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Synthesis and characterization of ball milled Fe-doped ZnO
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Fe-doped ZnO (Zn0.99Fe0.01O) powders are successfully prepared by ball milling with different milling time, and are inves-
tigated using X-ray diffraction (XRD), scanning electron microscope (SEM), ultraviolet-visible (UV-VIS) spectroscopy,
vibrating sample magnetometer (VSM) and electron paramagnetic resonance (EPR) spectroscopy. The structural analysis
using XRD reveals that the Fe-doped ZnO milled at different milling time can crystallize in a wurtzite structure, and in the
XRD patterns, the secondary phase related to Fe cluster with the sensitivity of the XRD instrument can not be found. The
SEM image of the sample milled for 24 h shows the presence of spherical nanoparticles. From the optical analysis, the
optical band gap is found to decrease with increasing the milling time, which indicates the incorporation of Fe2+ ions into
the ZnO lattice.  The magnetization measurement using VSM reveals that the nanoparticles exhibit ferromagnetic behavior
at room temperature, and the magnetization increases gradually with increasing the milling time. The conclusion is further
confirmed by the electron paramagnetic resonance of the nanoparticles examined at room temperature, which shows an
intense and broad ferromagnetic resonance signal related to Fe ions.
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In recent years, dilute magnetic semiconductors (DMSs) have
been under intense research due to their potential applica-
tions in spin-based multifunctional electronic devices[1–3].
Dietl et al[4] theoretically predicted that Mn-doped ZnO and
GaN could exhibit ferromagnetism above room tempera-
ture[5]. Since, for an ideal DMS material, high Curie tem-
perature (TC) with high magnetic moments is expected, and
the essential condition must be assured that dopant atoms
are uniformly dissolved into the semiconductor host lattice.
Oxide diluted magnetic semiconductors (ODMSs) have high
Curie temperature[5], and hence exhibit potential applications
in the field of  spintronic devices, such as spin field-effect
transistors, spin light-emitting diodes (spin-LEDs), magneto-
optical switches and spin-polarized solar cells[6-9]. Of all the
ODMSs (ZnO, TiO2, SnO2, CeO2), the transition metal doped
ZnO has been identified as a promising host material be-
cause of its wide band gap (3.37 eV) and high exciton bind-
ing energy (60 meV). Different transition metal ions, such as
Mn2+[10], Ni2+[11], Co2+[12] and Fe3+ [13-15], can be doped into the
ZnO lattice to tailor the material for various optical and
electro-magnetic properties. Room-temperature ferromag-
netism (RTFM) in ZnO:Fe system has been studied exten-

sively in recent years[16-18], but it is still far from clear explana-
tion on the origin of the magnetism. A wide variety of meth-
ods have been used to synthesize transition metal doped ZnO
nanoparticles. But there are very few reports on the mag-
netic behaviour of transition metal doped ZnO synthesized
using ball milling. Thus, in this paper, our aim is to synthe-
size ZnO:Fe (Zn0.99Fe0.01O) nanoparticles using ball milling
and to study the effect of milling time on the structural, opti-
cal and magnetic properties of ZnO:Fe, which can attempt to
explain the origin of  ferromagnetism in these materials.

Nanocrystalline Fe-doped ZnO (Zn0.99Fe0.01O) powders
were synthesized in a planetary ball mill (Fristch, Pulverisette-
7, mono mill) with 10 mm diameter cemented silicon nitride
balls. Starting materials are pure ZnO and FeO powder. The
mixed powder was milled for different periods of time by
planetary ball mill with 450 r/min. The crystal structure of
the samples was examined by X-ray diffraction (XRD) analy-
sis using a PAnalytical model X’Pert PRO XRD. The mor-
phology of the 24 h milled Zn0.99Fe0.01O sample was investi-
gated using scanning electron microscope (SEM) (HITACHI
Model: S-3400 N). The optical properties of the samples were
analyzed using ultraviolet–visible (UV-VIS) spectrophotom-
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eter (Model:Cary 5000). Magnetic properties of the samples
were experimentally studied by measuring magnetization as
a function of external magnetic field using vibrating sample
magnetometer (VSM) (Lakeshore 7404). Electron paramag-
netic resonance (EPR) characteristics of the powder samples
were studied using the JES-TE100 ESR spectrometer. The
structural, optical and magnetic measurements of the samples
were carried out at room temperature.

The phase purity and crystal structure of the Fe-doped
ZnO (Zn0.99Fe0.01O) nanoparticles prepared using ball mill-
ing were examined by XRD. The diffraction patterns of
undoped ZnO and Fe-doped ZnO milled for 8 h, 16 h and 24
h are shown in Fig.1. With the sensitivity of the XRD
instrument, the diffraction peaks of all the samples indicate
that the samples are in single phase with  hexagonal wurtzite
structure of ZnO, which is in close agreement with standard
data (JCPDS file No.21-1486).

 The XRD pattern does not show any reflection ascribed
to any of the iron oxide (i.e., Fe3O4, Fe2O3, FeO, etc.) com-
pounds for Fe-doped ZnO milled for different periods.  The
slight decrease in intensity and the broadening of diffraction
peaks with milling time indicate that the size of nanoparticles
decreases with increasing milling time.

The average crystallite size (t) of the powder samples is
calculated from X-ray line broadening according to Scherrer’s
equation[19] using the parameters derived from the X-ray dif-
fraction patterns

Fig.1 XRD spectra of Zn0.99Fe0.01O nanoparticles milled
for different periods of time
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where t is the crystallite size (nm), â is the full width at half
maximum (FWHM in radians) of (002) plane from XRD
measurements,  is the X-ray wavelength, è is the Bragg dif-
fraction angle, and C is a correction factor which is taken as
0.9. The estimated average crystallite size in the range from
32 nm to 24 nm with increasing milling time is summarized

in Tab.1. The unit cell parameters of Fe-doped ZnO nanop-
articles prepared for different milling time are given in Tab.1.
The observed linear decrease in the value of lattice spacing a
and c with increasing milling time indicates that the structure
of hexagonal-ZnO lattice gets squeezed along a and c axes.
The decrease in unit cell volume reflects the overall volume
contraction in the lattice of Fe-doped ZnO with increasing
milling time. Such change in lattice parameters may be at-
tributed to the incorporation of Fe atoms into the ZnO lattice.
Fig.2 shows the morphology of the Zn0.99Fe0.01O sample milled
for 24 h investigated using SEM. The SEM image of the
sample reveals the presence of randomly distributed spheri-
cal nanoparticles.

Fig.2 SEM image of Zn0.99Fe0.01O nanoparticles milled for
24 h
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The optical absorption properties of undoped and
Zn0.99Fe0.01O samples milled for different time are analyzed
using UV-VIS-near-infrared (UV-VIS-NIR) spectroscopy. In
Fig.3, the absorption edge of the Fe-doped samples shifts
towards higher wavelength (lower energy) with increasing
milling time compared with undoped ZnO. It is an indication
of incorporation of Fe2+ ions in the ZnO lattice. Compared
with the absorption spectra of pure ZnO, it could be easily
confirmed that the introduction of Fe2+ ions into the ZnO
leads to the appearance of additional absorption peak in the
Fe-doped samples.

The optical band gap of the nanoparticles is determined
by fitting the Tauc model[20] and the Davis and Mott model[21]

in the high absorbance region as

Tab.1 Variation of particle size and lattice parameters of
Fe-doped ZnO milled for different time
 Milling time   Crystallite                      Lattice parameters
       (h)            size (nm) a (A

o
) c (A

o
)           Cell V (A

o
)3

         8 32              3.2521  5.2117            47.73
       16 29              3.2516  5.2102            47.72
       24 24              3.2490  5.2051            47.58
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where h  is the photon energy, Eg is the optical band gap,
and D is a constant. For a direct transition, the square form
of ah  is chosen, since it gives the best linear fitting curve in
the band edge region.  The relationship between (ah )2 and
h is shown in Fig.4. The values of Eg are estimated by ex-
trapolating the vertical line portion to cut the photon energy
axis in Fig.4. From Tab.2, it is found that the band gap of Fe-
doped ZnO decreases with increasing milling time from that
of pure ZnO. It is reported that in transitionmetal doped II-
VI semiconductors, the decrease in optical band gap may be
attributed to the sp-d spin-exchange interactions between the
band electrons and the localized d electrons of the transiti-
onmetal ion substituting the cation[22,23]. K. Ando et al

[24]
 con-

firmed experimentally such a red shift of the band gap in co-
doped ZnO. Thus, in our samples, the s-d and p-d exchange
interactions between the band electrons of ZnO and local-
ized d electrons of Fe give rise to change in the energy band
structure, respectively, which can  reduce the band gap.

Fig.4 ( h )2 versus h  of Zn0.99Fe0.01O nanoparticles milled
for different time

Fig.5 shows magnetic hysteresis (M–H) curves of the
nanoparticles measured at room temperature. The M-H mea-
surements confirm the presence of ferromagnetism in the
samples at room temperature. The ferromagnetic hysteresis
loop is clearly observed from the M–H curves, and the satu-
ration magnetization of the samples milled for 8 h, 16 h and
24 h is 0.005 emu/g, 0.020 emu/g and 0.035 emu/g,
respectively. The ferromagnetism of the nanoparticles could
arise from a number of possible sources. It is well known
that pure ZnO is paramagnetic in nature so the observed fer-
romagnetism of the Zn0.99Fe0.01O samples milled for different
time may be due to Fe-doping. In general, the origin of ferro-
magnetism in transition metal doped semiconductors may be
due to the secondary phase formation or the intrinsic prop-
erty of the material. But the XRD results of the Zn0.99Fe0.01O
nanoparticles suggest that Fe is incorporated into the lattice
structure with the sensitivity of XRD instrument. Thus, the
possibility of ferromagnetism due to the secondary phases
related to Fe cluster, such as FeO, Fe and Fe2O3, in the samples
could be ruled out. Hence, the obtained ferromagnetism is
an intrinsic magnetic property of the Zn0.99Fe0.01O
nanoparticles. It is evident from the XRD analysis that Fe is
incorporated into the ZnO lattice. In addition, the absorption
spectra results confirm that Fe2+ ions are successfully incor-
porated into the wurtzite lattice at the Zn2+ sites. In view of

Fig.5 M–H curves of Zn0.99Fe0.01O nanoparticles milled for
different time

Fig.3 Optical absorption spectra of Zn0.99Fe0.01O nanopar-
ticles milled for different time

Tab.2 Variation of optical band gap of undoped and
Zn0.99Fe0.01O samples ball-milled for different time

                           Samples                                   Band gap (eV)
            Pure ZnO                                                        3.25
            Zn0.99Fe0.01O (milled for 8 h)                           3.17
            Zn0.99Fe0.01O (milled for 16 h)                         3.10
            Zn0.99Fe0.01O (milled for 24 h)                         3.05
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In summary, Zn0.99Fe0.01O diluted magnetic semiconduc-
tor nanoparticles are synthesized by ball milling and investi-
gated using XRD, FTIR, VSM and EPR. Magnetic measure-
ments indicate that Zn0.99Fe0.01O is ferromagnetic at room
temperature. Considering the structural, optical and magnetic
studies together, we believe that the Fe element incorporated
into the zinc oxide lattice by substituting the zinc atoms will
result in an intrinsic ferromagnetism in the nanoparticles. The
current synthetic method can be extended to the large-scale
production of other transition metal doped zinc oxide nan-

Fig.6 EPR spectra of Zn0.99Fe0.01O milled for different time
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the Fe2+ ions substituted into ZnO lattice, the origin of mag-
netism in the samples is due to the exchange interaction be-
tween local spin-polarized electrons (such as the electrons
of Fe2+ ions) and the conductive electrons. Such interaction
can lead to the spin polarization of conductive electrons.
Consequently, the spin-polarized conductive electrons un-
dergo an exchange interaction with local spin-polarized elec-
trons of other Fe2+ ions. Thus, after a successive long-range
exchange interaction, almost all Fe2+ ions exhibit the same
spin direction, resulting in the ferromagnetism of the material.

Fig.6 shows the EPR spectra of Zn0.99Fe0.01O samples
milled for different time at room temperature, including a
broad and intense signal. The effective g factor for the broad
signal is observed to be greater than 2, which clearly indi-
cates the presence of ferromagnetism in all the samples. The
resonance field (the line position) increases with increasing
milling time, which is the evidence for the increase of mag-
netization in the samples. The observation of ferromagnetic
resonance signal at room temperature and the presence of
hysteresis loops provide evidence that Zn0.99Fe0.01O nanop-
articles are ferromagnetic.

oparticles.


