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Among the many types of preparation and processing techniques, the nonconventional mechanochemical route has been recognized
as a powerful method for the production of novel, high-performance, and low-cost nanomaterials. Because of their small constituent
sizes and disordered structural state, nanoscale materials prepared by mechanochemical route are inherently unstable with respect to
structural changes at elevated temperatures. Taking into account the considerable relevance of the thermal stability of nanoscale
complex oxides to nanoscience and nanotechnology, in the present work, results on the response of mechanochemically prepared
MgFe,0, and NiFe,0O4 to changes in temperature will be presented. Several interesting features are involved in the work, e.g., a re-
laxation of the mechanically induced cation distribution towards its equilibrium configuration, a disappearance of the
superparamagnetism on heating, an increase of both the saturation magnetization and the Néel temperature with increasing particle

size, and a core—shell structure of nanoparticles.
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Introduction

Interest in nanosized spinel ferrites of the type
MFe,O4 (M is a divalent metal cation) has greatly
increased in the past few years due to their importance
in understanding the fundamentals in nanomagne-
tism [1] and their wide range of applications
including high-density data storage, ferrofluid
technology, sensor technology, spintronics, magneto-
caloric  refrigeration, heterogencous catalysis,
magnetically guided drug delivery, magnetic
resonance imaging [2-5]. To emphasize the site
occupancy at the atomic level, the structural formula
of 2-3 spinel ferrites may be written as
(M Fe]")[M Fe}, 10,, where parentheses and
square brackets denote cation sites of tetrahedral (A)
and octahedral [B] coordination, respectively. A
represents the so-called degree of inversion defined as
the fraction of the (A) sites occupied by Fe’* cations.

At present, the high-energy milling method is
widely used for the preparation of nanostructured ma-
terials due to its relative simplicity and availabil-
ity [6]. This method can deliver nanocrystalline spinel
ferrites (and oxides in general) either by particle size
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reduction of bulk material to the nanometer scale
without changes in its chemical composition [7-9] or
by inducing a heterogeneous solid-state chemical re-
action between the ferrite precursors, i.e., by the me-
chanically induced formation reaction (mechano-
synthesis) [10-21]. Nanoscale spinel ferrites prepared
by mechanochemical route are often inherently unsta-
ble owing to their small constituent sizes, non-equi-
librium cation distribution, disordered spin configura-
tion, and high chemical activity [21]. Subsequent
thermal treatment of mechanochemically prepared
spinel ferrites causes their transition from an excited
metastable state into a low-energy crystalline state.
During the process of annealing, the advantageous
properties of the nanosized spinel ferrites are mostly
lost [22], thus an understanding of the thermal stabil-
ity of nanostructure and of the relaxation mechanism
of mechanically induced metastable states is neces-
sary. A better understanding of the response of nano-
scale spinel ferrites to changes in temperature is
crucial not only for basic science but also because of
their possible high-temperature applications [23].

To gain insight into the thermal stability and re-
laxation of the mechanically induced disorder, the
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present work focuses on the study of the response of
mechanochemically prepared MgFe,O4 and NiFe,04
nanoparticles to changes in temperature.

Experimental

Nanocrystalline MgFe,O,4 and NiFe,O, with an aver-
age particle size of about 9.6 and 8.6 nm were prepared
by high-energy milling coarse powders of high-purity
MgFe,0,4 and by mechanochemical synthesis from bi-
nary oxide precursors (NiO, a-Fe,0;), respectively, as
reported in our earlier work [8, 24, 25]. In the present
study, MgFe,0, and NiFe,O4 samples are annealed at
various temperatures up to 1280 K in air to investigate
their thermal stability and magnetic evolution with
grain growth process.

The Néel temperature (7y) was determined using
a thermogravimetric (TG) analyzer (Setaram Tag 24
thermobalance) equipped with a permanent magnet.
Nanocrystalline MgFe,O4 (130 mg) was annealed at
four consecutive temperatures (1130, 1180, 1230,
1280 K) in open platinum crucibles without removing
it from the TG analyzer. The sample was held at the
given annealing temperature for 2 h, cooled to 470 K
at a cooling rate of 10 K min"', and then heated to the
further annealing temperature. The magnetic disor-
der—order transition of the sample in the magnetic
field of the permanent magnet was monitored during
the cooling stage. Ty was arbitrarily defined by the
maximum slope of the curve. The upper baseline of
the curve corresponded to the true sample mass.
Reproducibility of the measured 7y was £0.5 K.

Maossbauer spectra were taken in transmission ge-
ometry using a >’Co/Rh y-ray source. The velocity
scale was calibrated relative to °'Fe in Rh. Recoil spec-
tral analysis software [26] was used for the quantitative
evaluation of the Mossbauer spectra. The degree of in-
version, A, was calculated from the Mossbauer
subspectral intensities [ayls=(f(a/fis)[M(2-L)], as-
suming that the ratio of the recoilless fractions is
Ji81/f(=0.94 at room temperature [27].

Magnetic measurements were made using a SQUID
magnetometer. The average particle size of the annealed
samples was determined by XRD using the PowderCell
program [28] and by TEM (JOEL JEM-2100F).

Results and discussion

Relaxation of nonequilibrium cation distribution in
nanocrystalline spinel ferrite

The most remarkable effect in spinel ferrites is the
strong dependence of properties on the state of struc-
tural disorder and, in particular, on the cation distribu-
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tion. This is clearly documented in the case of
MgFe,0,4, whose Néel temperature, Ty, was found to
be a sensitive function of the degree of inversion, A,
and has been used by several authors as a means of
characterizing the cation distribution of MgFe,O4 sam-
ples. For example, O’Neill ez al. [29] performed the
differential scanning calorimetric measurements to
show that 7y of MgFe,0, increases linearly with in-
creasing A. It should be noted that these authors used a
quenching procedure to obtain various degrees of in-
version in the bulk MgFe,O, samples by freezing-in
their high-temperature cation distributions.

Taking into account that Ty provides a readily
observed, highly sensitive measure of cation distribu-
tion in MgFe,0,, we have also measured this quantity
for the high-energy milled and subsequently annealed
(at four various temperatures) MgFe,04 sample, so as
to obtain information on the particle size dependent
cation distribution in the material. In the present case,
Tx was determined using TG measurements (Fig. 1),
where the apparent mass of the MgFe,O4 sample in
the magnetic field of the permanent magnet was re-
corded as a function of temperature. It is clearly visi-
ble from both thermogravimetric and derivate ther-
mogravimetric curves that the apparent mass of the
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Fig. 1 TG and DTG curves for the high-energy milled
MgFe,0, after consecutive annealing at a — 1130,
b—1180,c— 1230 and d — 1280 K
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Fig. 2 Néel temperature, Ty, vs. a — the particle size, D and
b — the degree of inversion, A, for the high-energy
milled and subsequently annealed MgFe,O4 sample.
(Solid line is guide to eye.) The linear increase of 7y
with increasing A is plotted from [29] in Fig. 2b
(straight line)

sample decreased rapidly due to loss of spontaneous
magnetization, when the sample passed through Ty.
The important observation is that 7y of the sample in-
creases with increasing annealing temperature, i.e.,
with increasing particle size. The estimated 7 values
0f 632, 636, 643 and 648 K characterize the magnetic
transition in MgFe,O,4 with an average particle size of
about 14, 27, 40 and 106 nm, respectively (Fig. 2a).
The increase in the Ty with increasing particle size
has also been observed in NiFe,0,4 [22].

From the comparison of our present data with the
data of O’Neill et al. [29], it follows that the T values
of 632, 636, 643 and 648 K, characterizing the mag-
netic disorder—order transition in MgFe,O, with four
different particle sizes, correspond to samples with the
degree of inversion of 0.870(8), 0.879(1), 0.893(4)
and 0.903(7), respectively (Fig. 2b). This indicates that
the nonequilibrium cation distribution in MgFe,O, re-
sulting from the mechanical treatment is reversible,
i.e., during the annealing process, it relaxes towards its
equilibrium configuration (A=0.90 [21]).
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Fig. 3 A — Room-temperature Mossbauer spectra of
mechanosynthesized NiFe,O, after annealing at various
temperatures for 30 min. B — TEM bright-field images
of mechanosynthesized NiFe,0, after annealing at 973,
1073 and 1273 K reveal different particle sizes

Thermal stability and particle size dependent magnetic
properties of mechanosynthesized spinel ferrite

To determine the range of the thermal stability of
mechanosynthesized NiFe,O,, its response to changes
in temperature was followed by >’Fe Mdssbauer spec-
troscopy. Figure 3 shows the room-temperature
Madssbauer spectra of the mechanosynthesized material
taken after annealing at various temperatures. It was
observed that in the temperature range 293-673 K, the
spectra, dominated by a superparamagnetic doublet
characteristic of nanoscale magnetic particles, remain
unchanged (compare Figs 3a and b). This demonstrates
that the range of the thermal stability of the mechano-
synthesized product extends up to 673 K. However, at
T>673 K, the superparamagnetic doublet gradually
vanishes because of particle growth of the spinel
phase. Simultaneously, the sextet structure, typical of
the long-range ferrimagnetic state, develops because of
the thermally induced changes in the spin configura-
tion. The spectrum of the mechanosynthesized
NiFe,0y after annealing at 1273 K (Fig. 3h) consists of
two sextets with the average magnetic hyperfine fields
Bx=49.21(3) T and B5=52.90(2) T, which are well
comparable with those of the bulk material [22]. The
quantitative evaluation of this spectrum revealed that
the annealed sample exhibits the fully inverse spinel
structure (A=1) with a Néel-type collinear spin align-
ment of (FeT)[NiFed]O4. This is in contrast to the
mechanosynthesized NiFe,O, nanoparticles before an-
nealing, which were found to exhibit the so-called
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Fig. 4 a — Hysteresis loops measured at 3 K for
mechanosynthesized and subsequently annealed
NiFe,O,4 samples. The annealing temperatures and
corresponding particle sizes are shown in the figure.
b—M"} vs. 1/D plot, where M, is the saturation
magnetization and D is the particle diameter

Table 1 Average particle diameter (D), saturation magnetization
(M) and coercivity (Hc) for mechanosynthesized and
subsequently annealed NiFe,O,

Sample Dhm*  Mg/emug'®  HJT
%‘;ﬁg‘”ymhesmd 8.6(3) 2435 0.351
gig%oé annealed 16.7(4) 34.55 0.107
ZTS;?“Q““Ga]ed 38.9(8) 49.22 0.024
zif%?“lé‘nnealed 82.8(9) 53.62 0.013

*Values of the average crystallite size determined by
XRD. "Values of the saturation magnetization at 7=3 K
obtained by linear extrapolation of the high-field region
(Hex>3.5 T) of the M(H.) curves to infinite field

core—shell structure consisting of a ferrimagnetically
ordered inner core surrounded by a surface shell with a
nonequilibrium cation distribution and a canted spin
arrangement [25].
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SQUID measurements have revealed that the satu-
ration magnetization (Mg,) of the mechanosynthesized
NiFe,O, increases with increasing annealing tempera-
ture, i.e., with increasing particle size (Fig. 4a and
Table 1). After annealing at 1273 K, it reaches the value
of M,=53.6 emu g’l, which is close to the bulk one
(52.9 emu g ' [22]). Increasing annealing temperatures
also result in a continuous decrease of coercivity from
H=0.351 T (before annealing) to H-=0.013 T for the
sample after annealing at 1273 K. Thus, on heating, the
mechanosynthesized NiFe,O, has relaxed to a magnetic
state that is similar to the bulk one.

The thermally induced increase of the saturation
magnetization (Fig. 4a) suggests that the surface-to-
volume fraction in the mechanosynthesized material
decreases with increasing annealing temperature.
Assuming a spherical shape of mechanosynthesized
and subsequently annealed NiFe,O, particles, in the
following, we will estimate the thickness (7) of the
surface shell surrounding the particle core using the
experimentally determined D and M, values of the
sample annealed at various temperatures (Table 1).
Assuming that 7 is independent of D and that the shell
is magnetically ‘dead’ (M=0) [30], the variation of
My, with D will then be described by

My=Mo(D-21)/D’
or

MY =MU1-2t/ D)

sat0

where Mg, is the saturation magnetization of a ferri-
magnetically ordered core of NiFe,O4 nanoparticles.
As can be seen in Fig. 4b, the present experimen-
tal data M\’ and 1/D indeed show a good linear rela-
tionship. Note that the intercept at 1/D=0 and the slope
of the straight line correspond to M) and 2tM [, re-
spectively. From a linear fit to the data points, the satu-
ration magnetization of the particle core and the thick-
ness of the surface shell were estimated to be
M10=57.2 emu g*1 and #~1.1 nm, respectively. Mo
thus obtained is close to the value of the saturation
magnetization measured for bulk NiFe,O,4 [22]. The
value of the shell thickness of mechanosynthesized
NiFe,O4 nanoparticles is comparable to that obtained
from magnetic measurements on mechanosynthesized
MnFe,O4 (0.91 nm) [13], and ball-milled NiFe,O4
(0.88 nm) [31], as well as from Mdssbauer experiments
on nanosized CoFe,O; (1.0-1.6 nm) [32] and
mechanosynthesized MgFe,O,4 (0.9 nm) [21].

Conclusions

Metastable nanocrystalline MgFe,O4 and NiFe,Oy4 pre-
pared by mechanochemical route were annealed at vari-
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ous temperatures to investigate the changes induced in
their microstructure and magnetic properties. The ther-
mogravimetric measurements allowed to sensitively
monitor the relaxation of the mechanically induced cat-
ion distribution in MgFe,O, towards its equilibrium
configuration (A=0.90). *’Fe Mdssbauer spectroscopic
measurements revealed that the range of the thermal sta-
bility of the mechanosynthesized NiFe,O,4 extends up to
about 673 K. The study also demonstrates that one can
tailor the magnetic properties of mechanochemically
prepared particles by suitably controlling their size.
The Néel temperature of MgFe,O4 was found to in-
crease with increasing particle size from about 632 K
at 14 nm to 648 K at 106 nm. Increasing particle size in-
duced by annealing at elevated temperatures brings
about an increase in the saturation magnetization of
mechanosynthesized NiFe,O, to a value of Mg~
53.6 emu g ' which is close to the bulk one. Assuming
the core—shell structure of mechanosynthesized nano-
particles consisting of a ferrimagnetically ordered core
surrounded by a magnetically ‘dead’ layer at the particle
surface, the thickness of the surface shell was estimated
to be about 1.1 nm. On heating to elevated temperatures,
nanoscale MgFe,O, and NiFe,O,4 prepared by mecha-
nochemical route relax to a structural and magnetic state
that is similar to that of their bulk counterparts.
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