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Abstract We have investigated in this work the physical,
optical, electronic, and the magnetic behavior (Curie tem-
perature, magnetic moment) of Zn.1-x.MxO (M = Fe 5%,
Co 1%, Cr 5%, and Mn 5%), diluted magnetic semiconduc-
tors (DMSs). The samples were deposited on glass substrate
by the spray pyrolysis technique, and the results of the x-
ray diffraction (XRD) of the prepared substrates was used
to prove the incorporation of the dopants into the ZnO lat-
tice host; the ferromagnetic and the antiferromagnetic state
competitions and their effects on the physical, magnetic,
and optical properties, were investigated. The electronic
structure and magnetic properties of transition metal (TM)
defects, were investigated in detail, by using the Korringa—
Kohn—Rostoker (KKR) method combined with the coherent
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potential approximation (CPA). As a result, doping by TM
impurities induce the ferromagnetism with different com-
petitions between the ferromagnetic and antiferromagnetic
states, which affects the physical properties of the TM (Fe,
Fe/Co, Cr, and Mn)-doped ZnO, with a Curie temperature
closer to room-temperature ferromagnetic.
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1 Introduction

Diluted magnetic semiconductors have attracted many
research groups [1-3]. However the diluted magnetic oxide
(DMO) [2, 4, 5] are also used for manufacturing electrodes
for magnetic junction (MTJ)-based materials [6, 7]. This is
motivated by the large Tc [6, 8] and the high rate of TMR
at 180 and 250 K. However the diluted magnetic semicon-
ductors (DMSs) which used the ZnO as lattice host [9-11]
where the metaldoped ZnO [12-14] was a good choice for
the untoxicity of the ZnO and other transition metals such
as the Fe [14-16], Co [17-22], Cr [23-25], and Mndoped
ZnO [26-28].

The zinc oxide is a semiconductor with a large optical
band gap with about 3.1-3.6 ev [29, 30], has very impor-
tant magnetic and optical properties, which made these
devices multifunctional materials. DMO is also used for
manufacturing MTJ electrodes. However, ZnO doped by
transition metal (TM) exhibits the room-temperature ferro-
magnetic (RTFM) and Omade it a candidate for spintronics
applications [21, 31-33].

In this study, we investigate in the band structure and
the electronic, magnetic, and optical properties of the TM
(Fe, Fe/Co, Cr, Mn)-doped ZnO by combining between the
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structural and optical measurements with the theoretical ab
initio calculations by using the first principle.

2 Materials and Methods
2.1 Experiments Section

The zinc oxide was doped by iron, manganese and
chromium and Codoped by cobalt and iron. First the
Fedoped ZnO was prepared by mixing 0.3305 g of zinc
chloride with a 0.0121 g of iron chloride, corresponding
to 5% of iron, and a mass corresponding to 5% percent of
chromium chloride, and the same for 5% of Mn. The details
were summarized in Tables 1 and 2 for ZnO doped by Fe
and Codoped Fe and Co; the same process was made for
the others. Then the solutions were sprayed by using a spray
pyrolysis on a preheated glass substrate. All the preparation
details are tabulated (Tables 1 and 2).

The lattice parameter values for all the samples were
closer to the standard values of ZnO lattice parameters.
First, we doped ZnO by iron, cobalt, manganese, and
chromium. So, the TM atoms replace the sites occupied by
zinc at percentages of (5% for Fe and Cr and 5% Fe and 1%
Co), The ZnO doped by TM (Fe, Fe/Co, Cr, and Mn) DMS
were prepared under 7' = 450 °C temperature by the spray
pyrolysis technique. The XRD patterns for all samples were
recorded using x-ray diffractometer with Cu Ko radiation
source (A = 1.5406 A).

The optical properties of the TM (Fe, Fe/Co, Cr, and
Mn)-doped ZnO systems, were performed by the UV-
spectrophotometer in order to draw the transmission and
absorption spectra of these compounds and to study the opti-
cal properties and its relations with the doping effects on
the ZnO lattice structures, and its relation, generally, with
the physical and magnetic properties of each DMS, which
could be a multifunction device if it combines between
many physical properties.

2.2 Calculation Method
For solving the DFT of one-particle equations, we have used
multiple-scattering theory: the Korringa—Kohn—Rostoker

(KKR)-Green Function, the coherent-potential approxima-
tion (KKR-CPA) [34-36] for low concentrated impurity,

Table 1 Information of sample Fe-doped ZnO

ZnO mass (g) Fe mass (g) Per percentage Flow rate Deposition

of Fe (%) (ml/min) time (min)

0.3305 0.0121 5 1.5 20
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Table 2 Information sample FeCo-doped ZnO

ZnO Fe Co

mass mass mass

(2) (2) (2)

Percentage Percentage Flow rate Deposition
of Fe (%) of Co (%) (ml/min) time (min)

0.3202 0.0202 0.0032 5 1 1.5 20

produced by Akai of Osaka University and the Mor-
ruzi, Janack, and the Williams (mjw) parameterization to
describe the exchange-correlation energy functional [37,
38]. Throughout these calculations, we based our cal-
culations and simulations on the ZnO wurtzite structure
(space group P63mc. The Experimental lattice constants
are (a = b = 3, 2499 A, ¢ = 5, 2066 A) for ZnO lattice
constants, and the internal coordinate is (1 = 0.345).

3 Result and Discussions
3.1 X-ray Diffraction

The lattice parameters for each concentrations of Fe, Fe/Co,
Cr, and Mn TM, were obtained from the x-ray diffraction
(XRD), shown in Fig. 1, by using Formula (1):

1 4 I?
—[h2+hk+k2]+—2 (1)
c

a2~ 3a2
where h, k, and [ are Miller’s indices.

The volume of unit cell was calculated by the using (2)
[39]

V= ﬁazc )
2

The XRD results (Fig. 1) indicated that the Co**, Fet,
Cr?*, Mn”* TM ions, are incorporated into the ZnO lattice
host and replaced Zn>™ sites by changing the Wurtzite struc-
ture volume which gave different interactions between each
atoms. Consequently, it gave a change on the electronical,
optical, and magnetic properties of ZnO (5% Fe), ZnO (5%
Fe and 1% Co), ZnO (5% Cr), and ZnO (5% Mn).

Finally, the XRD parameters was computed, conse-
quently, the ab initio calculation showed different results
of electronic and magnetic properties of TM-doped ZnO,
impurities.

3.2 Optical Measurements

In our case, we are interested on the transmission spectra
(Figs. 2 and 3a) in order to class each material and identify
which one could be a photo-electrode or a blocking layer
in solar cells. From the solid band theory, the relationship
between the absorption coefficient o and the energy of the
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Fig.1 Summary of structural and optical parameters in ZnO/TM thin
films with different average

incident light hv near the absorption edge of semiconduc-
tors is given by the known Tauc’s relation for direct band

gap:
(ahv)?> = A(hv — Eg) (3)

where A is a constant and Eg is the band gap.

The optical band gap energy (Eg) was determined from
the absorption measurement by analyzing the optical data
with the optical coefficient and the photon energy hv using
the following equation for direct band gap materials.

The band gap was calculated by the extrapolation of the
curves (Fig. 2b) as we have a direct band gap in the case
of ZnO. The values of Eg can be determined by taking the
intercept of the extrapolation to zero absorption with photon
energy axis (a¢hv) — 0 (Fig. 2b).

The optical band gap of the ZnO doped by TM (5% Fe,
5% Fe and 1% Co, 5% Cr), is shown in Fig. 2b.

3.3 Magnetic Properties
The ZnO doped by TM (Fe, Co/Fe, Co, and Mn) showed dif-

ferent interactions from the AKAI theoretical calculations,
which can explain also the different optical band gaps value;

Fig. 2 a Optical transmission of the ZnO doped by TM (5% Fe, 5%
Fe and 1% Co, 5% Cr). b Optical band gap of the ZnO doped by TM
(5% Fe, 5% Fe and 1% Co, 5% Cr, and 5% Mn)

therefore, the increase or decrease in the value of Eg for
the TM-doped ZnO could be explained by the p—d double
exchange generally due to the hybridization between differ-
ent p orbitals of the ZnO host lattice and the d orbitals of
the TM (Fe, Fe/Co, Cr, and Mn). On the other hand, in this
study, we tried to explain each results from the interactions
phenomena of TM with the host ZnO; consequently, we got
different results (Figs. 4, 5, 6,7, 8,9, 10, 11; Tables 3, 4, 5)
which can help us to give different physical property infor-
mation and finally propose an application for each device.
In our case, we have proved that TM-doped ZnO are ferro-
magnetic and can be also a good anode in photovoltaic solar
cells.

To confirm that the ferromagnetic state is the most
dominant, we verified the magnetic stability by a method
consisting on calculating system’s energy before and after
the spin split into two equal parts (one is polarized up and
the other is polarized down). The energy in the first case
corresponds to the ferromagnetic state, and in the second, a
disordered local magnetic (DLM) states.

Comparing these two energies, we can come to the fact
that the most stable state of the system (ferro or DLM) has a
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Fig. 3 a Energy difference vs
lattice volume b Energy
difference vs c/a

Fig. 4 Total and partial density
of Fe-doped ZnO semiconductor
with explanation of spin up and
down densities around Fermi
level

Fig. 5 Total density and partial
density of cobalt, iron cobalt,
and Co-doped ZnO
semiconductor
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Fig. 6 Explanations of the hybridization between 2 p-oxygen and 3d—
Fe and 3d—Co, in FeCo-doped ZnO (5% Fe and 1% Co)
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Fig. 7 Explanations of the hybridization between 2 p-oxygen and 3d—
Fe in Fe-doped ZnO
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Fig. 8 Explanations of the hybridization between 2 p-oxygen and 3d—
Cr in Fe-doped ZnO
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Fig. 9 Explanations of the hybridization between 2 p-oxygen and 3d—
Mn in Mn-doped ZnO

minimum energy. From this calculation, we can also obtain
the Curie temperature, by the following equation:

3AE

KpTc = 5 — “)
2 ¢

Kp = Boltzmann constant.

T. =  Curie temperature.

AE = Energy difference between the DLM and ferro-
magnetic state.

c= concentration of the dopant element.

In these calculations, this substitutional disorder is per-
formed by using the KKR-CPA method. The total energy
difference between the spin-glass states and the ferromag-
netic states for DMS in ZnO was calculated by using the
local density approximation as a function of 3d-TM (Fe,
Fe/Co, Cr, and Mn) transition metal impurity.

The total and partial density of Fe-doped ZnO semi-
conductor with explanation of spin up and down densities
around Fermi level, are shown in Fig. 4. The total density
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Fig. 10 Explanations of the hybridization between 2p-oxygen and
3d—Cr in Cr-doped ZnO and total DOS
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Fig. 11 Total and partial densities of cobalt, iron cobalt Co-doped
ZnO semiconductor

and partial density of cobalt, iron cobalt, Co-doped ZnO
semiconductor are shown in Fig. 5.

The explanations of the hybridization between 2p-
oxygen and 3d—Fe, 3d—Co, in FeCo-doped ZnO (5% Fe and
1% Co) are shown in Fig. 6. Explanations of the hybridiza-
tion between 2p-oxygen and 3d-Fe in Fe-doped ZnO are
shown in Fig. 7. Explanations of the hybridization between
2p-oxygen and 3d—Cr in Cr-doped ZnO are shown in Fig. 8.
Explanations of the hybridization between 2p-oxygen and
3d-Mn in Mn-doped ZnO are shown in Fig. 9. Total den-
sity and partial density of cobalt, iron cobalt, and Co-doped

Table4 Total magnetic moment of different TM (Fe, FeCo, Cr) doped
ZnO

Atomes 5% Fe and 1% Co ZnO/Fe 5% ZnO/Cr 5% ZnO/Mn5%

Total 0.6020
moment

(ptot)

0.1928 0.3574 0.4940

ZnO are shown in Fig. 10. And for all the TM (5% Fe, 5%
Fe and 1% Co, 5% Cr, 5% Mn)-doped ZnO, the band gaps
were found to be tuned, giving many information about the
materials (Fig. 11).

The decrease of the optical band gaps, is explained by
the Zener double exchange of different TM atoms with
the oxygen atoms of the host lattice of ZnO and exactly
by the hybridization between the 2p oxygen orbitals and
3d TM (Fe, Fe/Co, Cr, and Mn) (Figs. 6, 7, 8, 9), which
gave many interactions, and finally, a change in the optical
and magnetic properties of each devices (Fig. 11; Tables 4
and 5).

We have calculated the difference in energy between the
antiferromagnetic (AFM) and ferromagnetic (FM) configu-
rations. A negative AE means that the AFM state is more
stable than the FM state, and vice versa. In all cases, AE
is found to be negative, as presented in Table 4, confirming
that the AFM states are more stable than the FM ones. How-
ever, the values of AE are very small which confirms the
competition between the AFM and FM interactions espe-
cially in the case of Cr doping. We note that AE decreases
with increasing Fe, Co, and Cr contents and depends also
on the nature of the TM atoms, in the case of chromium,
the difference energy was found to be very small which
explains the competitions between the FM and AFM states,
was found to be more important for this TM than for others
TM (Table 4).

The total magnetic moment was found to be higher in
comparison with other TM-doped ZnO thin films (Table 5)
and the Curie temperature was found to be closer to RTFM
(Table 4). We can explain that by the decrease of the volume
of the lattice due to the exchange interactions of different
dopant TM atoms and the oxygen atoms of the host lattice,
especially for FeCo (Fig. 3).

Table 3 Total energy between
the FM and AFM states and
temperature Curie of TM ZnO
doped

% of ZnO dopant At 450 °C
(SPRAY temperature deposition)

Ferro energy (mRy) DLM energy (mRy) Ferro or DLM (mRy) Tc (K)

5% Fe
5% Fe and 1% Co
5% Cr
5% Mn

—7366.9371390 —7366.9370596 Ferro 167.22
—7381.0173068 —7381.0170955 Ferro 420
—7322.8372052 —7322.8371879 Ferro 36.43
—7344.4395182 —7344. 4395028 Ferro 3242
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Table S Summary of structural, magnetic and optical parameters in
ZnO/TM thin films with different average TM doping

c (A°) a (A°) Egap (eV) AE (mRy)
Pure ZnO 5.2061 3.2488 3.30 -
5% Fe 5.2524 3.2663 3.24 —0.0794
5% Fe and 1% Co  4,68624 293023 3.75 —-0.2113
5% Cr 5.22 3.23 2.77 —0.0173
5% Mn 5.30 3.11 3.295 —0.0154

The difference in the total energy between the FM and
AFM states, because the device with the lower energy is the
most stable, can explain also the value of Tc, because the
competition between the AFM and the FM ones, is lower,
which makes (FeCo)-doped ZnO a good candidate to be an
RTFM DMS (Table 4). The summary of structural, magnetic
and optical parameters in ZnO/TM thin films with different
average TM doping can be found in Tables 4 and 5.

4 Conclusion

TM (Fe, Fe/Co, Cr, and Mn)-doped ZnO was deposited by
spray pyrolysis technique; the wurtzite structure and the
crystallinity were confirmed by XRD; the optical properties
and bandgap were investigated from the UV spectropho-
tometer measurements; and the band structure was studied
and confirms the results found by AKAI ab initio calcula-
tions; the AFM and FM states were investigated and con-
firmed the competition of different states (FM and AFM)
which are responsible for different properties, magnetic, and
optical, which is explained by the different values of the
optical band gaps (the experimental) and Curie temperature
(calculated). So, the theoretical investigations are in agree-
ment with the experiments and with other research groups.
We propose the following design for optical applications
and nanospintronics.
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