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The presented study compares magnetic properties of Ni-doped magnetites Ni2+0.5Fe
2+
0.5Fe

3+
2 O4 to magnetite

(Fe3O4) sample. Physicochemical properties of materials were registered by means of X-ray powder di�raction,
Mössbauer spectroscopy, saturation magnetization and physical properties measurement systems. It was obtained
that used preparation procedures lead to synthesis of single phase spinel materials with close nanodimensional
size about 8�12 nm. Mechanochemically synthesized sample shows better magnetic properties as lower blocking
temperature of superparamagnetic state and minimal coercivity in comparison to other studied materials.

DOI: 10.12693/APhysPolA.126.912

PACS: 75.60.�d, 75.75.�c, 82.80.Ej

1. Introduction

Magnetite and magnetite-type materials are members
of solid solution series Fe3O4 � MexFe3−xO4, Me=Ni,
Co, Zn, etc. Despite of the fact that they are some
of the most extensively studied spinels, certain aspects
of their electronic and magnetic properties are still not
fully understood especially in the case of nanosized ma-
terials. The superparamagnetic (SPM) nanoscale com-
posites, with their special properties, have been widely
used in many scienti�c and application areas [1�7]. Re-
cently the main e�orts of material science are to alter
the magnetic properties of nanodimensional magnetite-
type materials by improvement of preparation conditions
and by doping them with rare earth or transition metal
elements [1�7]. The calculations of magnetic hyper�ne
�elds (Bhf) at foreign nuclei in the simple ferromagnets
(impurities in solids � iron, cobalt, and nickel) were also
made. Such investigations lead to a better understand-
ing of the factors in�uencing the magnetism changes by
impurities [5].
Various preparation procedures have been used to pro-

duce ferrites, including co-precipitation, hydrothermal,
sol�gel methods and mechanical alloying [1�7]. In ad-
dition, it has been found that ferrite particles of simi-
lar composition di�er on their magnetic properties de-
pending on the di�erences in particle size. Decreasing
the particle sizes leads to an increase of non-magnetic
species on the particle surface [2, 7]. The aim of pre-
sented paper was to study physicochemical properties
of magnetite-type materials by means of X-ray di�rac-
tion (XRD), Mössbauer spectroscopy, saturation mag-
netization and physical properties measurement systems
(PPMS). Magnetic properties of nanosized nickel-doped
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magnetite Ni2+
0.5Fe

2+
0.5Fe

3+
2 O4 prepared by di�erent meth-

ods were compared to Fe3O4 sample with approximately
the same size.

2. Experimental

Magnetite Fe3O4 and Ni-doped magnetite
Ni2+

0.5Fe
2+
0.5Fe

3+
2 O4 were synthesized using FeCl2·4H2O,

FeCl3·6H2O, NiCl2·6H2O, and NaOH. The products
were dried at 50 ◦C for 3 h. Magnetite was directly
synthesized in precipitate, but Ni-doped material con-
tained incompletely reacted intermediates. In this case
in order to prepare single phase material two di�erent
procedures were used. So the as-prepared sample was:
(1) milled in high energy planetary ball mill type PM
100, Retsch, Germany: steel container with volume
250 ml; nitrogen atmosphere; 3 h; 500 rpm; 30:1 weight
ratio between balls and powder; (2) thermally treated at
low-temperature in argon media for 3 h at 300 ◦C in the
furnace �Eurotherm�, England.
Magnetic properties of the produced ferrite materials

were studied by the Mössbauer spectroscopy and DC
magnetization experiments. Powder X-ray di�raction
(XRD) patterns were collected using a TUR-M62 ap-
paratus, Germany using Co-Kα radiation and JCPDS
database. Average crystallite sizes and microstrains were
determined from the Williamson�Hall diagram [8]. The
Mössbauer spectra at room temperature (RT) and liq-
uid nitrogen temperature (LNT) were recorded with ap-
paratus Wissenschaftliche Elektronik GmbH (Germany),
working with a constant acceleration mode and using a
57Co/Rh (activity ≈ 50 mCi) source and α-Fe standard.
The experimentally obtained spectra were subjected to
mathematical processing according to the least squares
method. The parameters of hyper�ne interaction such as
isomer shift (IS), quadrupole splitting (QS) and magnetic
hyper�ne �eld (Hhf) as well as the line widths (FWHM)
and the relative spectral area (G) of the partial compo-
nents of the spectra were determined.
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3. Results and discussion

The X-ray di�raction analysis of studied samples shows
that all materials are non-stoichiometric single phase
spinels (Fig. 1). No additional phases are registered.
It was established the presence of spinel phase Fe3O4

(PDF-19-0629) in Fig. 1a and Ni0.5Fe2.5O4 (PDF-10-
0325; PDF-75-0449) in Fig. 1b and c. Registered broad
and low-intensity di�raction peaks con�rm the high dis-
persion of prepared spinels. The materials are members
of solid solution series Fe3O4 � NiFe2O4. Their unit
cell parameters were calculated from a= 8.39 Å(Fe3O4)
to a= 8.35�8.36 Å(Ni0.5Fe2.5O4). According to the
Williamson�Hall diagram the mean crystallite size can
be estimated as about 8�12 nm (Table). The XRD pat-
terns and the calculated values show that in the case of
the same chemical composition mechanochemically syn-
thesized (MCS) sample Ni0.5Fe2.5O4 has a smaller crys-
tallite size than the thermally synthesized (TS) one. In
case of X-ray di�raction peaks with low intensities and
relatively broad background the second method should be
used in order to register the possible presence of amor-
phous phases, too.

Fig. 1. XRD patterns of: (a) Fe3O4; (b) Ni0.5Fe2.5O4

� thermally synthesized, (c) Ni0.5Fe2.5O4 �
mechanochemically synthesized.

TABLE

Characteristic parameters of the investigated samples:
average particle size (nm), Tirr [K], TB [K] and Hc [Oe]
values for the investigated samples

Sample\properties
Average

crystallite

size [nm]

Tirr [K]

ZFC-FC

splitting

TB

TZFCmax

[K]

Hc

[Oe]

Fe3O4 (co-prec.) 12 262 135 18

Ni0.5Fe2.5O4 (TS) 11 245 232 20

Ni0.5Fe2.5O4 (MCS) 8 260�280 92 12

The Mössbauer spectra (MS) of materials at room tem-
perature (RT) and liquid nitrogen temperature (LNT)

are recorded. They are shown in Fig. 2. Spectra eval-
uation was done as an optimal �t of component super-
position. It can be seen that RT Mössbauer spectra of
magnetite Fe3O4 sample and thermally prepared Ni-Fe
material (Fig. 2a,b) registered the presence of sextet and
doublet components. In order to investigate the origin of
doublet lines in both cases their LNT Mössbauer spectra
are obtained and the RT spectra are completely resolved
(Fig. 2a,b). The evaluation of spectra reveals the ex-
istence of spinel phase presented by sextet components
only. They correspond to tetrahedrally and octahedrally
coordinated iron ions in nanosized ferrite materials, hav-
ing characteristic hyper�ne parameters of Fe3O4 and
Ni0.5Fe2.5O4 [2, 3, 9]. The calculated values of hyper�ne
parameters of the three sextet components (Fig. 2a, LNT
spectrum) are IS1 = 0.43 mm/s, IS2 = 0.34 mm/s and
IS3 = 0.79 mm/s, QS1 = 0 mm/s, QS2 = −0.02 mm/s
and QS3 = −0.25 mm/s. This leads to conclusion of
magnetite particles formation having characteristic sub-
spectra of tetrahedrally coordinated Fe3+ and two oc-
tahedrally coordinated Fe3+ and Fe2+ ions. The calcu-
lated values of hyper�ne �elds are smaller than the char-
acteristic ones for the bulk material: Heff1 = 50.5 T,
Heff2 = 49.3 T and Heff3 = 46.7 T, which can be ex-
plained by smaller crystallite size [2, 3, 9]. In the case of
mechanochemically prepared sample the Mössbauer spec-
trum at RT includes only doublet components (Fig. 2c).
The analysis of RT Mössbauer spectra of all studied sam-
ples show that the registered doublet components belong
to ferrite spinel phase with so-called superparamagnetic
(SPM) behavior due to thermally activated reversals of
the particles magnetization moments [2, 3, 9, 10]. The
resulting e�ect is the absence of magnetic hyper�ne struc-
ture in the Mössbauer spectra. In this case the core-shell
model [10] can be applied to evaluate doublet spectrum
resolving two signals in registered quadrupole doublet.
They belong to iron ions from the �core� and the inter-
face (�shell layers�) of the nanoparticles. The doublet
with lowest QS= 0.66�0.69 mm/s belongs to iron ions
from the �core� of the particles. The doublet with larger
QS= 1.13�1.25 mm/s can be assigned to interface (from
the �shell� layers) ferric ions. The lower symmetry in the
environment of the �surface� iron ions results in a change
in the electric �eld gradient and therefore in a shift of
the QS.

According to the literature data the mean size of ox-
ide particles in MCS sample is about 3�5 nm [9, 10].
This result is con�rmed by LNT spectrum of material
(Fig. 2-c), which is not completely resolved [9, 10]. In
this spectrum the SPM doublet component with about
25% relative weight is registered beside of the sextet com-
ponents with lower Heff values, having the characteristic
hyper�ne parameters of a tetrahedrally coordinated Fe3+

and two octahedrally coordinated Fe3+ and Fe2+ ions.
LNT spectrum of the MCS sample is a case of not com-
pletely resolved spectrum when the temperature is close,
but not lower than so-called blocking temperature where
magnetically split subspectra will be registered.
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Fig. 2. Mössbauer spectra at RT and LNT of: (a)
Fe3O4, (b) Ni0.5Fe2.5O4 � thermally synthesized, (c)
Ni0.5Fe2.5O4 � mechanochemically synthesized.

The ZFC-FC curves are shown in Fig. 3. There are
distinct magnetic moment di�erences � highest value
for Fe3O4 and about one order of magnitude smaller for
the both types of Ni0.5Fe2.5O4 nanoparticles, which in-
dicates the successful partial replacement of Fe2+(4 µB)
by Ni2+(2 µB) at the octahedral positions in the spinel
structure [1, 11].
The ZFC-FC experiments show the typical transition

from the blocked (ferrimagnetic state) to the SPM state
dominated by thermal �uctuations of magnetic moments.
The characteristic transition temperatures Tblocking (TB)
and Tirreversible (Tirr) are systematized in Table. The
signi�cant TB di�erence for Ni0.5Fe2.5O4 (MCS) and
Ni0.5Fe2.5O4 (TS) (with identical particle size), could be
related to possible inter-particle interactions [12] � de-
pendent on the degree of nanoparticles agglomeration,
which are di�erent for TS and MCS preparation proce-
dures. There is a considerable TB di�erence comparing
Ni0.5Fe2.5O4 (MCS) and Fe3O4, despite the identical av-
erage particle size. This could be explained with a de-
crease of the magneto-crystalline anisotropy energy for
Ni0.5Fe2.5O4 (MCS), a common feature for all Ni-doped
nanoparticles [1, 3, 12, 13]. We cannot exclude again

the in�uence of the agglomeration e�ects typical for wet
synthesis methods as co-precipitation [11].

Fig. 3. ZFC-FC magnetization dependence at applied
HDC = 100 Oe for samples Ni0.5Fe2.5O4 (MCS) and
Ni0.5Fe2.5O4 (TS) (inset A) and for sample Fe3O4 (in-
set B).

Fig. 4. M(H) hysteresis at 300 K for Fe3O4,
Ni0.5Fe2.5O4 (MCS) (inset A) and for sample
Ni0.5Fe2.5O4 (TC) (inset B).

In Fig. 4 there are presented the magnetic hysteresis
measurements at 300 K, showing very narrow hystere-
sis for all samples. The imperceptible coercivity (Hc)
of about 10�20 Oe could be due to a non-stoichiometric
nanoparticle shells. The minimal Hc value (≈ 12 Oe,
see Table) is observed for Ni0.5Fe2.5O4 (MCS). Sample
Fe3O4 shows higher Hc value (≈ 18 Oe). This behav-
ior follows the tendencies from the ZFC-FC curves, im-
plying again the di�erences in the magneto-crystalline
anisotropy. The highest Hc value (≈ 20 Oe) is observed
for sample Ni0.5Fe2.5O4 (TS) with strong implication of
hysteresis behavior. This could also be connected with



E�ect of Mechanochemical Treatment on Magnetic Properties. . . 915

the fact that with the strong inter-particle interactions
(due to the agglomeration) the material behavior par-
tially transforms from SPM to single domain state [1, 11].

4. Conclusions

Study of magnetic properties of nanosized Fe3O4 and
Ni0.5Fe2.5O4 materials shows superparamagnetic behav-
ior of all ferrite-type materials at room temperature.
Mechanochemical synthesis provides the possibility to
prepare nanosized materials with enhanced magnetic
properties in comparison with thermally treated one.
The magnetic behavior (investigated by the ZFC-FC and
M(H) dependences) of the doped samples shows very typ-
ical features for the Ni-substituted magnetite nanoparti-
cles: reduced maximal magnetic moment and especially
a decrease of the magneto-crystalline anisotropy energy.
Additionally, the sample Ni0.5Fe2.5O4 prepared by MCS
shows the lowest blocking temperature and coercive �eld,
con�rming that this approach provides an opportunity
for �ne adjustment of the magnetic characteristics of the
nanoparticles.
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