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a b s t r a c t

NiFe2O4 nanoparticles have been synthesized by citrate precursor gel formation with subsequent heat
treatment. Differential thermal and thermogravimetric (DTA/TG) analyses show that the metal citrates
decomposed around 230 ◦C followed by crystallization of the ferrite. X-ray diffraction (XRD) patterns
reveal the formation of the cubic spinel phase in the samples after sintering the gel at 350 ◦C, 500 ◦C and
700 ◦C. For the samples annealed at 350 ◦C and 500 ◦C a small amount of ˛-Fe2O3 was detected whereas
single phase was obtained for the sample annealed at 700 ◦C. The lattice constant a for all the samples is
comparable to the value of the bulk material. The mean crystallite size DXRD of the samples determined
from XRD line broadening is 26.2–28.5 nm. Transmission electron microscope (TEM) analysis shows that
the single-phase particles form clusters with the particle size in the range of 21–82.5 nm and the most
probable value DTEM of 55.4 nm. Magnetic measurements show that its Curie temperature TC is close to
oercivity the bulk value while the spontaneous magnetization Ms at 5 K is lower than that of the bulk. The thermal
variation of Ms in the temperature range from 5 to 300 K can be best fitted to a modified Bloch T˛ law with
the exponent value ˛ ≈ 2. The magnetization data are explained with reference to the disordered surface
spins and the finite size effects. In this investigated temperature range, the coercive force Hc decreases
linearly with increasing temperature. The coercivity mechanism in the nanoparticle sample with broad
particle size distribution is expected to be complex and different factors which affect the Hc value were

proposed.

. Introduction

Nickel ferrite is a typical inverse spinel structure where Fe3+ ions
re located in the tetrahedral (A) and octahedral (B) sites and Ni2+

ons are located in octahedral sites only. The magnetic moments
f the tetrahedral and octahedral sublattices couple antiparallelly
nd form a collinear ferrimagnetic ordering (Néel type) with the
urie temperature of about 870 K [1]. This compound has been
idely used in electronic devices due to their large permeabil-

ty at high frequency, high electrical resistivity and mechanical
ardness [2,3]. Modern applications of magnetic nanoparticles in
agneto-optical devices, contrasting agents in magnetic resonance

maging, magnetic refrigeration and ferrofluid technology have

enewed the interest in the ferrite compounds in nanocrystalline
orms [4–6]. The properties of these systems are known to be very
ensitive to the physical factors such as the size, shape, and sur-
ace properties of the particles, the composition and purity of the

∗ Corresponding author. Tel.: +84 4 38680787; fax: +84 4 38692963.
E-mail address: duong@itims.edu.vn (N.P. Duong).
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oi:10.1016/j.jallcom.2011.03.112
© 2011 Elsevier B.V. All rights reserved.

system and the interactions among the particles. In this context,
considerable attention has been paid on the magnetism and its
related phenomena in the nickel ferrite nanoparticles including
superparamagnetism, surface and finite size effects [7–9]. These
nanoparticles possess a large surface to volume ratio, as a result of
which the surface spins play a dominant role in defining the mag-
netic properties of the system. The spatial confinement at nanoscale
implies that the role of surface atoms, with reduced symmetry, is
enhanced and the consequent larger number of broken exchange
bonds can result in surface anisotropy, frustration and spin disorder
[9]. The surface spins cause the reduction of saturation magne-
tization with decreasing size and enhancement of coercivity and
magnetic relaxation effects in these nanoparticles [9]. Such parti-
cles are generally termed as the core–shell nanoparticles, where
the core spins behave like ferrimagnetic and the shell is com-
posed of disordered spins or canted spins. The variation of the

saturation magnetization at low temperature range also account
for the finite size effect and surface contribution which is mani-
fested via modified Bloch law’s behavior for spin waves [10]. In
order to tailor the size, morphology and magnetic properties of the
nickel ferrite nanoparticles different preparation techniques have

dx.doi.org/10.1016/j.jallcom.2011.03.112
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:duong@itims.edu.vn
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in Fig. 3b. The particle size values are distributed in a range of
21–82.5 nm. The particle size data was modeled with the lognormal
distribution from that the most probable diameter DTEM of 55.4 nm
was deduced. A comparison between the particle sizes observed via

Table 1
Lattice constant a and mean crystallite size DXRD of the nanocrystalline nickel ferrite
samples annealed at 350 ◦C, 500 ◦C and 700 ◦C.
T( oC)

Fig. 1. DTA/TG thermogram of the citrate gel.

een used such as sol–gel [11], reverse micelle [7], aerosol [12],
o-precipitation [10] and mechanical milling [9].

In this paper, the preparation of nickel ferrite nanoparticles by
citrate precursor gel formation route at moderate temperatures

nd its characterization by DTA/TG, XRD, TEM and magnetic mea-
urements are presented.

. Experiment

Amounts of Ni(NO3)2 and Fe(NO3)3 with molar ratio
Ni2+]/[Fe3+] = 1/2 were dissolved completely in deionized water.
he aqueous solution containing Ni2+ and Fe3+ was poured into
itric acid with the total cations/citric acid molar ratio = 1/1.
mmonium hydroxide in aqueous form was added to the mixed
olutions and the pH of the solutions was adjusted to about 7. The
ixtures were stirred at 600 rpm and slowly evaporated at 80 ◦C

o form gels. The gels were dried at 230 ◦C for more than 3 h in
rder to form xerogels. The nanoparticle samples were obtained
fter annealing the products at 350 ◦C, 500 ◦C and 700 ◦C in 2 h. The
hermal decomposition of the gel precursor and the formation of
he cubic spinel phase were monitored by DTA/TG measurements
Universal V2960T).

X-ray diffraction (Cu-K�, Siemens D-5000) was employed to
dentify the crystal structure of the samples at room temper-
ture. Transmission electron microscope (JEOL 1010) was used
o examine the particle size and morphology. Thermomagnetic

easurement was carried out by using a vibrating sample mag-
etometer (DMS) in low applied magnetic field (100 Oe) and at
emperatures from 300 to 950 K. The magnetic loops in the tem-
erature range from 5 K to room temperature were measured using
superconducting quantum interference device (SQUID) by Quan-

um Design with maximum field of 50 kOe.

. Results and discussion

.1. DTA/TG, XRD and TEM analyses

In order to investigate the formation of the xerogel from the
el, thermal analysis of the gel product was carried out. In Fig. 1
TA curve shows the presence of two exothermic peaks. The first
xothermic peak around 230 ◦C in DTA, accompanied with large
eight loss in TG is probably due to decomposition of metal cit-
ate precursor with simultaneous evolution of CO and CO2 gas. The
ecomposition temperature range is 210–253 ◦C with peak temper-
ture at 230 ◦C. This is corroborated by results of earlier studies on
ome ferrite where it has been shown that during citrate method,
he first exothermic peak with large weight loss is due to decom-
2 theta (degree)

Fig. 2. Indexed XRD patters of the nanosized nickel ferrite annealed at 300 ◦C, 500 ◦C
and 700 ◦C.

position of metal citrate [13–15]. The second exothermic peak at
345 ◦C in the DTA curve is due to formation and crystallization of
the ferrite phase.

The formation of the cubic spinel oxide phase in the three
samples is confirmed by the XRD patterns shown in Fig. 2. For
those annealed at 350 ◦C and 500 ◦C, a small amount of impurity
is observed which can be identified as ˛-Fe2O3 phase. The lattice
parameters a were computed using the interplanar distance d and
the respective (h,k,l) parameters. The broad XRD lines indicate that
the particles are of nanosize range. The average particle size for
each sample has been calculated using the Debye–Scherrer formula.
The peaks of (1 1 1), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1) and
(4 0 0) have been deconvoluted to Lorentzian curves for the deter-
mination of the crystallite size using full-width at half-maximum
value. The structural parameters are listed in Table 1. It is found
that the a values of the samples are in good agreement with that
reported for the bulk material (8.33 Å) [1] and the average crystal-
lize size DXRD is in the range 26.18–28.55 nm which does not change
significantly with annealing temperatures.

The shape, size and morphology of the single-phase particles
were examined by direct observation via transmission electron
microscopy. The TEM micrographs of the sample given in Fig. 3a
reveal that the particles are approximately spherical in shape
and agglomerated. The particle size histogram from sampling of
about 300 particles from different TEM micrographs is presented
Annealing temperature (◦C) a (Å) DXRD (nm)

300 8.332 28.55
500 8.333 28.50
700 8.331 26.18
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ig. 3. (a) Transmission electron micrograph of the nanocrystalline nickel ferrite s
ampling of nanoparticles from TEM data. The solid curve is the fit to the lognorma

EM and the crystallize size determined via XRD data show that the
articles with broad size distribution may contain from one to a few
rystallites.

.2. Magnetization measurements

Magnetic measurements were performed in the single-phase
iFe2O4 particles which was annealed at 700 ◦C. The temperature
ependence of the magnetization M(T) in applied field H = 100 Oe

s shown in Fig. 4. With increasing temperature, the magnetization
as approximately constant until a large drop occurred beginning

t 810 K which indicates a ferrimagnetic to paramagnetic transi-
ion. The Curie temperature TC is determined as the temperature
orresponding to the minimum of the dM/dT versus T curve in the
emperature range above 810 K as indicated in the inset of Fig. 4.

TC value of 873 K was found which is comparable to the value
70 K for bulk material [1]. The agreement between the Curie tem-
erature values suggests that the cation distributions in the two
rystallographic A and B sites in the studied nanoparticles are sim-
lar to that in the bulk. As already known, the Curie temperature of
nverse spinel ferrites depends on the exchange interactions where

he intersublattice interactions JAB is stronger than the intrasub-
attices JAA and JBB with JAB � JBB � JAA [16]. For nickel ferrite, the
trongest interaction is the one between Fe3+ in A site and Ni2+ in
site [9].
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ig. 4. Temperature dependence of magnetization in H = 100 Oe of the nanosized
ickel ferrite annealed at 700 ◦C. The inset shows the dM/dT versus T curve in the
agnetic transition region where the Curie temperature is determined (see text).
annealed at 700 ◦C. (b) Histogram of the particle size distribution obtained from
ibution function.

The magnetic isotherms M(H) were made at different temper-
atures from 5 K to 300 K. For demonstration, the hysteresis loops
at 5 K and 300 K are presented in Fig. 5. The inset of the figure
shows a magnified region around the origin from that the coer-
civity Hc is determined. A common feature of the loops at different
temperatures is that the magnetization approaches to saturation
around 13 kOe and followed by a slow increase of the magneti-
zation with further increasing magnetic field. This behavior has
generally been observed in many ferrite nanoparticle systems and
is a result of the formation of canted or disordered spins at the sur-
face shell. The spontaneous magnetization Ms of the ferrimagnetic
core is determined by extrapolating the high-field linear part of the
magnetization curve to zero field.

The spontaneous magnetization of the sample is 46 emu/g at
T = 5 K, corresponding to 82% of the saturation magnetization value
reported for bulk material at the same temperature (56 emu/g) [1].
In the core–shell model for magnetic nanoparticles, with D the
diameter of the particle, t the outer-shell thickness and assuming
identical mass density in the whole particle volume, the experi-
mental Ms and bulk Ms are related via the following expression
Mexperimental
s = Mbulk

s

[
D/2 − t

D/2

]3

(1)
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Fig. 5. Hysteresis loops measured at 5 K and 300 K up to maximum field ±60 kOe
for the nanosized nickel ferrite annealed at 700 ◦C. The inset shows the magnified
region around the origin.
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he inset shows the spontaneous magnetization as a function of T3/2 (dashed line is
or guiding the eyes).

We estimate the ratio Mexperimental
s /Mbulk

s for the studied
anoparticles based on Eq. (1). With t approximated by a lattice con-
tant (8.33 Å) and particle sizes D varying from 21 nm to 82.5 nm,

experimental
s /Mbulk

s has values in the range 78–94%. The calcula-
ion indicates that the reduced spontaneous magnetization of the
ample can be accounted for the canted or disorder spins in the
urface shell. The Ms value also supports the fact that in this sam-
le Ni2+ ions (almost) entirely locate in B sites because due to the

ower spin moment of Ni2+ (S = 2 �B/ion) compared to that of Fe3+

S = 5 �B/ion), the occupation of Ni2+ ions in A sites would results in
n increase of the net magnetization according to the Néel config-
ration.

In Fig. 6, the Ms values at different temperatures are plotted.
or an infinitely large ferromagnetic system, Ms below the Curie
emperature (about half of TC) follows the Bloch law [18]

s(T) = Ms(0)

[
1 −

(
T

T0

)˛
]

(2)

here Ms(0) is the spontaneous magnetization at zero kelvin,
1/T0)˛ is the Bloch constant and T0 is the temperature at which
he spontaneous magnetization is zero. This law is generally valid
or ferro- and ferrimagnetic bulk materials including ferrites [1,18]
ith the exponent value ˛ = 3/2 since the spin-wave excitation

s a mechanism only available at relatively low temperature in
hese systems. As the size of the system is reduced to nanoscale,
ue to finite size effects, the thermal dependence of magneti-
ation deviates from the Bloch law because the magnons with
avelength larger than the particle dimensions cannot be excited

nd a threshold of thermal energy is required to generate spin
aves in these small particles. Thus for nanoparticles, the spin-
ave spectrum is modified in the form of power law (T˛) with

he Bloch exponent larger than its bulk value. This is known as
he modified Bloch law reported by Hendriksen et al. for ferro-

agnetic clusters of various structures (bcc, fcc and amorphous)
19]. Their calculations show that finite size causes an effective T2

ependence for the spontaneous magnetization of these systems
t low temperature. Linderoth et al. [20] reported the modified
loch’s law for amorphous Fe–C ultrafine particles where the large
eviation from the T3/2 dependence is the result of several finite

ize effects like an energy gap in the density of states for the
pin waves and lack of magnetic coordination at the surface of
anoparticles. The modified Bloch law has also been observed for
agnetization of various nanosized ferrites [10,21,22]. In a recent
ork by Maaz et al. on the magnetic properties of the nickel ferrite
T (K)

Fig. 7. Temperature dependence of coercivity Hc the nanosized nickel ferrite
annealed at 700 ◦C.

nanoparticles with particle size 24 ± 4 nm prepared by coprecipi-
tation method [10], the saturation magnetization of was found to
follow the modified Bloch’s law in the temperature range from 50
to 300 K with the ˛ = 2. Below 50 K, the magnetization increases
abruptly which was attributed to the presence of freezed sur-
face spins and possible paramagnetic impurities that are activated
at low temperatures. Referring to our sample, the inset of Fig. 6
shows the spontaneous magnetization as a function of T3/2. From
this plot it is clear that the spontaneous magnetization does not
decrease linearly with T3/2. The best fit to the magnetization in the
whole temperature range from 5 K to 300 K using the expression in
Eq. (2) yields M(0) = 45.96 ± 0.04 emu/g, T0 = 899.30 ± 35.45 K and
˛ = 2.07 ± 0.07. It is noted that the deduced T0 value is in agreement
with the TC value determined via the thermomagnetic measure-
ment.

The coercive fields at different temperatures as calculated from
M(H) loops are plotted in Fig. 7. We found that Hc decreases almost
linearly with increasing T in which the Hc value at T = 300 K is 60%
of the value at T = 5 K. The Hc value in this particular case is influ-
enced by various factors arising primarily from the broad particle
size distribution and their temperature-dependent characteristics
are difficult to be separated from one and another. According to
previous works [11,12], the particle size limit below which nickel
ferrite is in the single domain state is around 35 nm, our sample
therefore contains both types of single and multi domain parti-
cles in which the latter has a larger volume fraction (Fig. 3). In
the single domain particles, the irreversible rotation of magnetiza-
tion is the only mechanism of coercivity. For noninteracting single
domain magnetic particles with uniaxial anisotropy the tempera-
ture dependence of coercivity can be described in the form of simple
model (Kneller’s law) of thermal activation of particles’ moment
over the anisotropy barriers as [23]

Hc(T) = Hc(0)

[
1 −

(
�kBT

KV

)1/2
]

(3)

in which Hc(0) is the coercivity at T = 0 K, K is the magnetic
anisotropy energy per volume and V the volume of the individ-
ual particle. The � is a coefficient that depends on the time required
for measuring a value of magnetic order parameter. For the nickel
ferrite nanoparticles studied by Maaz et al., the particle sizes

(24 ± 4 nm) are well below the single domain size limit and the
coercivity was found to follow Kneller’s law fairly well in the tem-
perature range from 10 K to 300 K [10]. However, large deviation
from this law can occur if the volume V of the single domain par-
ticles varies in a broader range. On the other hand, for the multi
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omain particles, domain magnetizations are usually reversed by
he displacement of domain walls before irreversible rotation mag-
etization occurs. The coercivity in this case depends on the factors
uch as surface energy of domain wall, internal stress, voids, inclu-
ions, etc. in the particles [24,25]. The temperature dependent
ehavior may be described by one or more of the terms in the
xpression [26]

c(T) = C1[A(K + 3/2��)]1/2

Ms
+ C2Ms + C3(K + 3/2��)

Ms
(4)

here A(T), K(T) and �(T) are the exchange, anisotropy and mag-
etostriction constants, respectively, � is the internal stress, and Ci
re appropriate coefficients. It should be noted that apart from the
bove factors, the randomness of anisotropy axes and interparti-
le interactions may also influence the temperature dependence of
oercivity in the case of nanoparticles [27,28].

. Conclusions

Nanosized nickel ferrites were prepared by the citrate pre-
ursor method. Crystallization process was studied for different
nnealing temperatures. The mean crystallite size does not change
ignificantly in the annealing temperature range. The single phase
ample was obtained with annealing temperature 700 ◦C. TEM
easurements reveal that the particle assembly has a broad size

istribution. The lattice constant and Curie temperature of the
ample is in agreement with those of the bulk material whereas
decrease in magnetization at T = 5 K was found which can be

ttributed to disorder or canted spins in the surface layer of the
articles. At temperatures between 5 K and 300 K, the spontaneous
agnetization follows the modified Bloch law for ferromagnetic
aterials which is due to their finite size effects. In the same tem-

erature range, the coercive field decreases linearly with increasing
emperature. Different coercivity mechanisms were discussed for
his particular nanoparticle assembly.
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