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High energy ball milling was used to produce nanocrystalline Ni0.3Zn0.7Fe2O4 ferrite from stoichiometric
mixture of ZnO, NiO, Fe2O3 powders. The structural, chemical and magnetic properties of Ni–Zn ferrite
was determined by X-ray powder diffractometry (XRD), scanning electron microscopy (SEM), Fourier
transmission infrared spectroscopy (FTIR), vibrating sample magnetometer (VSM) and ac susceptometer
measurements. The mechanism of formation this ferrite was appeared to engage two steps: diffusion
of ZnO in Fe2O3 and formation of Zn ferrite followed by diffusion of NiO in Zn ferrite and formation
anostructured materials
agnetically ordered materials
echanical alloying

pin dynamics

of Ni–Zn ferrite. The crystallite size of final product after 60 h ball milling was estimated to be about
18 nm which increased to 30 nm after annealing at 800 ◦C for 4 h. The VSM results indicated that the
magnetization did not saturate and coercivity and remanence were zero. The dynamic properties of 60 h
ball milled sample were investigated by ac susceptibility using the Neel–Brown, Vogel–Fulcher and power
laws for superparamagnetism/spin glass. The frequency-dependence of blocking temperature can be well
described by the Vogel–Fulcher law, and fitting the experimental data with Neel–Brown model and power
law give unphysical value for relaxation time.
. Introduction

The nanocrystalline materials have optimum magnetic prop-
rties relative to conventional materials. It is well known that
he microstructure, especially the crystallite size, essentially deter-

ines the hysteresis loop of the soft ferromagnetic materials [1].
Ni–Zn ferrite is a soft magnetic material and has the spinel struc-

ure in which metallic cations Fe3+/Zn2+ occupy the tetrahedral sites
hile Fe3+/Ni2+ occupy the octahedral sites [2]. Nanocrystalline
i–Zn ferrite has the extensive applications such as recording
eads, antenna rods, loading coils, microwave devices, core mate-
ial for power transformers in electronics and telecommunication
pplications due to its improved magnetic behavior and high
esistivity and low eddy current losses [3,4]. Because of the
eduction of crystallite size (or particle size) to a few nanome-
ers, nanocrystalline soft ferrites exhibit high coercivities and
ow saturation magnetization [5]. In particular, nanosized mixed
errites containing zinc have attracted considerable attention. Das-

upta et al. synthesized different composition of Mn–Zn ferrite by
echanochemical method and studied the structural and dynamic
agnetic properties of ferrite [6]. Ounnunkad et al. produced the
g–Zn ferrite by conventional thermal solid state reaction and
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investigated the variation of static magnetic properties with Zn
content [7]. Gözüak et al. also synthesized the Co–Zn ferrite via
polyethylene glycol (PEG)-assisted hydrothermal route and charac-
terized its structural and magnetic properties [8].

Ni–Zn ferrite can be synthesized by various methods including
mechanical alloying. It is well known that the milling parameters
can significantly influence the structural evolution during mechan-
ical alloying [9–13]. It is also reported that the physical properties
of Ni–Zn ferrite are very sensitive to the methods of preparation.
Bid and Pradhan [14] synthesized nanocrystalline Ni0.5Zn0.5Fe2O4
after 11 h ball milling with a ball-to-powder mass ratio of 40:1.
They found that NiO has a slower diffusion in Fe2O3 lattice than
ZnO.

It is found that when the particle diameter reduced to a definite
size, spinel nanoparticles may exhibit the so-called superparamag-
netic behavior, which is of great interest in macroscopic quantum
tunneling of spin states [15]. When nanoparticle size is smaller
than the superparamagnetic critical size, above the blocking tem-
perature, the hysteresis behavior vanishes and the magnetization
direction of the particles simply follows the direction of the applied
magnetic field. For the Ni0.8Co0.2Fe2O4 ferrite, the superparamag-

netic behavior was observed and attributed to the size of equiaxial
shaped nanoparticles below the superparamagnetic critical size
[16]. The dynamics of magnetic behavior of nanosized particles have
been interested over the last few years. Various phenomenological
laws are generally used for explanation of magnetic dynamic behav-
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or. The exponentially Neel–Brown theory predicts the relaxation
ime for weakly interacting superparamagnetic systems [17,18]. In
ssemblies with considerable dipole–dipole or exchange interac-
ions, the magnetic relaxation has been explained by Vogel–Fulcher
VG) law [19], which is a modification of the Neel–Brown theory. A
ower law has been also used to describe the spin-glass behavior
20].

The goal of this work was to investigate the structural and mag-
etic properties of nanocrystalline Ni0.3Zn0.7Fe2O4 prepared by
igh energy ball milling of initial oxide powders.

. Experimental

Fe2O3 (300–500 nm), ZnO (100–200 nm) and NiO (50–150 nm) powders with
urity 99% supplied by Merck were used as the starting materials with molar ratio
f 1:0.7:0.3. Ni0.3Zn0.7Fe2O4 ferrite was synthesized from these powders by high
nergy ball milling. The blend of powders was hand-ground in air using an agate
ortar to obtain a homogeneous mixture of raw powders. Ball milling of powder
ixture was conducted in a planetary ball mill at 600 rpm under air atmosphere

p to 60 h using a ball-to-powder mass ratio of 10:1. The milling vial (125 ml) and
alls (20 mm) were hardened chromium steel. Isothermal annealing of powders was
arried out at 800 ◦C for 4 h under air to eliminate the milling induced crystal strain
nd defects. The heating rate up to 800 ◦C was 10 ◦C/min and the samples were
ooled in air. The structural and phase composition of samples were investigated
y X-ray powder diffraction (XRD) analysis at room temperature in a Philips X’Pert
iffractometer (40 kV) using Cu K� radiation (� = 0.15406 nm). The crystallite size
nd internal strain of samples were estimated by broadening analysis of XRD peaks
sing Williamson–Hall formula [21]:

ˇ

2
cot� = 0.45�

sin �D
+ ε (1)

here ˇ is the full width at half maximum (FWHM) of the XRD peaks, � is the Bragg
ngle, � is the X-ray wave length, D is the crystallite size and ε is the value of internal
train. In this method, ˇ cot �/2 is plotted against 0.45�/sin �. Using a linear fitting to
his plot, the intercept gives the strain (ε) and the slope gives the particle size (1/D).
nfrared spectroscopic analysis, with KBr pellet method, was carried out at the range
f 350–2000 cm−1 using a Jasco FTIR300E Fourier Transform InfraRed spectrometer.
he hysteresis loops of samples were measured at room temperature by using of
ibrating sample magnetometer (VSM). The ac susceptibility measurements were
erformed using a Lake Shore Ac Susceptometer (Model 7000).

. Results and discussion

.1. Structural aspects

Fig. 1 shows the XRD patterns of NiO, ZnO and Fe2O3 powder
ixture as-received and after different ball milling times. The pat-

ern of as-received powder mixture includes only the sharp peaks
f initial oxide phases. It is evident that the XRD peaks of initial
xides were broadened and their intensities reduced during ball

illing. After 20 h ball milling, Ni0.3Zn0.7Fe2O4 phase was formed

s noticed by appearance of (2 2 0) characteristic peak at 2� ∼ 30◦.
he XRD peaks of oxides gradually disappeared with increasing ball
illing time and the fraction of Ni–Zn ferrite was increased. The

ig. 1. X-ray patterns of as-mixed oxides, as-milled Ni0.3Zn0.7Fe2O4 and annealed
amples.
Fig. 2. SEM micrograph of ball milled (60 h) Ni–Zn ferrite nanoparticles.

formation of Ni0.3Zn0.7Fe2O4 occurs by reaction (2):

Fe2O3 + 0.3NiO + 0.7ZnO → Ni0.3Zn0.7Fe2O4 (2)

After 60 h ball milling, the XRD peaks of sample mostly include
the Ni–Zn ferrite phase, although a slight amount of Fe2O3 phase
are still evident. The XRD results in Fig. 1 show that the ZnO phase
are first vanished during ball milling, indicating that the rate of
dissolution of ZnO in Fe2O3 lattice is faster than that of NiO. Similar
behavior is reported by Bid and Pradhan [14] for Ni–Zn ferrite and
Zheng et al. [22] for Mn–Zn ferrite. The mechanism of formation of
Ni–Zn ferrite can be therefore suggested to include two stages, as
follows:

ZnO + Fe2O3 → ZnFe2O4 (3)

NiO + ZnFe2O4 +Fe2O3 → NiZnFe2O4 (4)

In first stage ZnO diffuses in Fe2O3 forming Zn ferrite. Then NiO
gradually diffuse in Zn ferrite to produce Ni–Zn ferrite structure.
The crystallite size of Ni0.3Zn0.7Fe2O4 after 60 h ball milling was
determined to be about 18 nm.

In order to eliminate internal lattice strain and reduce density of
crystal lattice defects, annealing process was carried out at 800 ◦C
for 4 h in air. The XRD peaks of annealed samples are shown in Fig. 1.
The intensity of peaks increased after annealing due to crystallite
growth and reduction of internal strain. The crystallite size after
annealing was increased to 30 nm. It should be noted that a slight
amount of Fe2O3 was present on XRD pattern after annealing at
800 ◦C for 4 h. However, the remaining Fe2O3 was disappeared by
annealing at 1100 ◦C for 2 h. In this case, the crystallite size of Ni–Zn
ferrite increased to about 1 �m.

SEM micrograph of powder particles after 60 h ball milling is
shown in Fig. 2. The sample has an agglomerated morphology con-
sists of nanosized spherical particles with a narrow distribution of
50–150 nm.

Fig. 3 shows the room temperature IR spectra of the as-mixed
oxides as well as ball milled (60 h) Ni0.3Zn0.7Fe2O4 in the range of
350–2000 cm−1. The reflection of IR spectra corresponding to as-
received powder is seen in Fig. 3(a). The bands of oxides are located
at around of 500 cm−1. On the curve (a), the observed absorption

−1
bands below 700 cm belong to stretching vibration of Fe–O [23],
Zn–O [24] and Ni–O [25]. The absorption bands around ∼1640 and
1380 cm−1 can be attributed to adsorbed water and hydrocarbon
impurity of powders, respectively. As can be seen in Fig. 3(b), two
characteristic bands at around 420 and 590 cm−1 are appeared after
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ig. 3. FTIR spectra of (a) as-mixed oxides and (b) ball milled (60 h) Ni–Zn ferrite
owders.

ormation of ferrite, which are assigned as O and T bands, respec-
ively. In general, all ferrites with spinel structure show these two
ypical absorption bands. According to Waldron [26], the ferrites
an be considered as continuously bonded crystals. Since the fer-
ites have two sublattices (tetrahedral and octahedral groups), the
-band is associated to intrinsic vibrations of tetrahedral groups
Zn2+ ions) and O-band to the octahedral groups (Ni2+ ions).

The ball milled Ni–Zn ferrite has a conventional structure similar
o the structure of various ferrites prepared by different methods.
he XRD and IR results confirmed that nanocrystalline Ni–Zn fer-
ite had a spinel structure. This structure includes tetrahedral and
ctahedral sites which can be occupied by metallic ions such as
i2+, Zn2+ and Fe3+.

.2. Magnetic properties

Magnetization measurements of the prepared samples were car-
ied out using a vibrating sample magnetometer (VSM) at room
emperature. Fig. 4 shows the hysteresis loop of ball milled (60 h)
nd annealed (800 ◦C, 4 h) Ni0.3Zn0.7Fe2O4. As can be seen, the sam-
les did not attain to the saturated magnetization state at high
pplied magnetic field of 1.5 T. The zero remanence and coercivity
nd non-saturated magnetization obviously show a typical super-
aramagnetic behavior without hysteresis, which is attributed to
he equiaxial shaped nanoparticles which have a size smaller than
he superparamagnetic critical size. The relative low value of mag-

etization in as-milled sample is due to the very small crystallite
ize, the remaining initial oxides, and lattice defects and strains
nduced during milling. The strains in fine particles produced by
all milling affect the overall magnetization (probably due to an

ncrease in surface spins) because of displacement of ions and

ig. 4. Magnetic hysteresis loops of ball milled (60 h) and annealed (800 ◦C, 4 h)
i–Zn ferrite.
Fig. 5. Temperature dependence of the real part of ac susceptibility for ball milled
(60 h) nanoparticles at different frequencies. The data in inset are the imaginary part
of ac susceptibility. The arrows indicate increasing frequencies.

disordering. After annealing, the magnetization is considerably
increased as a result of lattice strain as well as crystal defects reduc-
tion in annealed powders.

In order to clarify the type of interactions between the nanopar-
ticles, the magnetic dynamics of 60 h ball milled sample was
investigated by real (�′) and imaginary (�′ ′) component of the ac
susceptibility. Fig. 5 shows the variation of real part and imaginary
part of ac susceptibility with temperature in an ac field of 10 Oe
at frequencies of 44–666 Hz. As can be seen, all curves have same
trends and exhibit a maximum at temperature of TB for both �′

and �′ ′ which is the characterization of superparamagnetic behav-
ior of blocking/freezing process. This peak shifts towards the higher
temperature and its magnitude reduces with increasing frequency.
There is a practical parameter, ˚, to identify the dynamic behavior
of blocking/freezing process with a value of ∼0.1–0.13 for super-
paramagnetic particles and ∼0.005–0.05 for spin glass [27]. ˚ was
obtained using the data given in Fig. 5:

˚ = �TB

TB �log10(f )
≈ 0.005 (5)

where �TB is the difference between blocking temperatures, TB,
measured in the �log10(f) frequencies. The ˚ value given by Eq.
(5) probably exhibits the spin-glass behavior, although it is often
difficult to experimentally distinguish between spin glass and
superparamagnetic behavior [28].

There are several theories to interpret the
superparamagnetic/spin-glass interactions. In the non-interacting
superparamagnetic assemblies, the frequency-dependence of
blocking temperature follows the Neel–Brown model:

� = �0 exp
(

EA

kBTB

)
(6)

in which, �0 = �N0h/2KeffA and EA = KeffV. In Eq. (6) EA is the barrier
energy, kB the Boltzmann’s constant, TB the blocking temperature,
� the density, N0 the Avagadro’s number, h the Plancks’s constant,
A the atomic weight, Keff the magnetocrystalline anisotropy con-
stant and V the particle volume. �0 is in the range 10−9 to 10−13 s
for superparamagnetic particles [29] and � = 1/f is related to mea-
suring frequency. By fitting the experimental data in Fig. 5 to Eq. (6),
we have found an unphysical value of ∼10−116 s for �0 (Fig. 6) which

is much smaller than 10−13 s for superparamagnetic systems. This
value indicates that there exist strong interactions among nanopar-
ticles and Neel–Brown model cannot interpret this behavior. As
mentioned earlier, the Vogel–Fulcher law describes the behavior
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Fig. 6. The best fit of logarithm of measuring frequency as a function of reciprocal
of the blocking temperature in terms of Neel–Brown model.

Fig. 7. The best fit of logarithm of measuring frequency as a function of reciprocal of
the difference between the blocking temperature and T0 in terms of Vogel–Fulcher
law.
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ig. 8. The best fit of log–log plot of reduced temperature, ε, versus frequencies.

f magnetically interacting particles as follows:

= �0 exp
(

EA

kB(TB − T0)

)
(7)

ere T0 is the effective temperature. Fig. 7 shows the fit of
xperimental data to Eq. (7) which gives: �0 = 2.61 × 10−11 s,
A = 5.38 × 10−14 erg and T0 = 260 K. A good agreement of experi-
ental data and Vogel–Fulcher law is observed suggesting that the

henomenon taking place at TB is related to blocking of an ensem-
le of interacting nanoparticles rather than a collective freezing that
ccurs in a spin-glass system.
The possibility of spin-glass behavior was checked by the power
quation of:

= f0εz	 (8)

n which ε = (TB − Tg)/Tg is the reduced temperature, f is the fre-

[

[

ompounds 480 (2009) 737–740

quency, z is the dynamic scaling exponent and 	 is the correlation
length scaling exponent. For spin-glass, typical values of �0 = 1/f0
calculated by Eq. (8), are within the range of 10−11 to 10−12 s [30].
Fig. 8 shows the log–log plot of reduced temperature versus applied
frequencies (f). The obtained parameters are �0 = 8.14 × 10−21 s,
z	 = 14.4 and Tg = 265 K. These values imply that spin-glass inter-
action does not exist in this system.

4. Conclusion

Nanocrystalline magnetic Ni0.3Zn0.7Fe2O4 ferrite was synthe-
sized by high energy ball milling of initial blend of oxides and
subsequent annealing. XRD results showed that the mechanism of
formation of Ni–Zn ferrite involved two steps, the formation of Zn
ferrite followed by the formation of Ni–Zn ferrite. The crystallite
sizes of ball milled (60 h) and annealed (800 ◦C for 4 h) samples
were calculated to be 18 and 30 nm, respectively. The non-saturated
magnetization and zero remanence and coercivity was detected in
hysteresis loop which was exhibited the superparamagnetic state.
After annealing, the magnetization increased due to a reduction
in density of lattice defects and strain. The dynamic behavior of
nanoparticles is well described by the Vogel–Falcher law for inter-
acting particles. The fitting of experimental data by Neel–Brown
model and power law for spin-glass resulted in an unphysical values
for relaxation time.
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