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Abstract In the present work, pure ZnO, Zn0.99Fe0.01O
(ZFO), Zn0.99Ni0.01O (ZNO) and Zn0.98Fe0.01Ni0.01O
(ZFNO) dilute magnetic semiconductors were successfully
synthesized by using the wet coprecipitation method. Pure
and doped samples were characterized by X-ray diffrac-
tion, scanning electron microscopy, energy-dispersive X-ray
spectroscopy, UV-Vis spectroscopy and vibrating sample
magnetometer. The X-ray diffraction (XRD) analysis of
pure and doped samples confirms the formation of a hexag-
onal wurtzite structure, without formation of any other
secondary and impurity phases. Surface morphology of
pure and doped ZnO nanoparticle samples performed by
scanning electron microscopy (SEM) reveals the forma-
tion of spherical nanocrystallites with clear and welldefined
boundaries. Energy-dispersive X-ray spectroscopy (EDS)
indicates the successful substitution of dopant Fe2+ and
Ni2+ in the lattice site of Zn2+ and results in the for-
mation of single-phase Zn1−x−yFexNiyO. The UV-visible
absorption spectra of all doped samples showed blueshift
in absorption edge as compared to undoped ZnO nanoparti-
cles. The magnetic characterization reveals and confirms the
roomtemperature ferromagnetism in all doped and codoped
samples. Magnetization saturation is enhanced in Ni–Fe
codoped sample as compare with individual Fe and Nidoped
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ZnO samples which further reveals that exchange interac-
tion between Fe and Ni ions dominates over the Fe–Fe and
Ni–Ni ion interaction.
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1 Introduction

Diluted magnetic semiconductors (DMS) have attracted
much attention in recent years because it is a type of semi-
conductor in which fraction of host cations can be easily
replaced by magnetic ions for its potential applications in
fabricating spintronic devices such as spin-valve transistor
[1–4]. ZnO is a group II–IV compound semiconductor and
has become one of the most promising candidates for DMS
materials [5]. Moreover, ZnO have potential applications
in optoelectronics due to its wide band gap (3.37 eV) and
high exciton binding energy (60 meV) properties. In the
past few years, scientists are investigating the effect of dop-
ing ZnO nanoparticles with transition metals such as Fe,
Co, Ni, and Mn. [6–18]. A lot of theories have proposed,
predicted, and revealed that doping ZnO nanoparticles with
these transition elements results in dramatic change in vari-
ous luminescent and magnetic properties. These transitions
metals have been doped on ZnO lattice to change the dif-
ferent optical and magnetic properties, which further have
potential applications in spintronic devices, such as spin
field effect transistor, gas sensor, and quantum comput-
ers. In order to realize these objectives; it is absolutely
necessary to create ZnO-based ferromagnetic material,
where their physical and structural properties must be well
understood explicitly. Experimental studies confirmed that
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the ferromagnetism strongly depends on synthesis tech-
niques and environmental conditions used for the prepara-
tion of samples. A lot of work had been done on single
transition metal-doped ZnO prepared by various techniques
[19, 20]. There are few reports on codoping of two mag-
netic elements simultaneously in a host material such as
Fe–Co codoped [21], Mn–Co codoped [22], Cr–Fe codoped,
and Co–Cu codoped [23]. Wu et al. [24] also synthesized
Fe–Ni-codoped ZnO (Zn0.95Fe0.03Ni0.02O) nanorods by a
hydrothermal method and reported that room-temperature
ferromagnetism for codoped sample is greater than that for
single-doped Fe and Ni samples. Various chemical meth-
ods have been developed to prepare nanoparticles (NPs) of
different materials of interest. Most of the ZnO nanocrys-
tals have been synthesized by traditional high-temperature
solid-state reaction method. However, this method is time-
consuming and the properties of the product cannot be
controlled. Hence, ZnO nanoparticles can be prepared on a
large scale at low cost by simple solution-based methods,
such as chemical coprecipitation, hydrothermal reaction,
and sol-gel synthesis.

In this work, coprecipitation method was chosen for syn-
thesis because it requires less temperature, is cost-effective,
and offers larger degree of solubility of dopants. The effect
of Fe and Ni and their codoping on the structural, morpho-
logical, optical, and magnetic properties on ZnO nanopar-
ticles were investigated by using X-ray diffraction (XRD),
scanning electron microscopy (SEM), UV-Vis spectroscopy,
and vibrating sample magnetometer (VSM), respectively. It
was observed that incorporating Fe and Ni and their codop-
ing on ZnO nanoparticles not only result in increase in
ferromagnetic properties in host material but also change
the optical properties and lattice constant values in structural
studies.

The organization of this research paper is summarized
as follows: Section 2 illustrates the experimental proce-
dure followed to synthesize the doped and undoped ZnO
nanoparticles, followed by Section 3, which describes the
instrumentation used to characterize the structural, morpho-
logical, optical, and magnetic properties of undoped and
doped ZnO sample. In Section 4, various results have been
discussed in detail related to above-said properties, while
Section 5 concludes the paper.

2 Experimental Procedure

All the materials used in this work were of analytical reagent
grade and we have used them without any further purifi-
cation. In order to synthesize the pure ZnO nanoparticles,
zinc acetate (Zn(CH3COO)2·2H2O) was dissolved in dis-
tilled water and stirred for 1 h. Aqueous solution of NaOH
was added dropwise to the solution to maintain the pH

∼10. The solution was then stirred at room temperature for
4 h followed by aging for 24 h at the same temperature.
After aging, the precipitate that formed was filtered and
washed several times and was finally annealed at 600 ◦C
for 2 h. In order to synthesize the doped (Zn0.99 Fe0.01O
(ZFO) and Zn0.99Ni0.01O (ZNO)) and codoped sample
(Zn0.98Fe0.01Ni0.01O (ZFNO)) nanocrystals, the same steps
have been followed except adding ferric nitrate (FeNO3)
and nickel acetate (C4H6NiO4.4H2O) according to the cal-
culated stoichiometric ratio.

3 Characterization of Pure and Doped Samples

X-ray diffraction patterns of all the powder samples were

recorded by rotating angle X-ray diffractometer (Bruker
AXS D8 Advance, Germany) equipped with graphite
monochromator, a mirror at a fixed incidence angle of 1◦
–5◦ and CuKα (wavelength = 1.540 Å, 40 kV, 100 mA)
radiation source. The angular accuracy of the setup was
0.001◦ and the angular resolution was about 0.01◦. The
samples were scanned in an angular direction in the range
from 20◦ to 90◦ (2θ ) with a step size of 0.01◦. The surface
morphology of undoped (pure) and doped synthesized sam-
ples was ascertained by using the scanning electron micro-
scope Carl Zeiss Supra 55 which operates at a high accel-
erated voltage of 15 kV. The UV absorption spectra of
the samples were recorded on the Systronics-2205 double-
beam spectrophotometer having a bandwidth 1 nm and
wavelength ranges from 200 to 1100 nm. Elemental compo-
sition of various sample were ascertained by using energy-
dispersive X-ray spectroscopy (EDS) at an acceleration
voltage of 200 keV. Magnetic hysteresis loop at room tem-
perature was measured by using a VSM (Microsense EZ9)
having a maximum magnetic field strength of 22.5 kOe.

4 Results and Discussions

4.1 XRD Analysis

Figure 1a and b shows the X-ray diffraction patterns of the
synthesized undoped (pure ZnO) and doped (ZFO, ZNO and
ZFNO) samples. Each XRD sample exhibit the hexagonal
wurtzite phase without any impurities and secondary phase
formation. It is clear from the XRD pattern that all the char-
acteristic diffraction peaks can be indexed to the diffractions
of (100), (002), (101), (102), and (110) planes with a hexag-
onal wurtzite structure. These diffraction peaks agree well
within the values of the standard value of JCPDS01-079-
2205 card value. From the XRD pattern of Fig. 1a and b, it is
clear that the doped samples show lowering of intensity and
the peak position of doped samples shifts to higher angles
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Fig. 1 (a) XRD patterns of pure ZnO, ZFO, ZNO, and ZFNO
nanoparticles annealed at 600◦, and (b) shifting of (101) peak with the
doping concentration

in (101) characteristic peak as compared to undoped (pure)
ZnO. It is observed further that the intensity of diffraction
peaks decreases markedly as a function of Fe and Ni con-
centration, signifying that the crystalline character of the
ZnO had reduced considerably due to Fe and Ni doping. The
XRD spectra clearly show that some XRD peaks appear-
ing in undoped ZnO at higher angles disappear in the Fe-,
Ni-, and Fe–Ni-doped ZnO samples. This phenomenon is
due to the reduction of grain size and the presence of strain
in the ZnO lattice due to induction of Fe, Ni, and Fe–Ni
atoms. For codoped sample, NP size reduction is significant
as compared to undoped and doped NPs as shown in Table 1.

Figure 1b clearly shows the shifting of peak toward
higher 2θ angle value with doping of Fe and Ni and codop-
ing. The change in the peak positions clearly indicates that

Fe and Ni ions areoccupying the Zn position in the ZnO
matrix [25].

The average crystalline size was calculated by using
Scherrer’s (1) and was found to be in the range of 36 to
45 nm as shown in Table 1.

τ= kλ

β cos θ
(1)

Where, τ is the grain size, β is the full width at half max-
ima, λ is the wavelength of X-ray used (1.548 Å), and θ

is the diffraction angle. Lattice strain and dislocation den-
sity increase with doping and codoping as compared with
undoped ZnO as shown in Table 1. From the d values, lattice
constants a and c are calculated using (2), and their values
are given in Table 1.

1

d2
= 4

3

(
h2 + hk + k2

a2

)
+ l2

c2
(2)

The ionic radius values for various elements like Fe+3,
Ni+2, and Zn+2 are 67, 69, and 74 pm, respectively. It is
clearly observed from Table 1 that value of lattice param-
eters and d value go on reducing due to the smaller ionic
radius of Fe, Ni, and Fe–Ni ions due the substitution of Zn+2

by Fe+3, Ni+2, and Fe–Ni ion during the doping process.
The XRD spectra also show that the intensity of char-

acteristic XRD peaks decreases on changing the doping
concentration of these dopants, which further indicates the
reduction in crystalline character and decrease in crystallite
size as evident from Table 1.

4.2 Scanning Electron Microscope Analysis

The morphology of pure and doped samples was studied
by using the scanning electron microscope (SEM) analy-
sis. Figure 2a–d shows the SEM images of pure ZnO, ZFO,
ZNO, and ZFNO nanoparticles with an average particle size
of approximately 65, 62, 60, and 53 nm, respectively.

The SEM image of pure ZnO shows that the parti-
cles are spherical in shape with large agglomeration. It is
clearly found from Fig. 2b–d that the aggregation is almost
restricted in doped ZnO (from ZFO to ZFNO) particles
which appears in a consistent and uniform shape with con-
stricted size distribution. The particle size measured from

Table 1 Microstructural
properties of pure ZnO and
ZFO, ZNO, and ZFNO
nanoparticles

Sample Particle size (nm) Lattice strain Dislocation density d101 (Å) Lattice constant

(× 10−14Line2/m2) a c

Pure ZnO 45 0.0027 4.94 2.4768 3.233 5.280

ZFO 43 0.0030 5.41 2.4689 3.223 5.263

ZNO 42 0.0030 5.67 2.4755 3.232 5.278

ZFNO 36 0.0034 7.72 2.4715 3.227 5.269
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Fig. 2 SEM images (a–d) of
pure ZnO and ZFO, ZNO, and
ZFNO nanoparticles

XRD is quite different from the SEM measurement because
in SEM, calculation is done by taking the difference of
noticeable grain boundaries, whereas in case of XRD, mea-
surements are taken from the crystalline area that reasonably
diffracts the X-ray waves.

From Fig. 2b and c, it is clear that particle size goes on
decreasing because dopant Fe and Ni are diffusing homo-
geneously in the different sites and they are clearly visible
with less porosity in the background portion. It is clear from
SEM micrograph that pure ZnO nanoparticles appears in
bigger form, while codoped ZFNO nanoparticles appear in
smaller size which verifies the XRD results.

The elemental composition of the synthesized nanopar-
ticles (doped and undoped) was determined from the EDS

Fig. 3 Energy-dispersive X-ray spectroscopy (EDS) spectrum of
ZFNO sample

as shown in Fig. 3. The EDS analysis confirms the pres-
ence of Fe, Ni, O, and Zn in the doped sample with no other
impurity element.

Figure 3 shows the EDS spectra of ZFNO sample. The
EDS spectrum indicates that the synthesized ZFNO sample
mainly contains Fe, Zn, Ni, and O elements. The EDS spec-
tral peaks of O appeared at 0.5 keV; Zn appeared at 1, 8.6,
and 9.5 keV; while Fe signal appears at 0.6, 6.5, and 7.2 keV,

Fig. 4 UV-visible absorption spectra of pure ZnO and ZFO, ZNO, and
ZFNO nanoparticles
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Table 2 Band gap energy (Eg) variation of pure ZnO and ZFO, ZNO,
and ZFNO nanoparticles

Sample Absorption wavelength Band gap energy

(λ), nm (Eg = Hc/λ), eV

Pure ZnO 390 3.19

ZFO 388 3.21

ZNO 387 3.22

ZFNO 380 3.27

respectively. The EDS results further verify XRD results,
which reveal that Fe- and Ni-doped ZnO magnetic semi-
conductors were successfully synthesized by the chemical
precipitation method.

4.3 Optical Absorption Study

Pure ZnO and doped and codoped ZnO nanoparticles were
compared employing UV-visible absorption spectroscopy.
The band gap of semiconductor nanoparticles changes as
the various dopants can cause different crystal defects on
ZnO crystals. The UV-visible absorption study of pure ZnO
and doped and codoped ZnO nanoparticle samples has been
investigated as shown in Fig. 4 in the wavelength range of

300–800 nm. The value of the absorbance is purely depen-
dent on various factors like the size of particles, flaws, or
deformities in grain structure and oxygen deficiency.

As the doping concentration is changed from ZNO, ZFO,
and ZFNO, the absorption edge is starting to shift toward
lower wavelengths (blueshift) which means the band gap
increases which results due to defects (strain) and hence
leads to the reduction in crystallite size as discussed in the
XRD analysis. Figure 4 shows the absorption spectra of the
pure ZnO, ZFO, ZNO, and ZFNO nanoparticles with the
absorption peaks at 390, 388, 387, and 380 nm, respectively.

Table 2 summarizes the band gap energy (Eg = Hc/λ)
value for undoped (pure) and doped ZnO nanoparticles. The
optical band gap value calculated in our pure ZnO sample
is small (3.19 eV) as compared with the standard band gap
value of bulk ZnO material, i.e., 3.3 eV. But, the observed
Eg value is in good agreement with the Eg value determined
in literature [26, 27]. From Table 2, it is concluded that the
band gap energy increases with Fe, Ni, and Fe–Ni doping,
which shows a blueshift in wavelength.

The increase in band gap from 3.19 to 3.27 eV is due to
decrease or reduction in particle size due to changing of var-
ious dopants Fe+3, Ni+2, and Fe–Ni, respectively, on ZnO.
This phenomenon of increase in band gap energy (Eg) and
absorption at the lesser wavelength can be explained on the
basis of quantum confinement effect among the individual
doped ZnO nanoparticles.

Fig. 5 M–H curve of (a) pure
ZnO, (b) ZFO, (c) ZNO, and (d)
ZFNO nanoparticles at room
temperature
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Table 3 Magnetic properties of ZFO, ZNO, and ZFNO nanoparticles

Sample HC (Oe) Mr (emu/g) Ms (emu/g)

ZFO 61 0.0011 0.015

ZNO 74 0.0027 0.021

ZFNO 51 0.0169 0.158

4.4 Vibrating Sample Magnetometer Analysis

Magnetization measurements of synthesized pure and doped
nanoparticles were carried out using a vibrating sample
magnetometer by using the magnetic hysteresis (M–H)

curve. All the measurements were made at room temper-
ature. Pure ZnO sample shows diamagnetic behavior as
depicted from Fig. 5a. The diamagnetic nature of pure ZnO
has also been reported in literature [28]. Whereas from the
magnetic hysteresis loops (M–H curve) for ZFO, ZNO,
and ZFNO samples as shown in Fig. 5b–d, respectively,
it is clear that all samples exhibit ferromagnetic behavior
at room temperature. However, from Table 3, it is clear
that magnetization saturation (Ms) and remanent (Mr) is
enhanced in ZFNO sample as compare with individual mag-
netization obtained in ZFO and ZNO samples, whereas
coercivity (Hc) is reduced in ZFNO sample in contrast to
ZFO and ZNO samples. Moreover, coercivity obtained in
all samples is very less which reveals soft ferromagnetic
characteristic of samples.

So far, several reasons have been discussed to explain
the origin of ferromagnetism and still this subject is contro-
versial. One of the theories proposed that room-temperature
ferromagnetism of ZFNO samples is exhibited due to
various intrinsic and extrinsic phenomena. Intrinsic phe-
nomenon results due to exchange interaction, and extrinsic
phenomenon occurs due to formation of clusters or sec-
ondary phases of dopant semiconductor atoms [29]. The
relationship between intrinsic defects such as oxygen or Zn
vacancies and magnetism is also discussed in some studies
[30, 31]. In our study, the XRD and EDS results showed
that dopant ions are successfully incorporated in the Zn
wurtzite lattice without formation of any secondary phases
and metallic clusters. Therefore, the possibility of ferromag-
netism due to formation of secondary phases and metallic
clusters is completely ruled out in case of our all doped and
codoped samples.

Among different mechanisms responsible for ferromag-
netism, the oxygen-mediated exchange interaction between
the dopant ions could be the possible mechanism respon-
sible for the observed ferromagnetic behavior in all the
doped samples. In a recent paper, Das et al. [32] pro-
posed that exchange interaction mechanism mediated by
oxygen vacancies is responsible for enhancement in mag-
netic saturation when Ni is codoped in Mn-doped ZnO

sample because codoping increases carrier concentration in
the form of oxygen vacancies.

From XRD, EDS, and VSM analysis of our samples,
it is reasonable to say that observed room-temperature
ferromagnetism in our samples is an intrinsic property of
material and not due to the formation of any secondary
phases or metallic clusters. Further, increase in magnetic
saturation of codoped sample indicates that Ni–O–Ni and
Ni–O–Fe exchange interaction in ZFNO sample dominates
the Fe–O–Fe and Ni–O–Ni exchange interaction in case of
ZFO and ZNO respectively. Therefore, we conclude that
magnetic saturation increases with simultaneous doping of
two different transition metals, i.e., Fe–Ni, codoping than
single transition metal (Fe, Ni) doping at room temperature.
So in our discussion, resulting paramagnetism is an intrinsic
property of ZFNO samples.

5 Conclusions

In our investigations, pure ZnO and Zn0.99Fe0.01O,
Zn0.99Ni0.01O, and Zn0.98Fe0.01Ni0.01Odiluted magnetic
semiconductor nanoparticles were successfully synthesized
via a simple coprecipitation method X-ray diffraction pat-
tern shows formation of hexagonal wurtzite structure for
all samples. UV absorption spectrum shows blueshift in
wavelength for doped and codoped samples as compared
with undoped ZnO. The present work also confirms that
the optical absorption and band gap of ZnO nanopar-
ticles can be controlled by Fe, Ni, and Fe–Ni doping.
Enhancement in roomtemperature ferromagnetism has been
observed in Fe–Nicodoped ZnO sample as compared with
Fe and Nidoped ZnO samples. A few assumptions related
to exhibition of roomtemperature ferromagnetism have been
addressed i.e. clusters, secondary phase and defectrelated
ferromagnetism. However, we believe that a small amount
of Fe, Ni and Fe–Ni have played a vital role in order to
obtain the roomtemperature ferromagnetism. Oxygenmedi-
ated exchange interaction could be the possible mechanism
for observed ferromagnetism. In the codoped sample, Ni–
O–Ni and Ni–O–Fe carriermediated exchange interaction
dominates the Fe–O–Fe and Ni–O–Ni exchange interac-
tion which results in an increase in the value of satura-
tion magnetization at room temperature, which is the best
probable mechanism for origination of roomtemperature
ferromagnetism.
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