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Abstract

The structural and magnetic properties of NiFe
�
O

�
ultra"ne powders synthesized by coprecipitation, a nonconven-

tional method of preparation, were investigated. The samples were obtained by annealing at relatively low temperatures
(300}6003C) and characterized by X-ray di!raction, MoK ssbauer spectroscopy, and vibrating sample magnetometry. The
average particle diameter ranges from 4 to 15 nm, as determined by X-ray di!raction. All nanometric powder samples
presented strong superparamagnetic relaxation at room temperature and reduced magnetic hyper"ne "elds at !1933C.
Magnetometry measurements indicated di!erent magnetic behavior related with crystallinity of samples, coercivity as
high as 168Oe at 273C, value that is nearly two times higher than coercivity of bulk Ni-ferrite. � 2001 Elsevier Science
B.V. All rights reserved.
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Nickel ferrite, NiFe
�
O

�
, is an inverse spinel in which

the tetrahedral sites (A) are occupied by Fe�� ions and
the octahedral sites (B) by Fe�� and Ni�� ions [1]. This
material is largely used in electric and electronic devices
and in catalysis. In order to improve sinterability and
magnetic properties, the investigation of alternative, non-
conventional methods to obtain Ni-ferrite and other fer-
rites in the form of nanostructured powders is a current
subject [2,3].
In this work, we investigated the synthesis of the

nanostructured NiFe
�
O

�
powders by coprecipitation,

followed of annealing at relatively low temperatures
(300}6003C) and determined the structural and magnetic
properties of the obtained samples by X-ray di!raction,
��Fe MoK ssbauer spectroscopy, and vibrating sample
magnetometry. Ni-ferrite powder was synthesized by dis-
solving Fe and Ni nitrates in deionized water in the
required mole proportion. After 1 h stirring, the precipi-
tating agent NaOH (2.5M) was added to the solution

and the resultant precipitate was washed with deionized
water and ethanol. Ultrathin powder was obtained after
drying at 703C for 20 h. Samples with di!erent average
particle size were prepared by annealing the precipitate
at temperatures between 3003C and 6003C, for 2 h, under
ordinary atmosphere. A well-crystallized reference
sample was prepared by heat treatment at 11003C. The
precipitation of Ni-ferrite occurred according to the fol-
lowing reaction:

1Ni(NO
�
)
�

) 6H
�
O#2Fe(NO

�
)
�

) 9H
�
O#8NaOH

P1NiFe
�
O

�
#8Na(NO

�
)#28H

�
O

(1)

Fig. 1 illustrates the evolution of crystallinity of the
stoichiometric Ni-ferrite with increasing annealing tem-
perature, as determined by X-ray di!raction. The pow-
ders present average particle diameter of 4, 5, 6, 8 and 15
(2) nm for samples as-obtained and annealed at 300, 400,
500 and 6003C, respectively, as estimated by using
Scherrer's equation.
Fig. 2 shows MoK ssbauer spectra of the di!erent sam-

ples, together with the reference one, measured at room
temperature and at !1933C. The spectrum of the refer-
ence sample, obtained at room temperature, was "tted to
two magnetic sextets referring to the A and B sites, with
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Fig. 1. X-ray di!raction patterns of Ni-ferrite samples annealed
at di!erent temperatures.

Fig. 2. MoK ssbauer spectra of the Ni-ferrite samples, at room temperature (left) and at !1933C (right), (a) as obtained and annealed at
(b) 3003C, (c) 4003C, (d) 5003C, (e) 6003C and (f) 11003C.

magnetic hyper"ne "elds B
��
(A)"49.2 (5) T and

B
��
(B)"52.9 (5) T, values that are comparable with

those reported by De Marco et al. [4] for solid-state
reacted Ni-ferrite. All nanometric samples presented
a strong superparamagnetic relaxation at room temper-
ature. As can be observed, at !1933C all the powders
annealed at temperatures higher than 4003C are charac-
terized by resolved ferrimagnetic sextets, although with
reduced magnetic hyper"ne "elds. As determined by
MoK ssbauer measurements, the as-obtained sample
showed the magnetic transition between !2483C and
!2383C, while bulk Ni-ferrite are characterized by
a transition temperature of 5853C [5].
Vibrating sample magnetometry indicated the di!er-

ent magnetic behavior related to the crystallinity of the
material. The nanometric samples presented magnetiz-
ation, under 10 kOe, 5}24 emu/g at 273C, and from 16 to
28 emu/g at !268.83C, as the average particle diameter
increases from 4 to 15 nm. The maximum coercivity at
273C was observed for the material annealed at 4003C
(168Oe), while at !268.83C it was observed for the
powder annealed at 3003C (945Oe), indicating that this
material presents critical magnetic behavior for average
particle diameter near 5 nm. Plots of magnetization (M)
as a function of applied magnetic "eld per temperature
(H/T) are shown in Fig. 3 for the samples heat treated at
3003C and 4003C. The superposition of the M versus H/T
curves obtained at 273C and at !1933C is a clear evid-
ence of superparamagnetic behavior of the "rst sample
[5,6]. On the other hand, for annealing at 4003C or
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Fig. 3. Magnetization as a function of H/T for Ni-ferrite samples annealed at 3003C and 4003C, and measured at 273C and !1933C.

higher temperatures, these curves are not superposed due
to the decrease of superparamagnetic relaxation of larger
particles.
In summary, ultra"ne powders of Ni-ferrite with par-

ticle diameter ranging from 4 to 15 nm were successfully
synthesized by coprecipitation followed by annealing at
temperatures between 3003C and 6003C. The results of
MoK ssbauer spectroscopy and vibrating sample mag-
netometry at 273C and !1933C indicated that the
obtained Ni-ferrite nanoparticles exhibit superparamag-
netic relaxation and coercivity as high as 168Oe, that is
nearly two times the coercivity of bulk Ni-ferrite.
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