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Abstract

We present here a detailed investigation of the static and dynamic magnetic behavior of a
Mgp.9sMny osFe, O spinel ferrite nanoparticle system synthesized by high-energy ball milling
of almost identical particle size distributions ((D) = 4.7, 5.1 and 6.0 £ 0.6 nm). The samples
were characterized by using x-ray diffraction, Mdssbauer spectroscopy, dc magnetization and
frequency dependent real x'(7") and imaginary x”(T) parts of ac susceptibility measurements.
The zero-field-cooled (ZFC) and field-cooled (FC) magnetization have been recorded in a low
field and show a behavior typical of superparamagnetic particles above a temperature of

185 £ 5 K, which is further supported from the temperature dependent Mossbauer
measurements. The fact that the blocking temperature calculated from the ZFC magnetization
and Mossbauer data are almost similar gives a clear indication of the interparticle interactions
among these nanoparticle systems. This is further supported from the FC magnetization curves,
which are almost flat below a certain temperature (less than the blocking temperature), as
compared with the monotonically increasing behavior characteristics of non-interacting
superparamagnetic particles. A shift of the blocking temperature with increasing frequency was
observed in the real x'(T) and imaginary x”(T) parts of the ac susceptibility measurements.
The analysis of the results shows that the data fit well with the Vogel-Fulcher law, whereas
trials using the Neel-Brown and power law are unproductive. The role of magnetic interparticle
interactions on the magnetic behavior, namely superparamagnetic relaxation time and magnetic

anisotropy, are discussed.

1. Introduction

Nanocrystalline ferrite materials display a variety of remark-
able and fascinating magnetic properties when compared to
their bulk counterparts. Owing to strong modifications in
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surface/interface effects, electronic states and magnetic inter-
actions in the nanometer range, the nanocrystalline ferrites
exhibit some diverse features such as an enhanced/reduced sat-
uration magnetization, low/high coercivity, superparamagnetic
(SPM) relaxation, spin-glass-like (SG) behavior, spin canting
and a B—H loop shift as compared to bulk ferrites [ 1-4]. Below
some critical dimension, magnetic particles become single-
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domain and show superparamagnetic (SPM) behavior [5-7].
Because of such a wide range of features, magnetic nanopar-
ticles have been routinely applied in magnetic recording me-
dia, ferrofluids and catalysis [1-4]. The magnetic properties of
such particles are well described by the Neel-Brown model [8],
where the magnetic anisotropy energy E, is a major factor in
determining the magnetic behavior of nanoparticles. Above
the blocking temperature 73, the thermal energy kg7 and ap-
plied field shift the magnetization direction of the nanoparticles
away from their easy axis and particles shows superparamag-
netism (SPM). In the Neel-Brown model, the particles are con-
sidered to be non-interacting. Conversely, when the interparti-
cle interactions are strong enough, a magnetic phase transition
from superparamagnetic (SPM) to a collective spin-glass (SG)
state occurs [9]. However, in real nanostructured systems, the
magnetic properties are governed by both the intrinsic mag-
netic anisotropy energy and interparticle interactions. Further,
the interactions between superparamagnetic (SPM) nanoparti-
cles have been taken into account in the Vogel-Fulcher [10]
model, a modified form of the Neel-Brown model. In ad-
dition, a power law, which assumes the existence of a true
equilibrium phase transition with a discrepancy of the relax-
ation time near the transition temperature, has been used to
explain the relaxation mechanism involved in spin-glass (SG)
and cluster-spin-glass systems [11-14]. These three models
have been successfully applied to explain the magnetic prop-
erties of different superparamagnetic and spin-glass systems in
the literature [15-18].

Among the variety of preparation techniques of ferrites
nanoparticles, ball milling has been recognized as one of
the most potential for the production of large amounts of
nanoparticle material.  Zhou et al [19] has observed a
rich variety of non-equilibrium magnetic states, such as
superparamagnetic (SPM) or spin-glass etc [20, 21], in ball
milled nanoparticles of Co,Ge alloy and thus it has become
very important to study non-equilibrium spin.

In this paper, we have investigated the role of
interparticle interactions on the static and dynamic behavior
of Mgy .9sMny gsFe,Oy ferrite nanoparticles of almost identical
particle size distribution prepared by ball milling.

2. Experimental details

Bulk particles of Mgg9sMng osFe,O4 were synthesized using
a standard solid-state reaction technique. A stoichiometric
amount of MgO, MnO and Fe, O3 were mixed thoroughly and
pre-heated at 1000 °C for 12 h for calcination. The calcinated
powder was pressed into pellets and sintered at 1300 °C for
24 h, followed by slow cooling to room temperature. To
prepare the nanoparticles, 5 g of the resulting material was
milled in a high-energy ball mill (SPEX 8000D). Two hardened
stainless steel vials (72 cm?) charged with five hardened
steel balls of 12 mm diameter and three of 6 mm diameters
were used for the milling. The ball to powder mass ratio
was fixed at 10:1. The powder was milled in air at room
temperature without any additives under closed conditions for
varying times namely, 8, 10 and 12 h. These samples will
henceforth be labeled as SX, where each X number refers to

250
200 |
150 |
100 |-
50

S12

0
150

100

50

Intensity (a.u.)

240 |
180 |
120 |

20 30 40 50 60 70 80 90
20 (degs.)

Figure 1. X-ray diffraction pattern for samples S8, S10 and S12. The
Miller indices (hkl) for the major peaks are also shown.

the total hours of milling time. To understand the structure
and particle sizes, powder x-ray diffraction measurements
were performed using a Siemens x-ray diffractometer (D5000).
The Mossbauer spectroscopy measurements were performed
using a conventional constant acceleration spectrometer in
transmission geometry with a 3’Co source in a Rh matrix
in the temperature range 20-300 K. The Mossbauer spectra
were analyzed with the standard least squares fitting program
NORMOS (SITE) [22]. Lorentzian lines shapes were used
to fit the recorded Mdossbauer spectra. All the isomer shifts
are given relative to that of «-Fe at room temperature. The
dc magnetization measurements were done using a Quantum
Design MPMS XL7 SQUID magnetometer in both zero-field-
cooled (ZFC) and field-cooled (FC) modes in the range 5 K <
T < 300 K in the presence of a low magnetic field of 20 Oe.
The real and imaginary parts of the ac magnetic susceptibility
were measured at frequencies in the range 31 Hz < f <
1131 Hz with a field amplitude of 2 Oe on a home-made
susceptometer [23] in the temperature range 80-300 K.

3. Results and discussion

3.1. X-ray diffraction

Figure 1 shows the x-ray diffraction patterns for samples S8,
S10 and S12 and exhibit several reflections corresponding
to the characteristic interplane spacings (220), (311), (400),
(422), (333/511), (440), (620), (533) and (444), which
confirms the formation of a single-phase cubic spinel structure
with no extra phase. From the XRD patterns, it is clearly
evident that the reflection lines are quite broad, suggesting
the powder crystallites have been reduced into nanosized
particles. The maximum intensity peak (311) was fitted with
a Gaussian shape to calculate the exact peak position and



J. Phys.: Condens. Matter 20 (2008) 235214

S K Sharma et al

Table 1. Some properties of nanoparticle samples S8, S10 and S12: ball milling time, average particle size (D) (from x-ray line broadening),
blocking temperature Ty calculated from dc magnetization and Mossbauer data, relative shift in the real part x'(T') of the ac susceptibility
and hyperfine parameters at 20 and 300 K: isomer shift (IS), quadrupolar splitting (QS), hyperfine field (Bhyp).

D (nm) dcTg (K) Tem (K) IS (mms™!) QS (mms~h) By (kOe)
Sample Time (h) (£ 0.6) (£5) (£5) o] T (K) Sites (£0.01) (£0.01) (£2)
S8 8 5.1 232 236 0.06 20 A 0.19 —0.0658 474.41
B 0.28 —0.0010 516.45
300 Sextet 0.38 0.871 400.73
Doublet  0.32 0.114 —
S10 10 4.7 188 192 0.03 20 A 0.24 —0.0918 486.74
B 0.30 —0.0109 519.78
300 Sextet 0.16 —-0.279 339.14
Doublet  0.33 0.819 —
S12 12 6.0 195 198 0.01 20 A 0.42 —0.0463 513.36
B 0.45 —0.0246 549.86
300 Doublet  0.27 1.247 —
Doublet  0.32 0.810 —

B &

0 5 100 150
T (K)

Figure 2. Zero-field-cooled (ZFC) and field-cooled (FC) curves for
samples S8, S10 and S12 taken in an external field of H = 20 Oe.

200 250

the full width half maximum (FWHM). The average particle
size was calculated from the (311) peak without considering
the possible contributions of crystal strain to the observed
broadening by using Scherrer’s equation [24];

. kA
" Bcos

6]

where D is the average particle size, k is a shape factor
(assumed to be 0.9) and A is the wavelength of the incident
x-rays. Here B = (BI%,I — Bé)l/z, where By is the full width
at half maximum (FWHM) of the (311) peak and Bs is the
standard instrumental broadening. The average particle sizes
calculated using equation (1) are given in table 1 and consist
of nanosized particles for which superparamagnetic effects
should be expected.

3.2. Magnetization data

To further study these nanoparticles, we have performed
magnetization measurements as functions of both temperature
and applied field. Figure 2 shows the variation of

magnetization M as function of temperature (7) in the range
5-300 K in an external magnetic field of 20 Oe recorded in
zero-field-cooled (ZFC) and field-cooled (FC) modes for the
samples S8, S10 and S12. In the ZFC mode, the sample was
cooled in zero field from 300 to 5 K and after stabilization
of the temperature, a measuring field of 20 Oe was applied.
The data were then recorded whilst warming the sample. In
the FC mode, the sample was cooled down from 300 to 5 K
in the presence of a field of 20 Oe and then measurements
were carried out whilst warming in the same field. From the
curves, it is clearly seen that bifurcation of the ZFC and FC
curves at a certain temperature Tsgp (figure 2) is one of the
characteristic features of a superparamagnetic (SPM) system.
However, the coinciding broad maximum are observed in the
ZFC curves at a slightly lower temperature (denoted as Ty
here) than Tsgp. Such a behavior usually indicates a certain
particle size distribution in the nanoparticle system, where a
fraction of the largest particles has already frozen at Tsgp with
the majority fraction of the nanoparticles being blocked at Tg,
resulting in a distribution of the blocking temperatures in the
samples. The maxima of the ZFC curve is located at T = 232,
188 and 195 K (with an uncertainty of +5 K) for samples S8,
S10 and S12 respectively. In addition, Mzpc strongly decreases
below Tp, since the change from the superparamagnet to
ferromagnetic regime initiates the anisotropy, forcing the
magnetization along the easy axes, are randomly oriented.
This decrease in Mzgc is also observed above Tg, as we
approach the superparamagnetic (SPM) regime. From these
curves, a clear thermo-magnetic irreversibility can be easily
seen from the distinct difference between Mzgc (T) and Mgc
(T) below a certain temperature 7sgp. Both the ZFC and FC
curves tended to be superimposed above Tsgp (296 + 5 K,
234 + 5 K, 275 £ 5 K) as the superparamagnetic (SPM) state
was reached for samples S8, S10 and S12 respectively. In
fact, such behavior is characteristic of superparamagnetism
(SPM) and a spin-glass (SG)-like state [25]. In addition, the
Mg values are almost constant below a certain temperature
(less than 7g), and this constant value is much higher
than that of the Mzrc values. The fact that the field-
cooled (FC) curve was nearly flat below Ty, as compared
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with the monotonically increasing behavior characteristic of
non-interacting or superparamagnetic systems, indicated the
existence of strong interactions among these nanoparticle
systems [25]. However, this feature has been recently found
not only to be exclusive of SG, but also shared by other
nanoparticle systems having a random anisotropy and strong
interparticle interactions [26, 27]. In the present case a
broad peak in the FC curve at low fields with a small
decline in magnetization below Tp is observed, suggesting the
existence of strong interactions in our system in agreement
with previously published results in the literature [28, 29].
The effects of these interactions was also investigated by
means of an ordering temperature 7y calculated from the
high temperature superparamagnetic (SPM) regime. In the
case of non-interacting superparamagnetic (SPM) particles,
it was expected that in this region the system would obey
the Curie law x = C/T. For an assembly of interacting
superparamagnetic (SPM) particles, the low field susceptibility
is expected to be of the form,

X 3k (T — To)

where [tmean 1S the mean magnetic moment per particle, kg
is the Boltzmann constant and 7y is the effective temperature
arising from the interparticle interactions. According to
equation (2), the inverse of the field-cooled (FC) susceptibility
should be linear above Tg. We observed that the linear law was
only obeyed for T > 259 K (the figure not shown here) and
the extrapolated value of T ( for all the investigated samples
was 193 & 3 K. These facts further supported the existence of
strong interparticle interactions with a magnetizing character.

3.3. Méssbauer measurements

>TFe Mossbauer spectroscopy is a powerful tool to characterize
ferrite nanoparticles undergoing superparamagnetic (SPM)
relaxation. Figures 3(a)-(c) show the Mossbauer spectra
recorded for all the investigated samples (in the temperature
range 20-300 K). The dots in figure 3 represent the
experimental data and the solid lines through data points
are least squares fittings. The other solid lines within
each spectrum indicate the positions of the tetrahedral (A-
site) and octahedral (B-site) resonance lines. In fact,
all the samples show a typical superparamagnetic (SPM)
behavior, i.e., the spectra are dominated by sextets at low
temperatures, but with increasing temperature a central doublet
becomes increasingly dominant, which is asymmetric due to
superparamagnetic (SPM) relaxation effects. In the SPM state,
the magnetic hyperfine interactions are averaged to zero, due
to fast relaxation of particle magnetic moments, so that the
resulting Mossbauer spectra consist of a paramagnetic-like
doublet. However, due to a distribution of energy barriers,
some nanoparticles relax faster and others slower at a given
temperature. Consequently, the sextet peak and the doublet
peak can appear simultaneously. The sextet peak represents
the fraction of nanoparticles with relaxation time longer than
the Mdssbauer measurements time 10~ s, whereas the doublet
peak represents the fraction of nanoparticles with relaxation

time shorter than 10~ s. From the analysis of Mossbauer
spectra, we have calculated the relative areas of the doublets
and sextets. Using a linear extrapolation of these areas as a
function of temperature, we define the blocking temperature
Ts, as the temperature where the sextet collapses to 50 % of
its initial value. From the extrapolation, we found that for
the S8 sample, T is around 236 £+ 5 K and decreases with
a decrease in the particle size. The corresponding values of the
blocking temperatures along with the hyperfine parameters at
20 and 300 K are shown in table 1. It is interesting to see that
the blocking temperature 7y calculated from Mossbauer and dc
magnetization data are found to have almost identical values
within the experimental error. In general, the 7Ty determined
by Mossbauer spectroscopy is higher than that determined by
SQUID magnetometry and this can be explained by Neel—
Brown theory. However, the similar values found in the
present study further support the occurrence of interparticle
interactions among these nanoparticle samples.

3.4. Susceptibility measurements

In order to further authenticate and get a better insight into the
nature of these interparticle interactions, we also investigated
the temperature dependence of the real and imaginary parts,
x'(T) and x”(T), of ac susceptibility measurements for
different driving frequencies in the range from 31 to 1131
Hz (see figures 4(a) and (b)) for samples S10 and S12. It
is clearly evident from figure 4 that the data for both x'(T)
and x"(T) exhibit the expected behavior of a blocking/freezing
process, i.e. the occurrence of a maximum at a temperature 7g
for both x’(T) and x”(T) components which shifts towards
higher temperature and decreases in height with increasing
frequency [30]. In order to identify the dynamic behavior of
the blocking/freezing process, we have used the real part x'(T')
of ac susceptibility in an empirical relation,

o_ Ao
TgAlogyy (f)

here ATg is the difference between the Tg measured in
the Alog,,(f) frequency interval and f is the ac magnetic
field frequency. In fact, this parameter provides a model-
independent classification of the blocking/freezing process.
The experimentally found values for the superparamagnetic
(SPM) particles are in the range ~0.1-0.13, whereas a much
smaller value was found in the present case (see table 1)
usually observed for spin-glass (~0.005-0.05) behavior of
the nanoparticle surface or simply due to non-negligible
interparticle interactions [31]. In fact, it is well known that
smaller values of @ usually result from strong interactions
and the spin-glass hypothesis [30, 32, 33].  However,
it is often very difficult to distinguish between SG and
SPM experimentally [34]. There are two different main
interpretations in the literature on the phenomenon of the spin-
glass freezing. For a system consisting of non-interacting
superparamagnetic particles, the relaxation time t follows the
Neel-Arrhenius (NA) relation,

Ea ) @

(©)

T = T,exp <kBTB
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Figure 3. Mossbauer spectra of sample (a) S8, (b) S10 and (c) S12 in the temperature range from 20 to 300 K.

where T is the relaxation time at frequency f, E, is the
anisotropy energy barrier for the reversal of the moments and
7y is the characteristic relaxation time, ranging typically from
1072 to 1073 s for superparamagnetic (SPM) particles. In
an external magnetic field, the energy barrier is given by
Exn = KV, where K is an effective magnetic anisotropy
constant and V is the particle volume. To confirm the validity

of the Neel-Arrhenius (NA) relation, we first plot Int versus
1/Tg for both systems (for brevity this is not shown here).
From the fitting, we have found an unphysically small value of
relaxation time; 7o ~ 1.1 x 107'® for S10 and 6 x 10~% s for
S12 in comparison to 10~!3 s. This leads us to conclude that
the Neel-Arrhenius (NA) relation is not valid and there exist
strong interactions among these nanoparticle systems [34],
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ac magnetic susceptibility for the (a) S10 and (b) S12 samples, at
different frequencies. The arrow indicates increasing frequencies.
Inset: imaginary part x”(7T'). The data were taken with an external
magnetic field, H = 2 Oe.

consistent with the results obtained from the dc magnetization
and Mossbauer data. As a result, we have tried to fit these
data using the Vogel-Fulcher (VG) law [10], that describes
the slowing down of a system composed of magnetically
interacting particles as the temperature is reduced, and can be
expressed in the form

T = T,exp (L> . %)
kg (Ts — To)

Here Ty is an effective temperature with a similar
origin to that used to reproduce the dc susceptibility in
the superparamagnetic regime and Tp is the characteristic
temperature signaling the onset of the blocking process (i.e. the
temperature of the peak position in the ac susceptibility). In
this case, the experimental data can be fitted to the equation (5)
as shown in figures 5(a) and (b) for samples S10 and S12
respectively, giving the following values of the parameters:
o =18 x 10705, Ep = 3.8 x 1078 erg, Ty = 195 K and
To=58x 107125, EA =7.4x 1077 ergand T) = 195 K. A
good agreement between the experimental data and the Vogel—
Fulcher (VG) law indicates that the phenomenon taking place
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Figure 5. Logarithm of the measuring frequency as a function of the
reciprocal of the difference between the temperature of peak and 7j
for samples (a) S10 and (b) S12.

at the maximum of susceptibility curve is related to blocking
of an assembly of interacting particles rather that a collective
freezing (as occurs in a spin-glass system). This is further
confirmed from the power law discussed below. The large
value observed in the present case is expected from strong
interparticles interactions, but the experimentally determined
value 1 for the sample S12 is much lower than that of S10.
This may possibly be due to the fact that interactions are more
relevant for the S12 sample than for the S10 sample. By fitting
the experimental data with equation (5) and using the average
particle size calculated from XRD data, the calculated values
of K for sample S10 and S12 are 4.5 x 10° and 6.5 x
10° erg cm > respectively. The resulting effective anisotropy
is larger than that of magnetocrystalline anisotropy constant of
bulk ferrite [35], which is an expected behavior of nanosized
particles, where the surface contribution is expected to enhance
the magnetic anisotropy constant.

Further, we have also checked the existence of spin-
glass (SG) behavior through a conventional critical slowing
down model [36-38], which states that close to the spin-glass
transition, the characteristic relaxation time (r = 1/f) of
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Figure 6. A log—log plot of the reduced temperature
& = (Ig — Ty) / T, versus frequencies for sample (a) S10 and (b) S12.

the individual magnetic moments will show a slowing down
obeying a conventional power law,

T =108 & 6)

where ¢ = (Tg — T,)/ T, denotes a reduced temperature, T
is the microscopic relaxation time, z is the dynamical scaling
exponent, Ty is the spin-glass freezing temperature and v is the
correlation length scaling exponent. Hence, the frequency ( f)
dependent maxima should follow the relation,

| = foe™. (N

Alog-log plot of the reduced temperature (T — 1)/ T, versus
external frequencies (f) gives an excellent linear dependence
as shown in figures 6(a) and (b) for sample S10 and S12
respectively. The best fitting parameters are; tp = 5.9 x
1075, zv = 12 + 3, T, = 193 £ 3 K for sample S10,
whereas for sample S12 79 = 4.7 x 10719 s, zv = 20 + 3,
T, = 193 £ 3 K. The estimated values of critical exponents zv
and 7y are not consistent with the values obtained for spin-glass
systems, but are also different from those extracted using the
Vogel-Fulcher law. For spin-glasses, typical values of 7 are

within the range 10~''-107'2 s [38]. This further strengthens
our result that a blocking of the interacting particles occurs
rather than the collective nature of a spin-disordered system,
such as a spin-glass. On the other hand, parameters that
we obtained by using the Vogel-Fulcher law have reasonable
values. This would imply that a factual SG transition does not
exist in these nanoparticle systems.

4. Conclusion

In conclusion, we have studied the role of interactions on the
static and dynamic properties of Mgg.9sMng osFe,O4 ferrite
nanoparticles having almost identical size distribution using
x-ray diffraction, Mossbauer spectroscopy, dc magnetization
and ac susceptibility measurements. DC magnetization and
Mossbauer studies show the onset of blocking of particles
above a certain temperature of 185+5 K for all the investigated
samples. The Tp calculated from the ZFC magnetization
and the Mdssbauer data are found to have almost identical
values giving a clear indication of the role of that interparticle
interactions play in these nanoparticle systems. This is further
supported by the FC magnetization. The dynamic behavior
of these nanoparticles is strongly influenced by interparticle
interactions which are present in all the samples and are
well described by the Vogel-Fulcher (VG) law for interacting
superparamagnetic (SPM) particles. On the other hand,
attempts to fit the data with a Neel-Brown (NA) model for
thermally non-interacting superparamagnetic (SPM) particles
and a power law for spin-glasses is unsuccessful and both yield
an unphysically small value of the relaxation time constant .
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