inset figure,
(b) the PDOS of Fe, (c) the band structure of the spin up channel and (d) the band structure of the spin down channel.

3.3 Influence of the initial magnetic moments on the total
magnetic moment

As a ferromagnetic element, the Fe atoms not only cause the
significant modulation in the structural and the electronic

© 2021 The Author(s). Published by the Royal Society of Chemistry

properties of ZnO materials but also cause the significant
characteristic of spin injection. In order to analyze the effects of
different initial magnetic moments of the Fe atoms, the doping
of the second Fe atom (denoted as Fe2) was simulated by fixing
the first Fe atom (denoted as Fel) at site 2, then Fe2 was made to

RSC Adv, 2021, 11, 3209-3215 | 321
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replace Zn atom at sites 1, 3-7 respectively. The further calcu-
lation is divided into two parts. First, the initial magnetic
moments of the two Fe atoms are set to spin-up parallel
(marked as 1 1). Secondly, the initial magnetic moments of the
two Fe atoms are set to anti-parallel (marked as 1 |, 1 for Fel, |
for Fe2). The spin charge densities under different configura-
tions are shown in Fig. 4.

Again, it was proved that the doped Fe atoms are the main
cause for the magnetic moments generated in the system. The
magnetic moment of O atoms bonded with the Fe atoms was
largely affected by the Fe atoms and exhibited paramagnetic
coupling, while the magnetic moments of Mg atoms and other

View Article Online

Paper

atoms were almost unaffected. When the initial magnetic
moments are parallel, the total magnetic moment is greatly
increased. This indicated that the parallel initial magnetic
moments of the Fe atoms resulted ferromagnetic coupling in
the system. However, when the initial magnetic moments were
anti-parallel, the total magnetic moment was negligible because
the magnetic moment was largely neutralized, leading to the
occurrence of the anti-ferromagnetic coupling phenomenon.
When Fe2 is in site 1 or site 5 (configuration 1 or 5), one of
the O atoms bonded with two Fe atoms. For this O atom, when
the initial magnetic moments are parallel, its magnetic moment
is about twice that of O atoms that were bonded with only one

Total: 7.910

Total: 8.017 4

(b)

Fig. 4 The spin charge density of (a) 11, (b) 1], yellow represents spin-up density, and cyan represents spin-down density.
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Fe atom. However, when the initial magnetic moments were
anti-parallel, its magnetic moment was almost negligible. This
further shows that the initial magnetic moments of the Fe
atoms greatly affect the O atoms bonded with them and exhibits
paramagnetic coupling.

3.4 Regulation of the band structure by the initial magnetic
moments

To analyse the tuning effects of initial magnetic moments, the
band structures of 2Fe-doped MgZnO with different configura-
tions were also calculated. The band structure and density of

View Article Online
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Consequently, in 2Fe-doped MgZnO with 11, only the band
structure of the spin-down channel was needed to be investi-
gated, while in the case with 1 |, both spin-up and spin-down
channels were needed to be considered.

Thus, the band gap of 2Fe-doped MgZnO of each configu-
ration with 1 1 and 1| initial magnetic moments are calculated
and presented in Table 2, where the corresponding magnetic

Table 2 The band gap (eV) of 2Fe-doped MgZnO

state of configuration 1 is plotted in Fig. 5a for the cases with ~Configuration Spin setting Spin up Spin down
initial magnetic moments set to 1 1, and Fig. 5b for those set to " t1 0.93 142
1 |. It can be seen that the CBM and VBM of 2Fe-doped MgZnO T 118 1.22
are located at the I' point and remained as a direct band gap 3 1 1.05 1.44
semiconductor. 1l 1.18 1.18
In Fig. 5a, where the initial magnetic moments are 11, the * T 0.97 1.45
impurity levels associated with two Fe atoms appeared near the . 1 * 1% 112
Fermi level in the spin-down channel. On the other hand, in T 116 115
Fig. 5b, where the initial magnetic moments are 1|, the 6 11 1.06 1.45
impurity levels associated with the two Fe atoms appeared near Tl 116 1.15
the Fermi levels in both the spin-up and spin-down channels. T 1.05 1.44
Thus, for each Fe atom, the impurity level is present in the T 119 118
opposite channel of the initial magnetic moments.
Total up
Total down
r ——Znup
Zn down
- Oup
% T ——Odown
gl Fe up
e
oo 0 | ——Fedown
= —Mgup
= E —— Mg down
1
-50
Total up
Total down
------- - ——Znup
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~ Oup
% - ——Odown
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= ——Mgup
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-4 = 1 L !
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Fig. 5 The band structure and density of state of configuration 1, the spin-up (solid line) and the spin-down (dotted line) channels and the
corresponding density of state of 2Fe-doped MgZnO with (a) 11, (b) 1.
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moments of 2Fe-doped MgZnO are also presented. Considering
the spin-down channel in the case of 11, even the band gap
minimum (1.42 eV) was wider than that of the 1Fe-doped
MgZnO (1.37 eV) and the MgZnO (1.32 eV). In the case of 1|,
considering both spin-up and spin-down channels, even the
band gap maximum (1.24 eV) was narrower than that of pure
ZnO (1.26 eV). This shows that the different initial magnetic
moments of the Fe atoms can severely affect the band structure.
When parallel initial magnetic moments are set, the band gap is
found to widen in the opposite channel. On the contrary, when
the anti-parallel initial magnetic moments are set, the band gap
is found to be narrowed in each channel.

3.5 Impact of the U parameter of Zn on the calculation

To explore the impact of different U parameters on the calcu-
lation, we also calculated the band structure and density of state
of configuration 1 with different U parameters of Zn. In Fig. 6,
the band gaps of different spin channels are presented. It is
shown that the band gap widened with the increase in U
parameter. Similar to the results calculated by U = 3.8, when the
initial magnetic moments are 1 1, the band gap calculated with
different U values also widened in the opposite channel. Also,
when the initial magnetic moments were 1 |, the band gap as
calculated from different U values also narrowed in both
channels. That is, although the selection of U parameters may
change the value of band gaps, the regulation effects of the
different initial magnetic moments to band gap are similar. The
above-mentioned investigation shows that the band gap can be
tuned through different initial magnetic moments of the doped
Fe atoms.

4. Conclusions

In this study, the electronic and magnetic properties of Fe-
doped MgZnO are studied by VASP on the basis of DFT. It is
seen in 1Fe-doped MgZnO that the system is the most stable
when the Fe atom occupies the second nearest site at the same

5 _m 11 spin up
—@— 11 spin down
—A— 1| spin up
—W¥— 1! spin down
2.0
N
<
&
b
F51.5 -
1.0 -
1 1 1 1

38 10.0

6.0 8.0
Different U of Zn

Fig. 6 The different U parameters of Zn and their corresponding band
gaps.
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A-face of the Mg atom. Typical magnetism is introduced by the
Fe dopant, and a strong correlation between the Mg and O
atoms is depicted. The investigation of the spin charge density
of different initial magnetic moments revealed that the oxygen
atoms around the Fe atoms always demonstrate a similar spin
polarization. Moreover, when the initial magnetic moments of
the two Fe atoms are parallel, the band gap of the opposite
channel is broadened; on the other hand, when the two Fe
atoms are anti-parallel, the band gap of spin up and down
channels are narrowed, showing significant characteristics of
DMS, and the regulation effect of Fe-doping on MgZnO.
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