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Abstract
Zn0.95−xMg0.05CoxO (x= 0.01–0.05with an increment of 0.01) nanoparticleswere
synthesized by using the sol–gel technique to analyze structural and magnetic
properties. The single phasewas observed in theX-ray diffractionmeasurements.
To examine the surface morphology, elemental compositions, crystal quality,
defect type, density, and magnetic behavior of the nanoparticles, SEM, energy
dispersive X-ray analysis (EDX), PL, and ESRwere used, respectively. The PL has
ultraviolet and a broad emission band including violet and a blue spectral region
corresponding to the defect-related and excitonic emissions. These emissions
were strongly dependent on the synthesize condition and doping element and
ratio. The effect of cobalt concentration on the line widths of pike to pike (ΔHPP)
and the g-factor of ESR spectra were investigated. By comparing the results of
the ESR and PL measurements, it was determined which defect with a given g-
factor was responsible for the corresponding PL emission band. In addition, ESR
spectra of Mg/Co co-doped ZnO nanoparticles with different cobalt concentra-
tions recorded at room temperature were presented. Since Mg/Co co-doped ZnO
nanoparticles reveal ferromagnetismatRT, they could be an appropriatematerial
for new devices in spin-based technologies.
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1 INTRODUCTION

Recently, ZnO is one of the most studied semiconduct-
ing materials because it can be used in many areas such
as solar cells,1 photoelectrochemical cells,2 gas sensors,3
microelectronics,4 spintronics,5,6 light-emitting diodes,7
and varistors.8 Moreover, ZnO nanoparticles (NPs) also
play an important role in human cells.9 Although it can
be used in so many areas, the applications of ZnO are still
limited unless it is doped with different dopants/elements.
Therefore, researchers are trying different transition (Co,
Ni, Cu)10–17 elements and rare earth (Eu, Er, Pr, Y, Yb)18–21
elements to dope ZnO to control the bandgap and defects

and to obtain the desired electrical, magnetic, and optical
properties.
The dilute magnetic semiconductors (DMS) were

obtained by doping with a small amount of transition
metals (TM) (Ni, Cr, Co, Mn, V, Fe) into the ZnO.22–28
Since Dietl et al.29 theoretically predicted the ferromag-
netic (FM) behavior at room temperature (RT) in DMS,
the researchers focused on obtaining DMS materials with
high Curie temperatures for spintronic applications. The
properties of TM (Ni, Co, Fe, Mn, and Cr) doped ZnO
were also investigated. Then, by investigating the prop-
erties of ZnO doped with deep-level (DL) impurities (Cu,
As, Sn), the role of DL auxiliary additives in mediating
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ferromagnetism was analyzed. Finally, for DMS com-
pounds, it was studied by doping with Mg into ZnO to
observe the relationship between the Curie temperature
and semiconductor bandgap.
In the last 10 years, studies have shown that preparation

conditions and methods affect FM properties.30–35 Thus,
several researchers used different methods such as chem-
ical precipitation, thermal decomposition, RF magnetron
sputtering, and sol–gel method to investigate the effect of
TM (Co, Ni, Cr, Fe, and Mn) to obtain the FM behavior of
ZnO.30–35
Chithira and John prepared cobalt-doped ZnO by a

chemical precipitation method and found that for 2% Co
concentration there was ferromagnetism at RT.30
Zong et al.31 used a thermal decomposition method

to obtain Co-doped ZnO NPs and observed that all the
samples displayed remanent magnetization and ferromag-
netism with nonzero coercivity at RT because of the cobalt
doping and oxygen vacancies. These properties play an
important role in the spintronic field.5,6 Cobalt was also
used in the fabrication of thin films by Siddheswaran
et al.36 by using the RF magnetron sputtering technique
at 4% and 7% concentrations in ZnO. They observed that
cobalt concentration increased the magnetization of the
thin films and concluded that above 7% Co concentration
ferromagnetism might be possible.
The sol–gel method was also used by Azab et al.33

and they observed FM properties at RT. The saturation
magnetization decreased as cobalt concentration in ZnO
increased. For 3% cobalt concentration in ZnO, until the
crystallite size reached 24 nm, the coercive field (Hc)
increased but after that, it decreased because of the shift
from multi- to single-domain state. They also exhibited an
increase in the exchange bias by decreasing the particle
size as cobalt concentration increased.
Singh et al.34 investigated ZnCoO NPs using quantum-

designed vibrating sample magnetometer (VSM) exhibit-
ing RT ferromagnetism and high values of Hc. One
year later, Pan et al.35 used C2H2O4 (oxalic acid) and
NH4OH (ammonium hydroxide) to synthesize Zn1−xCoxO
(0.00 ≤ x ≤ 0.1) NPs and the ferromagnetism behavior at
RT was exhibited using VSM.
Above and many other articles in the literature pointed

out that the FM moment in ZnO increased by doping of
cobalt.29,30 Transparency, high conductivity, and low cost
are important features of Co-doped ZnO films.30,37–39 This
transparency vanished because of the d–d transitions of
cobalt ions when cobalt concentration increased [40, and
references therein].
Tamura andOzaki41 studied not only themagnetic prop-

erties but also the electronic density of states of ZnO NPs
doped with Mn, Fe, and Co. They used SQUID to obtain
the magnetization curve showing only the linear behav-

ior with no hysteresis for manganese and cobalt-doped
samples.
Since zinc atoms have a radius (0.74 Å) and electronic

shell close to those of cobalt atoms (0.65 Å), the lattice
constant is constant when Co is doped into ZnO.
Among the several doping elements mentioned above,

Mg has an impact on the bandgap energy with a value of
4 eV and higher.42,43 Also, since the ionic radius of the
Mg2+ ions (0.57 Å) is smaller than the Zn2+ ionic radius, it
is simple to integrate it into the lattice of ZnO structure.11
The blueshift appeared in ZnO when Mg concentration
increased.42 Heiba and Arda43 concluded that the widen-
ing of the bandgap energy and achieving true blindness
depended highly on the amount of high Mg content in
the ZnO nanostructure. It has been observed from stud-
ies that ferromagnetism is largely dependent on growth
conditions, doping elements, impurities, and defects.29
In this paper, to synthesize Zn0.95−xMg0.05CoxO NPs

(x= 0.00–0.05), we used the sol–gel technique. We investi-
gated the effects of intrinsic defects such as zinc interstitial
(Zn𝑖), zinc vacancies (𝑉zn), and oxygen vacancies (𝑉𝑜) of
Zn0.95−xMg0.05CoxO NPs by using the photoluminescence
(PL) and electron spin resonance (ESR). Moreover, the
effect of Mg/Co co-doping on the magnetic and structural
properties of ZnO NPs at RT was also studied.

2 EXPERIMENTAL PROCEDURE

The Zn0.95−xMg0.05CoxO NPs were prepared using the
sol–gel technique by varying the doping ratio x = 0.00–
0.05. As precursor materials, we used the composition
of zinc acetate dehydrate (Zn(CH3CO2)2.2H2O), cobalt(II)
acetate tetrahydrate (Co(CH3CO2)2.4H2O), magnesium
acetate tetrahydrate (Mg(CH3COO)2⋅4H2O. Moreover, we
also used methanol (CH3OH) and acetylacetone (C5H8O2)
to arrange clear homogenous solutions. We weighed them
and thenmixed all thematerials with a stirrer at 300 rpmat
least 5 h in the mixer without heating at RT. Then, the sol-
vent was removed from the solution and obtained samples
preheated at 200−350◦C for 10 min under air, see details
in refs.2,5,6,26 As the last step, to get the preferred phases
and physical possessions, we applied a 600◦C temperature
for each Zn0.95−xMg0.05CoxO (ZnMgCoO) separately in a
furnace.
The Rigaku diffractometer with Cu Kα radiation source

was used to provide the structural phase definition for
synthesized NPs. Using JEOL, the JSM-5910LV model
scanning electron microscope (SEM) was employed to
understand the microstructural possessions of the surface
morphology of the samples. The Agilent Cary Eclipse Flu-
orescence Spectrophotometer was used to determine PL
properties. We also used Jeol Mark-JES-FA300 Series ESR
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2460 ARDA et al.

F IGURE 1 X-ray diffraction (XRD) patterns of Zn0.95−xMg0.05CoxO nanoparticles.

TABLE 1 The average crystallite sizes, lattice parameters, atomic packing factor (𝑐∕𝑎), and volume of the unit cell in Zn0.95−xMg0.05CoxO
(x = 0.00–0.05) NPs.

% Conc. (x) D (nm) a (Å) c (Å) c/a
Volume V
(Å3)

0 38.18 3.249 5.201 1.601 47.534
1 39.62 3.245 5.195 1.601 47.361
2 33.57 3.255 5.215 1.602 47.842
3 33.44 3.251 5.204 1.601 47.623
4 36.19 3.251 5.207 1.602 47.648
5 33.31 3.249 5.195 1.599 47.483

Abbreviation: NP, nanoparticle.

X-band (ν = 9.45 GHz) spectrometer to obtain the ESR
spectra of ZnMgCoO (annealed at 600◦C) NPs. It has a DC
magnetic field of up to 2 T.
In this study, a static magnetic field in the range of

0−1000 mT was used. In addition, the magnetic effects
of the quartz tubes and cavity were removed from the
measurements.

3 RESULTS AND DISCUSSIONS

3.1 Structural characterization

In Figure 1, powder patterns of Zn0.95−xMg0.05CoxO
(x = 0.0–0.05) NPs were obtained in the range of
20◦ ≤ 2θ ≤ 80◦. As seen in Figure 1, having the highest
peak index (1 0 1) in ZnMgCoO samples indicates that
ZnO NPs have a preferential crystallographic (1 0 1) orien-
tation. Besides, all ZnMgCoO samples are prepared with
high quality since there was no secondary peak in Figure 1.
The structural parameters such as the crystallite size, the

lattice parameters, the bond length L, etc. were calculated
and illustrated in Tables 1 and 2 using X-ray diffrac-

tion (XRD) analysis and displayed in Figure 2–4A–C. The
detailed formulations of δ, σ, ε, 𝑉, 𝐿, 𝑢, and 𝐷 parameters
were given by Guler et al.17
Equation (1) is used to compute the ZnO bond length:

𝐿 =

√(
𝑎2

3

)
+ [0.5 − 𝑢]

2
𝑐2, (1)

where the wurtzite structure 𝑢 can be computed as:

𝑢 =

(
𝑎2

3𝑐2

)
+ 0.25 (2)

and Equation (3) is used to compute the lattice constants 𝑎
and 𝑐 of ZnMgCoO

1

𝑑2
ℎ𝑘𝑙

=
4

3

(
ℎ2 + ℎ𝑘 + 𝑘2

𝑎2

)
+
𝑙2

𝑐2
. (3)

The Debye–Scherrer equation (4) is used to compute the
average crystallite size.

𝐷 =
𝐾 𝜆

𝛽ℎ𝑘𝑙cos (𝜃)
, (4)
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ARDA et al. 2461

TABLE 2 The microstrain (Ɛ), stress (σ), dislocation density (δ), the locality of the atoms and their displacement (𝑢), and bond length (𝐿)
in Zn0.95Mg0.05CoxO (x = 0.00–0.05) NPs.

% Conc. (x) Ɛ
σ*109
(N/m2) δ (nm−2) U L (Å)

0 0.000908 0.82129594 0.000686132 0.380048917 1.976634418
1 0.000875 0.297064489 0.00063692 0.380025373 1.97423181
2 0.001033 2.079451422 0.000887549 0.379810293 1.980862605
3 0.001037 1.083411665 0.000894316 0.38006529 1.977859769
4 0.000958 1.328053009 0.000763706 0.37992544 1.978195782
5 0.001041 0.332013252 0.000901295 0.380329422 1.975963477

Abbreviation: NP, nanoparticle.

F IGURE 2 The lattice parameters (a and c) vs. Co concentration for Zn0.95−xMg0.05CoxO structures.

F IGURE 3 The microstrain (ε) and stress (σ) vs. Co concentration for Zn0.95−xMg0.05CoxO structures.

where the integral half-width is 𝛽ℎ𝑘𝑙, K = 0.90, the wave-
length λ of the incident X-ray (λ = 0.1540 nm), and the
Bragg angle is θ. Figure 2 illustrates that a and c lattice
parameters have a similar pattern meaning that no change
in the crystal structure by the cobalt content.28
After 2% Co concentration, the microstrain ε and stress

σ oscillate in opposite directions as shown in Figure 3.

In the crystal structures as shown in Figures 3 and 4, an
increment in physical defects and dislocations might be
due to the strain and stress forces. Therefore, when the
strain attains its maximum (minimum), the dislocation
density also becomes maximum (minimum). Bond length
𝐿 oscillated asCo concentrationwas increased, as shown in
Figure 4A. An inverse behavior was detected between the
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2462 ARDA et al.

F IGURE 4 (A) The lattice parameters (𝑐∕𝑎) and Zn–O bond lengths (𝐿) vs. Co concentration for Zn0.95−xMg0.05CoxO structures. (B) The
crystallite size (𝐷) and microstrain (𝜀) vs. Co concentration for Zn0.95−xMg0.05CoxO structures. (C) The crystallite size (D) values and stress (σ)
variation vs. Co concentration for Zn0.95−xMg0.05CoxO structures.

crystallite size D and microstrain 𝜀 values as cobalt con-
centration was increased, as depicted in Figure 4B. The
crystallite size 𝐷 and the unit cell volume 𝑉 oscillated as
Co concentration was increased, as shown in Figures 4C
and 5, respectively.

We used SEM for the morphology and energy dispersive
X-ray analysis (EDX) for the elemental concentration of
all Zn0.95−xMg0.05CoxO NPs as displayed in Figures 6–11
and Figures 6D–11D, respectively. When the EDX graph
is examined, the presence of only Zn, Co, and Mg peaks
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ARDA et al. 2463

F IGURE 5 The unit cell volume vs. Co concentration for Zn0.95−xMg0.05CoxO structures.

F IGURE 6 The SEM images of Zn0.95Mg0.05O composition (A) 1 μm, (B) 500 nm, (C) 200 nm, and (D) the EDX graph of Zn0.95Mg0.05O
sample. SEM, scanning electron microscope.

shows that there are no extra elemental peak contribu-
tions. Figures 6–11 illustrate that the particle distributions
within the range of 1 μm, 500 nm, and 200 nm magnifica-
tions were compact, quasi-spherical, melted, and agglom-
erated as illustrated in the SEM micrographs. The average
crystallite sizes which were calculated and illustrated
in Table 1 are compatible with the SEM images. As the
Co concentration increases agglomeration increases, the
surface morphology of the NPs looks sponge-like, and NPs
become denser. Figure 12A,B shows the transmission elec-

tron microscope (TEM) image of the Zn0.93Mg0.05Co0.02O
NPs with different magnifications (20–50 nm).

3.2 Photoluminescence

PL spectra are used to observe the crystal feature, defi-
ciency type, and imperfection density of semiconductor
materials. Therefore, we investigated the effect of Mg/Co
concentration on the PL properties of ZnO NPs by using
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2464 ARDA et al.

F IGURE 7 The SEM images of Zn0.94Mg0.05Co0.01O composition (A) 1 μm, (B) 500 nm, (C) 200 nm, and (D) the EDX graph of
Zn0.94Mg0.05Co0.01O sample. SEM, scanning electron microscope.

F IGURE 8 The SEM images of Zn0.93Mg0.05Co0.02O composition (A) 1 μm, (B) 500 nm, (C) 200 nm, and (D) the EDX graph of
Zn0.93Mg0.05Co0.02O sample. SEM, scanning electron microscope.
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ARDA et al. 2465

F IGURE 9 The SEM images of Zn0.92Mg0.05Co0.03O composition (A) 1 μm, (B) 500 nm, (C) 200 nm, and (D) the EDX graph of
Zn0.92Mg0.05Co0.03O sample. SEM, scanning electron microscope.

F IGURE 10 The SEM images of Zn0.91Mg0.05Co0.04O composition (A) 1 μm, (B) 500 nm, (C) 200 nm, and (D) the EDX graph of
Zn0.91Mg0.05Co0.04O sample. SEM, scanning electron microscope.
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2466 ARDA et al.

F IGURE 11 The SEM images of Zn0.90Mg0.05Co0.05O (A) 1 μm, (B) 500 nm, (C) 200 nm, and (D) the EDX graph of Zn0.90Mg0.05Co0.05O
sample. SEM, scanning electron microscope.

F IGURE 1 2 (A,B) Transmission electron microscope (TEM) images of Zn0.93Mg0.05Co0.02O nanoparticles under different
magnifications.

PL. We obtained PL measurements of Mg/Co co-doped
ZnO NPs at 300 nm excitation wavelength, and the emis-
sion lines were collected in the wavelength range (350–
900) nm as depicted in Figure 13. The PL value of all
NPs has reached its maximum value of around 380 nm
as shown in Figure 13. As the Co concentration changes,
it is seen that the shifts in the peaks and the intensity of
the peaks change. Two dominant emissions peaks, which
correspond to the typical n-type ZnO semiconductor, a
sharp ultraviolet emission peak, and a broad visible emis-
sion band are seen. It is known that ultraviolet emission
is responsible for crystallization quality and the number of

defects of ZnO, while visible region emission is caused by
defects.44
The ultraviolet region generally was attributed to the

near band edge (NBE) transition as a common optical
property of a wide bandgap of ZnO. NBE emission orig-
inated from the excitonic transitions between electrons
and holes, in the conduction band (CB) and the valance
band, respectively.44 The stronger ultraviolet emission is
observed in ZnO with higher crystallization quality and
lesser defect.
It is seen that NBE emission does not change with

Co concentration, only a shift is observed in the peaks.
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ARDA et al. 2467

F IGURE 13 PL spectra of Zn0.95−xMg0.05CoxO (x = 0.01, 0.02, 0.03, 0.04, 0.05) nanoparticles. PL, photoluminescence.

Also, it is seen that a high crystal structure is obtained by
annealing at 600◦C which is a suitable temperature.43 The
second dominant broad emission band is a visible region,
which consists of violet–blue–green–yellow–orange, red,
and near-infrared (NIR). This visible emission also known
as the DL emission is assigned to impurities or defects
including oxygen vacancies (𝑉𝑜), zinc interstitial (Zn𝑖),
zinc vacancies (𝑉zn), oxygen antisite (Ozn) and oxygen
interstitial (O𝑖) in the ZnO crystal structure.44,45 We
observed violet, blue red, and NIR emission peaks which
were explained in detail by using the Gaussian decom-
position into the subpeaks according to their origin to
understand the defects that occurred. The 12 main Gaus-
sian decompositions of PL spectra were exhibited versus
emission wavelength for Co concentration as shown in
Figure 14. The peak labels with position center and height
of the different Co concentrations of ZnMgO NPs are indi-
cated in Table 3. Emissions of these peaks are (Peaks 1 and
2) two ultraviolet emissions, (Peaks 3, 4, and 5) three vio-
let emissions, (Peaks 6 and 7) two blue emissions, (Peak
8, Peak 9, and Peak 10) three red emissions, and (Peak
11 and Peak 12) two NIR peaks as shown in Table 3.
The emission regions, which are shown in Table 3, could
be explained as the following: ultraviolet emissions from
362 to 390 nm could be ascribed to the NBE of ZnMg-
CoO as an indication of the excitonic characteristic; violet
emissions at (390−450 nm) region are due to the tran-
sition of electrons to the valence band (VB) from zinc
interstitials-Zni with different charges, including neutral-
Zni, single-Zni′, and double-Zni′′, respectively. According
to the theoretical study by Singh and Gopal,46 shal-

low donor levels of neutral-Zni, single-charged-Zni′, and
double-charged-Zni′′ are positioned at 0.22–0.5 eV below
the CB, respectively as shown in Figure 15; blue emis-
sion (450–495 nm) could be attributed to the Zn vacancies
(VZn) and the red emission (690–750 nm) could be ascribed
to oxygen vacancies (VO), respectively. The NIR region
(750–826 nm) was related to the secondary UV diffraction.
Peaks 11 and 12 which are NIR emission were observed by
Senol et al.,47 and it could be caused by oxygen vacancies.
According to the results of the Gaussian decompositions
of PL spectra, the illustrative energy level diagram show-
ing the transitions between the VB and CB is shown in
Figure 15.

3.3 Electron spin resonance studies

Magnetic NPs or magnetic nanomaterials consisting of
atoms, molecules, or those with electronic or nuclear
magnetic moments can be described as a spin system.
It causes the spin system to absorb energy from the
applied electromagnetic wave. Magnetic resonance spec-
troscopy examines the magnetic properties of the spin
system based on this absorbed energy and is divided into
two groups, namely, ESR) or electron paramagnetic reso-
nance (EPR) spectroscopy (deals with transitions between
electronic spin energy levels) and nuclear magnetic reso-
nance (NMR) (dealswith transitions between energy levels
of nuclear spin).
A trace of the magnetic center can be explained in ESR

resonance spectra which can show many rich properties.
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2468 ARDA et al.

F IGURE 14 From top to the right: Gaussian decompositions of PL spectra of Zn0.95−xMg0.05CoxO (A) Co (%1), (B) Co (%2), (C) Co (%3),
(D) Co (%4), and (E) Co (%5) nanoparticles. PL, photoluminescence.

Especially, the ESR also helps us to identify a site occu-
pied by ion vacancy or magnetic ions. The properties of
the ESR resonance spectrum are combined with the spin
Hamiltonian H of a magnetic center given by

𝐻 = 𝑆.𝑔𝑒.𝐻 + 𝐻𝑐𝑓 + 𝑆.𝐷.𝑆 + 𝑆.𝐴.𝐼 + 𝐼.𝑔𝑛.𝐻 + 𝑆.𝐽.𝑆

+ 𝐽𝑆1.𝑆2. (5)

In Equation (5), the first term represents the static Zee-
man effect, the last term indicates dipolar and exchange
interactions of the spins located at various sites, and the

other terms are spin–spin interactions, spin-dependent
crystalline energy (fine structure), hyperfine interactions
between electronic and nuclear spins of a site, spin–orbit
interaction, and even nuclear Zeeman interaction, etc.
The Zeeman effect (first term) shows itself both in the

modification of any significance peak and its line broaden-
ing. The last term which is exchange interaction governs
all other terms in the FM situation, it can be neglected for
the dilute distribution of spins through a paramagnetic sit-
uation. As reference [18, and references therein] is given,
the nuclear Zeeman and hyperfine terms are weaker com-
pared to the other terms. Moreover, the fine configuration
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ARDA et al. 2469

TABLE 3 The height values and peak center, emission range, and origin of PL emission of the Mg/Co co-doped ZnO NPs.

Co (%1) Co (%2) Co (%3) Co (%4) Co (%5)Peak
Label Center Height Center Height Center Height Center Height Center Height

Emission
Range

Emission
Origin

Peak 1 362.9 543.8 363.6 396.9 361.6 260.4 362 363.7 363.0 548.9 Ultraviolet Exciton NBE
EmissionPeak 2 378.0 820.9 379.9 803.4 379.0 753.0 378 894.8 378.0 801.0 Ultraviolet Exciton

Peak 3 390.1 188.2 390.6 253.8 396.6 318.7 392 89.3 391.3 193.3 Violet (𝑍𝑛𝑖) →

(𝑉𝐵)

DL
Emission

Peak 4 403.3 641.3 405.7 779.7 405.8 489.0 406 467.4 403.1 457.1 Violet (𝑍𝑛𝑖) →

(𝑉𝐵)

Peak 5 440.8 28.8 437.9 83.5 447.4 83.9 450 42.9 440.8 31.6 Violet (𝑍𝑛𝑖) →

(𝑉𝐵)

Peak 6 460.0 47.1 459.3 43.5 460.0 19.6 460 15.0 456.6 23.4 Blue (𝑉𝑍𝑛)

Peak 7 490.8 24.9 488.3 48.6 487.8 16.5 491 21.2 490.8 6.1 Blue (𝑉𝑍𝑛)

Peak 8 702.4 27.4 702.3 40.7 699.7 25.7 701 27.5 701.07 20.04 Red (𝑉𝑜)

Peak 9 724.2 58.5 724.1 43.6 722.7 87.3 724 51.4 726.31 56.18 Red (𝑉𝑜)

Peak 10 749.5 64.3 749.6 138.9 760.7 126.9 746 84.8 748.39 109.75 Red (𝑉𝑜)

Peak 11 760.9 73.5 760.8 10.0 749.0 24.1 763 57.9 754.16 20.10 NIR (near-
infrared)

(𝑉𝑜)

Peak 12 825.0 23.4 825.1 45.6 824.0 45.6 825.4 24.4 824.96 18.06 NIR (near-
infrared)

(𝑉𝑜)

Abbreviation: PL, photoluminescence; NP, nanoparticle.

F IGURE 15 Schematic energy diagram of Mg/Co-doped ZnO nanoparticles.

terms can result in multiple resonance lines for a total spin
of S = 1 or higher.47
ESR spectra of Mg/Co co-doped ZnONPs were recorded

as the first derivative of the absorption signal at RT.
The DC magnetic field was perpendicular to the sam-
ple tubes which were parallel to the microwave magnetic
field. The spectrometer was set as follows: the microwave
power was 5 mW and the magnetic field modulation was
100 kHz. In the ESR curve, we plotted the field derivative
of power absorption intensity versus the external mag-

netic field in Figure 16. Figure 16 shows the ESR spectra
of Zn0.95−xMg0.05CoxO (where x = 0.01–0.05) NPs in the
field region of 300–350 mT. Before we plotted the spec-
tra, the subtraction of background input originating from
the microwave cavity and empty sample tube was done.
The cobalt concentration is exhibited in Figure 16 for each
sample. By comparing all spectra, we observed relatively
only one single, narrow, and weak resonance peak in these
ranges and ESR peak intensity changed with cobalt con-
centration, since a single hole/electron may have a half
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2470 ARDA et al.

F IGURE 16 ESR spectra of all samples Zn0.95–xMg0.05CoxO
(x = 0.01–0.05). ESR, electron spin resonance.

spin and give two energy levels (for a spin down and up cir-
cumstances) separated by the Zeeman effect as mentioned
above. In the tail of the ESR spectra, we also observed very
small peaks. The peak intensity significantly decreased as
Co concentration increased.

3.4 Magnetic analysis

At RT, to investigate the magnetic components, the ESR
measurements were taken as illustrated in Figure 16.
Figure 16 showed a broad single resonance peak which is a
clear signature of FMnature.We calculated the linewidths
of peak-to-peak (ΔHPP) and the g-factor by using the ESR
spectra. The ESR spectra and scaled experimental X-band-

F IGURE 17 ESR spectra (solid lines) and scaled experimental X-band-ESR spectra (dotted lines) of Zn0.95−xMg0.05CoxO [x = 0.01
(purple), 0.02 (red), 0.03 (cyan), 0.04 (blue), and 0.05 (green)] nanoparticles at RT. ESR, electron spin resonance; RT, room temperature.

ESR spectra of Zn0.95−xMg0.05CoxO NPs annealed at RT
were shown in Figure 16. Figure 16 displayed the widest
and strong signal at about 320 mT. Cobalt concentration
changed the intensity of the ESR peak and the highest
peak appeared at 1% Co concentration. The peak intensi-
ties decreased significantly as Co concentration increased
because of the number of increasing Zn vacancies. Some of
the peaks related to the tail of the ESR spectra mentioned
above occurred due to the oxygen vacancies which were
also illustrated in the PL analysis. Table 3 illustrates the
asymmetry factor (𝑃asy) values according to the following
formula:

𝑃asy = 1 −
ℎ𝑢
ℎ𝐿
, (6)

where ℎ𝐿 and ℎ𝑢 are the heights of the absorption peak
below and above the baseline of the ESR spectra, respec-
tively, see Guler et al.17 In addition, the number of spins
(𝑁𝑠) can be calculated as the following formula:

𝑁𝑠 = 0.285 × 𝐼pp ×
(
Δ𝐻pp

)2
, (7)

where 𝐼pp andΔ𝐻pp are the peak-to-peak intensity and line
widths, respectively.
At 3% Co concentration, 𝑃asy had an absolute min-

imum and 𝑁𝑠was maximum. We analyzed the g-factor
and ΔHpp to understand the ESR spectra spins’ relaxation
mechanism.
We only used 34 data points in the cubic spline inter-

polation for the original 65 535 data points of each ESR
spectra curve as shown with the dotted lines in Figure 17.
In these approximations, the relative errors were 0.1171,
0.0892, 0.0544, 0.0909, and 0.2032 for Zn0.95−xMg0.05CoxO
((x = 0.01–0.05) NPs, respectively. ΔHpp values of the ESR
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ARDA et al. 2471

TABLE 4 The ESR parameters for Zn0.95−xMg0.05CoxO (x = 0.01–0.05) NPs.

Co (%) hL hU Pasy Ns Ipp g-values
Line-widths
(ΔHpp)

1 −1082.762 1158.251 2.070 2113.036 2241.013 2.09030 1.819
2 −592.896 1074.137 2.812 1733.954 1667.033 2.08930 1.910
3 −1986.127 629.8730 1.317 2617.755 2616.000 2.09132 1.874
4 58.359 381.3760 −5.535 331.1477 323.017 2.08797 1.897
5 −190.385 153.2960 1.805 285.5426 343.681 2.09218 1.707

F IGURE 18 ΔHpp of ESR spectra of Zn0.95−xMg0.05CoxO (x = 0.01–0.05 with an increment of 0.01) nanoparticles vs. Co concentrations.
ESR, electron spin resonance.

signals were found to be in the range of 1.7074 and 1.9104
mT as illustrated in Table 4 and Figure 18. We used the
following formula to get the g-factor values:

ℎ𝜈 = 𝑔𝜇𝛽𝐻, (8)

where Planck’s constant is ℎ, the operating frequency of
the X-band spectrometer is 𝜈 which is 9.45 GHz, μβ is the
electron Bohr magneton, and 𝐻 is the applied magnetic
field. The standard ge value for the electron is 2.00232. Solv-
ing Equation (8) for the electron Bohrmagneton and plank
constant gives:

𝑔 = 71.4477𝜈∕𝐻. (9)

Using Equation (9), the g-factor was calculated and
plotted as shown in Figure 19.
Note that 𝑔 > 2 is an indication of a FM behavior of

the ZnMgCoO NPs as depicted in Figure 20 which may be
explained as a result of Zn vacancy. The g-values are found
to be in the range of 2.08797–2.09218, where the maximum
g-value is 2.09218 for 5% Co concentration. From these
observed signals, it can be credited to the Zn vacancy in
the structure, which may have a crucial effect on the mag-

F IGURE 19 Calculated g-factor by using ESR spectra of
Zn0.94Mg0.05Co0.01O nanoparticles. ESR, electron spin resonance.

netic behavior of ZnMgCoO NPs. Therefore, ZnMgCoO
NPs can exhibit FM properties at RT. FM is investigated
by the development of defects such as Zn interstitial (Zni)
and Zn vacancy VZn which are observed from the PL
measurement. Moreover, we also calculated the g-values
corresponding to the tail of the ESR spectra and found that
𝑔 < 2 which is due to the oxygen vacancy in the structure.
Table 4 shows that the critical concentration of cobalt is
0.02 for maximum line-width and minimum g-factor.
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2472 ARDA et al.

F IGURE 20 The g-values of ESR
spectra of Zn0.95−xMg0.05CoxO (x = 0.01–0.05)
nanoparticles vs. Co concentrations.

4 CONCLUSION

Zn0.95−xMg0.05CoxO (x = 0.01–0.05 with an increment of
0.01) NPs were synthesized by the sol–gel technique. From
PL measurements, Zni, VZn, and Vo defects were observed
in Mg/Co co-doped NPs depending on the Co concentra-
tion in the visible region. These defects (zinc vacancies
(𝑉Zn) and interstitial Zn (Zni) may have a crucial effect on
the FM behavior of ZnMgCoO NPs at room temperature.
By looking at the ESR spectra, the significant concentra-
tion of cobalt is 0.02 for minimum ΔHpp and maximum
g-factor. Notice that the ESR spectra for x= 0.01–0.03 were
led by a robust and widest signal at nearby 324 mT except
for x = 0.04 and 0.05. It was also found that the g-factor
is between 2.08797 and 2.09218 which may be attributed
to the zinc vacancy in the structure. However, in the ESR
spectra, very small intensities were also observed and the
g-values corresponding to those small intensities were less
than 2 which may be attributed to the oxygen vacancy in
the structure. The maximum and minimum g-factor val-
ues were 2.09218 and 2.08797 at x = 0.05 and x = 0.42,
respectively.
As a result, the role ofMg dopants in improving the opti-

cal performance of ZnO and the role of the transitionmetal
(Co) in enhancing the magnetic properties in addition to
the intrinsic defects were observed.
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