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a b s t r a c t

Nanostructured MgFe2O4 spinel has been synthesized with various grain sizes ranging from 72 to 19 nm
using ceramic method and followed by high-energy ball milling. The observed electrical conductivity
decreases with grain size is mainly due to the size effect than the cation distribution which is clearly
evident by in-field Mössbauer measurement. The saturation magnetization of the 72 nm grain size sample
has been enhanced and it is about 39% larger than that of their bulk (micron size particle). The observed
increase in the coercivity of the milled sample is due to the smaller crystalline size, increase in the grain
boundary volume and also due to surface anisotropy of increasing number of ions on the surface.

© 2010 Elsevier B.V. All rights reserved.
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eywords:
anostructured MgFe2O4

igh-energy ball milling
ation distribution

lectrical behaviour
össbauer spectroscopy

. Introduction

Nanoparticles of spinel ferrites are potential candidates in the
eld of magnetic and electronic applications. They have wide appli-
ations in drug delivery systems and in medical diagnostics [1].
pinel ferrites have high electrical resistivities and low dielectric
osses which are useful in microwave devices, computer memories
nd magnetic recording. Among the spinel ferrites family, magne-
ium ferrite is a soft magnetic n-type semiconducting material [2],
hich finds a number of applications in sensor technology, thermal

oagulation therapy, in which tumors are locally heated by appli-
ation of alternating magnetic fields [3]. The structural formula of
gFe2O4 is generally written as (Mg1−�Fe�)[Mg�Fe2−�]O4, where
arentheses and square brackets indicate cation site of tetrahedral
A) and octahedral [B] coordination, respectively, and where � rep-
esents the degree of inversion defined as a fraction of (A) sites
ccupied by Fe3+ ions.

∗ Corresponding author. Present address: Faculty of Applied Chemical Engi-
eering, Chonnam National University, 300 Yongbong-dong, Gwang-ju 500-757,
epublic of Korea. Tel.: +82 62 530 1904; fax: +82 62 530 1909.

E-mail address: nskdnp@gmail.com (N. Sivakumar).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.125
In recent years, nanosized milled spinel ferrites exhibit inter-
esting magnetic and electrical properties which are different from
those of the bulk counterparts. The variation of the Néel temper-
ature with grain size [4,5], a high coercivity [6] and enhanced
magnetic moments [7,8] has been observed in nanosized ferrite
particles compared with those of bulk samples. The Néel temper-
ature of Ni0.5Zn0.5Fe2O4 spinel ferrite was shown to increase from
538 K in the bulk state to 611 K when the grain size was reduced to
14 nm using high-energy ball milling [9]. In the past five decades,
impedance spectroscopy is used to investigate the dynamics of
bound and/or free ions in the bulk or in the interfacial regions of
any kind of solid or liquid materials such as ionic, semiconducting,
mixed electronic–ionic and dielectrics. The dispersion in conduc-
tivity has been seen in a broad variety of disordered solids like,
amorphous semiconductors, ionic and electronic conducting poly-
mers, ion conducting glasses, highly defective crystals or doped
semiconductors and single crystals [10–14]. Ponpandian et al. [15]
have reported that the real part of dielectric constant (ε′) and

dielectric loss (tan ı) for milled samples are about two orders of
magnitude smaller than those of bulk in the case of NiFe2O4.

Several reports are available in the literature on the magnetic
properties of nanoscale MgFe2O4 [16–22]. A few investigators
have studied the electrical properties in the case of bulk MgFe2O4

dx.doi.org/10.1016/j.jallcom.2010.05.125
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:nskdnp@gmail.com
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23–25]. This has motivated us to carry out electrical conductivity
nd dielectric measurements on nanostructured MgFe2O4. In order
o explain the results obtained from the electrical conductivity and
ielectric measurements, we have also performed in-field Möss-
auer spectroscopy and magnetization measurements. We have,
herefore, studied the effect of grain size, temperature and fre-
uency on the electrical and magnetic properties of MgFe2O4 spinel
repared using the ceramic route and followed by high-energy ball
illing.

. Experiment

.1. Sample preparation

The bulk MgFe2O4 spinel ferrite has been synthesized using the
eramic method. Stoichiometry mixtures of powdered reactants
ontaining �-Fe2O3 and MgO were thoroughly mixed in the atomic
atio 1:1. The mixed sample was calcined at 1173 K in air and kept at
his temperature for 5 h, which was furnace cooled to room temper-
ture (300 K). The cold ferrite powder was then thoroughly ground
n an agate mortar and pelletized. The pellet was then sintered at
573 K for 5 h. The pellets were reduced to powders using agate
ortar and taken to be the as-prepared sample. The as-prepared

ample was milled for 10 and 15 h using planetary high-energy ball
ill (Fritsch pulverisette 7) with zirconia vials and balls. The milling

peed of vials and balls was 300 rpm with a ball to powder weight
atio of 8:1.

.2. Sample characterization

The phase analysis for the as-prepared and milled samples
as carried out using X-ray diffraction (XRD) with a Rigaku-make
igh precision Guinier X-ray diffractometer and Fe K� radiation.
he average grain size was determined from the full-width at
alf-maximum of the (3 1 1) reflection of the XRD patterns using
cherrer’s formula [26]. Surface morphological features of the as-
repared and milled samples were observed using a field emission
canning electron microscope (FE-SEM, S-4700, Hitachi, Japan).

.3. Electrical and magnetic measurements

The electrical conductivity and dielectric measurements
ere done using an impedance analyzer (Solatron 1260

mpedance/Gain-Phase Analyzer) in the temperature range
rom 300 to 550 K and in the frequency range from 1 Hz to 10 MHz.
he powder was made into a pellet by applying a pressure of 50
Pa for these measurements and the sample was sandwiched

etween two platinum electrodes. In order to homogenize the
harge carriers and to remove the moisture content, the pellet
as preheated up to 423 K for 30 min, before starting the mea-

urements. The real (Z′) and imaginary (Z′′) parts of the complex
mpedance (Z*) were measured as a function of both frequency and
emperature. The temperature of the sample was measured with
resolution of ±1 K using a Eurotherm (818 P) PID temperature

ontroller, the heating rate being 2 K/min. The conductivity (�),
he real (ε′) part of dielectric constant and dielectric loss, tan ı
ere calculated using the raw data of Z′ and Z′′ and the sample
imensions.

Magnetic measurements were made using a vibrating sam-
le magnetometer (Model: EG&G PARC 4500, USA) (VSM). The
7
Fe Mössbauer spectra were recorded at 10 K under a mag-
etic field of 8 T applied parallel to the �-ray direction. The
egree of inversion was calculated from the subspectral areas
I(A)/I[B] = f(A)/f[B] × x/(2−x)), assuming that the ratio of the recoilless
ractions is f(A)/f[B] = 1 at low temperatures [27].
Fig. 1. The XRD patterns of MgFe2O4 spinel samples: (I) as-prepared, (II) 10 h milled,
and (III) 15 h milled.

3. Results and discussion

3.1. Structural analysis and surface morphology

Fig. 1 shows the X-ray diffraction patterns of the as-prepared
(sample I), the 10 h milled (sample II) and the 15 h milled (sam-
ple III). The increase in the broadening of the X-ray diffraction lines
gives a clear evidence for the decrease of the mean size of the milled
sample. The average grain size has been calculated using Scherrer’s
formula by taking into account the instrumental line broadening.
The average grain sizes were found to be 72, 27 and 19 nm for sam-
ples I, II and III, respectively. The microstructure of MgFe2O4 for
as-prepared, 10 and 15 h milled samples are shown in Fig. 2(I), (II)
and (III), respectively. The particle size of as-prepared (I) is found to
lie in the range 12–23 �m. In the case of 10 h (II) and 15 h milled (III)
samples, the particles are around 280–340 nm and 220–260 nm,
respectively.

3.2. Electrical behaviour

3.2.1. Dc conductivity and its dependence on grain size
Fig. 3 shows the Arrhenius plot for the electrical conductivity

of samples I–III in the temperature range from 370 to 500 K. The
resistance was obtained by analyzing the impedance data using
the non-linear least-squares (NLLS) fitting routine. The variation
in conductivity with the inverse temperature is almost linear in all
cases. The conductivity is found to increase with temperature for all
samples, which is expected from the semiconducting behaviour of
spinel ferrites, as observed earlier [9,15]. MgFe2O4 is reported to be
an n-type semiconductor [2], due to the hopping of electrons from
Fe2+ to Fe3+ ions in the octahedral [B] sites. The activation energy for
the electrical conductivity is obtained from the Arrhenius relation,

�T = �0 exp
[
− Ea

kBT

]
(1)

where �0 is the pre-exponential factor with the dimensions of
(� cm−1)K, Ea is the activation energy for dc conductivity and kB
is the Boltzmann constant. Table 1 shows the values of activation
energies obtained for samples I–III. We have observed that the acti-
vation energy increases with the grain size reduction, which reflects
the blocking nature of grain boundary [10]. The blocking nature
of the grain–grain contacts was suggested to be due to the seg-
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Fig. 2. The SEM images of MgFe2O4 spinel sample

egation of host lattice cations, lattice mismatching, dislocations,
efects, etc. As seen from Fig. 3, the conductivity decreases with the
eduction of grain size by high-energy milling. Normally, conduc-
ivity depends on the combined influence of several factors such
s Fe2+ ion concentration, grain size, crystal structure perfection
nd microstructural homogeneity. In general, the conductivity in
errites arises mainly from the electron hopping between the Fe2+
nd Fe3+ ions present on equivalent lattice sites (octahedral site)
28]. The distance between the cations in A-sites is larger than the
istance between cations in B-sites, and moreover the degree of
ovalency for the A-site ions is known to be higher than that of the

ig. 3. The Arrhenius plots for the electrical conductivity of nanocrystalline
gFe2O4 spinel samples. The solid lines are the least-squares fit to Eq. (1).
as-prepared, (II) 10 h milled, and (III) 15 h milled.

B-site cations [15]. Due to the structural difference and the higher
degree of covalency in A-sites, the mobility of electrons and holes
in the A-sites is expected to be smaller than that in the B-sites. The
present in-field Mössbauer studies clearly show that the Fe3+ ion
concentration increases in octahedral site [B-site] for the milled
samples (Section 3.3). Therefore, we expect that the conductivity
should increase upon milling, but, we have observed a contradicting
behaviour. The decrease in conductivity with grain size reduction,
therefore, can be attributed to the size effects as reported in the
literature [29,30] and also due to the increase in grain boundary
volume and the associated impedance to the flow of charge car-
riers. If the crystallite size is smaller than the electron mean free
path, then the grain boundary scattering becomes dominant, and
therefore, the electrical resistivity is expected to increase. The low
conductivity samples have reduced eddy current losses at high fre-
quencies, and therefore, the milled ferrite samples in the present
study are suitable for high frequency applications.

3.2.2. Dielectric behaviour

The frequency dependence of the real part of dielectric constant

(ε′) and dielectric loss factor (tan ı) at 300 K for all grain sizes is
shown in Fig. 4(a and b), respectively. From Fig. 4(a), it is observed
that the ε′ initially increases, then decreases gradually with respect

Table 1
The values of activation energies for electrical conductivity in MgFe2O4 spinel ferrite
samples. Ea is the activation energy obtained from the conductivity data.

Sample (grain size in nm) Activation energy for the electrical conductivity
Ea (eV) [±0.01]

I (72) 0.62
II (27) 0.65
III (19) 0.69
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peratures, where fmax corresponds to the peak frequency of the M
vs. log f plots. From Fig. 6, it is observed that all the curves for dif-
ferent temperatures overlap on a single master cure for sample III
(19 nm) indicating that the relaxation mechanism is temperature
independent. Moreover, Fig. 7 shows that the peaks of the nor-
ig. 4. (a) The real part of the dielectric constant (ε′) at 300 K as a function of fre-
uency for different grain sizes of MgFe2O4 sample. (b) The dielectric loss factor
tan ı) at 300 K as a function of frequency for different grain sizes of MgFe2O4 sample.

o frequency for all the samples (I–III). In general, the dielectric
onstant is mainly contributed by the atomic and electronic polar-
zations in ferrite grains. In normal behaviour, ε′ decreases with
requency because the electron hopping between Fe2+ ↔ Fe3+ ions
annot follow the ac field beyond a certain frequency. In the case
f MgFe2O4, the presence of Mg2+ ions gives rise to p-type car-
iers in addition to the n-type carriers arising from the electron
xchange between Fe2+ and Fe3+ ions [31]. The anomalous dielectric
ehaviour can be explained as being due to a collective contribution
f the n- and p-type carriers to the polarization. The local displace-
ents of p-type carriers in the direction of the external electric field

lso contribute to the net polarization in addition to the n-type car-
iers. Moreover, the mobility of the p-type carriers is smaller than
hat of the n-type carriers, the contribution to the polarization from
he former will decrease more rapidly and even at lower frequen-
ies. Therefore, the net contribution will increase initially and then
ecrease with frequency. The position of the maximum of ε′ will be
ependent on the relative number of p-type carriers in the mate-
ial. The higher the number of p-type carriers, the higher the peak
requency.

Rezlescu and Rezlescu [32] have observed the similar behaviour
n the case of Cu–Ni ferrites. In the present studies, ε′ is lower for
he milled samples (II and III) compared to that of the as-prepared
ample (I). The change in ε′ of ferrite is mainly due to the variation in
he concentration of Fe2+ ions. The higher the concentration of the
e2+ ions, the higher the value of ε′ [33,34]. Our in-field Mössbauer

esults (as reported in Section 3.3) clearly indicate that some of
he Fe3+ ions have migrated from tetrahedral (A) to octahedral [B]
ites for the milled samples (II and III). Therefore, we expect that
he value of ε′ should increase with milling for samples II and III
ecause of the increase in the number of Fe3+ and Fe2+ pairs. But,
Compounds 504 (2010) 395–402

we have observed the reverse trend which is due to the number of
Mg2+ ions displaced from the B-sites to the A-sites increases upon
milling. This will lead to a decrease in the number of magnesium
ion pairs and hence the number of available p-type carriers in the B-
sites. Dube [35] has also observed a decrease in dielectric constant
by about 3–8% compared to bulk particles (50 �m and above). El
Hiti [24] has obtained a value of 104 for ε′ at 312 K (at 1 kHz) for
the bulk MgFe2O4. In the present studies, ε′ is found to be around
102 for the milled samples (II and III) at the same temperature and
frequency, which are two orders of magnitude smaller than that of
the bulk MgFe2O4.

The plot between dielectric loss (tan ı) and frequency has been
shown in Fig. 4(b). The value of tan ı decreases with frequency
for all the samples, which is a normal behaviour [15]. When the
jumping rate of charge carriers lags behind the ac field beyond
a certain critical frequency, tan ı decreases. The value of tan ı, is
found to decrease with the reduction of grain size upon milling,
which is quite similar from our previous studies on NiFe2O4 [15]
and ZnFe2O4 [36]. In the case of ZnFe2O4 [36], tan ı decreases with
the reduction of grain size is mainly due to the reduction of Fe3+ ions
in B-site upon milling. The reduction of the number of Fe2+ ↔ Fe3+

ion pairs in the B-sites and therefore the polarization also decreases
with the grain size reduction. Hence, the major contribution to
tan ı in ferrites comes from electron hopping between Fe2+ ↔ Fe3+

ion pairs [37]. Therefore, we expect that the value of tan ı should
increase with milling for samples II and III. But, in the present stud-
ies, the decrease in tan ı upon milling is mainly due to size effect.
El Hiti [24] has obtained a value of 101 for tan ı at 312 K (at 1 kHz)
for the bulk MgFe2O4 ferrite prepared by ceramic method. In the
present study, tan ı for all samples is about 0.3 at 300 K and at the
same frequency. The dielectric loss is thus found to be two orders
of magnitude lower compared to that of the bulk [24].

3.2.3. Electrical modulus studies
Fig. 5 shows the plot between the imaginary part of modulus

(M′′) and frequency for sample III (19 nm) at selected temperatures.
The relaxation peak for M′′(ω) moves towards higher frequency
with temperature. It means that the relaxation time for this process
decreases with temperature. The plot between scaled M′′/M′′

max vs.
log(f/fmax) for sample III (19 nm) is shown in Fig. 6 for various tem-

′′
Fig. 5. The imaginary part (M′′) of modulus spectra for MgFe2O4 sample with 19 nm
grain size (sample III).
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is frequency independent, but may be temperature dependent. The
ig. 6. The plots of M′′/M′′
max vs. log(f/fmax) for sample III (19 nm) of MgFe2O4 spinel

errite at various temperatures.

alized M′′ curves for all the grain sizes overlap on a single master
urve, but in the higher frequency range there is some deviation due
o grain interior effect which is nothing but the grain effect. From
ig. 6, the value of full-width at half-maximum (FWHM) is found
o be greater than 1.14 decades [38] as evaluated from the normal-
zed modulus spectrum which suggests the existence of non-Debye
ype of relaxation phenomena.

Fig. 8 shows the variation of scaled parameters (M′′/M′′
max and

′′/Z′′
max) as a function of logarithmic frequency measured at 473 K

or sample III (19 nm). The figure clearly shows that the peak fre-
uency shifts towards higher frequency region as it moves from
′′ to M′′. The mismatch between the peaks of these two parame-
ers gives an evidence for the existence of two polarization (grain
nd grain boundary) phenomena [39]. In general, the overlapping
f the two peaks is an evidence of long-range conductivity [40].
he very distinct curves of M′′/M′′

max and Z′′/Z′′
max (Fig. 8), there-

ore, illustrate clearly that the polarization process is due to the
ocalised conduction of multiple carriers which gives rise to short-
ange conductivity. Moreover, the localized conduction of multiple
arriers describes the presence of multiple relaxation processes in

he material. Also, M′′/M′′

max exhibits peak value at high frequency
nd it reduces to zero at low frequencies. This suggests that the
lectrode polarization is negligible or absent.

ig. 7. The plots of M′′/M′′
max vs. log(f/fmax) for various grain sizes of MgFe2O4 spinel

errite measured at 473 K.
Fig. 8. The logarithmic plot of normalized parameters (M′′ , Z′′) for sample III (19 nm)
of MgFe2O4 spinel ferrite measured at 473 K.

3.2.4. The ac conductivity studies
The ac conductivity and permittivity above the dielectric loss

peak frequency (ω > ωp) are empirically and, respectively, rep-
resented as � ′(ω) ∝ ωn and ε′(ω) ∝ ωn−1, with 0 < n ≤ 1. The ac
conductivity has been measured in a wide frequency range at dif-
ferent temperatures. The frequency dependence of the conductivity
at various temperatures is shown in Fig. 9.

Almond and West [41] have pointed out that the dispersive
behaviour of the ac conductivity of certain conducting materials
can be expressed as,

�ac = �dc + Aωn = �dc

[
1 +

(
ω

ωp

)n]
(2)

which is called the universal power law.
The conductivity spectra for different temperatures are fitted to

Eq. (2) for all samples using NLLS fitting and the parameters �dc,
ωp, and n are extracted from the analysis. The frequency expo-
nent, n takes values near or just below unity depending on the
frequency ω in the characteristic power law and the parameter A
above equation is general and is universally found for amorphous
semiconductors, glasses and electronic conductors. Many theoret-
ical models have been developed to identify the origin of power
law dispersion. The power law features are also observed with

Fig. 9. The frequency dependence of the ac conductivity of sample I (72 nm) of
MgFe2O4. The continuous lines are fitted with Eq. (2).
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ig. 10. Room temperature (298 K) Mössbauer spectrum of the as-prepared sample
f MgFe2O4 taken in zero applied magnetic field (a), and under a magnetic field of
T applied parallel to the �-ray direction taken at 10 K for (b) as-prepared: 72 nm,

c) 10 h milled: 27 nm, and (d) 15 h milled sample: 19 nm.

ther non-Debye dielectric response functions such as Cole–Cole,
ole–Davidson and Havirliak–Negami [42–44].

According to Almond and West [41], the above equation can be
ritten as,

ac = �dc

(
1 + (ω�)n

)
(3)

here � is the relaxation time.
In the present study the frequency dependent conductivity data

or sample I (72 nm) for various temperatures were fitted with
he above equation as shown in Fig. 9. The frequency independent
lateaus in the log10 � vs. log10 ω plots are identified with the dc
onductivities of the materials. In the high frequency range, the
ncrease of bulk conductivity is due to the high frequency disper-
ion. We have observed, from Fig. 9, such frequency independent
lateau repeatedly over several decades of frequency for all the
easured temperature ranges. But the increase in conductivity is

imited to higher frequencies by an additional grain interior effect
45]. This takes the form of a power law increase in conductivity
ith the frequency.

.3. Mössbauer studies
Mössbauer spectrum of the as-prepared (sample I) MgFe2O4
aken at 300 K in zero applied magnetic field (Fig. 10(a)) indicates
hat there is a partial overlap of the (A) and [B] subspectra because
f the small difference in the hyperfine fields of the Fe3+ ions in

able 2
össbauer parameters: isomer shift 〈IS〉, quadrupole shift 〈2ε〉, effective hyperfine field 〈B
agnetic field), hyperfine field 〈Bhyp〉 canting angle 〈	〉, and relative intensity of the sexte

arallel to the direction of �-rays.

Sample (grain size in nm) Fe site 〈IS〉a (mm/s) ±0.01 〈2ε〉 (mm/s) ±0.0

I (72) A 0.34 0.00
B 0.47 0.00

II (27) A 0.33 0.00
B 0.48 0.00

III (19) A 0.33 −0.00
B 0.48 −0.03

With respect to �-Fe at 300 K.
Compounds 504 (2010) 395–402

the two sublattices. But, in the presence of an external magnetic
field, the effective particle moment is aligned to the applied field
with some degree; the resulting magnetic field at iron nucleus
is either increased or decreased by the applied field depending
upon the direction of alignment of the magnetic moments rela-
tive to the applied magnetic field. Therefore, we have recorded the
8 T Mössbauer spectra for the as-prepared (sample I) and milled
(samples II and III) MgFe2O4 at 10 K and are shown in Fig. 10.
The Mössbauer spectra were fitted with two magnetic compo-
nents arising from the tetrahedral (A) and octahedral site (B)
Fe3+ ions. The experimental data have been fitted using the least-
squares MOSFIT program. The degree of inversion is found to be
x = 0.880(4) for sample A, which indicates that the sample is a
partly inverse spinel with the Néel type collinear spin arrange-
ment (Mg0.12Fe0.88↑)[Mg0.88Fe1.12↓]O4. Moreover, for the milled
samples the degree of inversion are x = 0.819 (9) and x = 0.780
(0) for samples II and III, respectively (see Table 2). The obser-
vation is that the milling process decreases the fraction of Fe3+

ions on (A) sites. The site occupancy of the milled samples (II
and III) may be written as (Mg0.18Fe0.82↑)[Mg0.82Fe1.18↓]O4 and
(Mg0.22Fe0.78↑)[Mg0.78Fe1.22↓]O4, respectively. Many reports are
available to clearly show that high-energy milling is able to induce
redistribution of cations between (A) and [B] sites [11,46,47]. The
presence of the 2nd and 5th lines of Mössbauer sextet in an exter-
nal field applied parallel to the direction of �-rays is because of the
canting of the Fe3+ spins with respect to the applied field direc-
tion. The calculated average canting angles for the octahedral sites,
from the altered subspectral area ratio I2,5/I1,6, were found to be
ˇB ∼ 14◦, 21◦, and 28◦ for samples I, II, and III, respectively. The
canting angle ˇB increases with milling. Similar behaviour has been
observed [47,48] for nanocrystalline NiFe2O4; they conclude that
spin canting may be due to the surface effects where the spins on
the surface layer are canting. Moreover, Kodama et al. [49] have
reported that NiFe2O4 fine particles coated with organic surfactant
have ferrimagnetically aligned core spins and a spin-glass-like sur-
face layer. They have also proposed that the surface spin disorder
in ferrimagnetic spinel nanoparticles is due to the broken exchange
bonds in the near-surface layers. The increase in canting angle with
decreasing grain size is due to the increase in the percentage of
Mg2+ ions occupying A-sites and increase in the surface area as the
grain size decreases with milling. The increase in the concentration
of Mg2+ ions in A-sites will result in the decrease in the number of
nearest neighbour magnetic ions to the B-site Fe3+ ion and hence
the canting angle increases with milling.

3.4. Magnetization studies
Magnetization hysteresis curves measured at 298 and 77 K for
the as-prepared (sample I) and 15 h milled (sample III) MgFe2O4
using VSM are shown in Fig. 11. The saturation magnetization
for sample I (72 nm) was found to be 36 and 42 emu/g (mag-
netic moment � is 36 emu/g, as calculated from in-field Mössbauer

eff〉 (algebraic sum of the internal hyperfine magnetic field and the external applied
ts 〈Iref〉 for the MgFe2O4 samples at 10 K in an external magnetic field of 8 T applied

2 〈Beff〉 (T) ±0.5 〈Bhyp〉 (T) ±0.5 〈	〉 (◦) ± 5 〈Iref〉 (%) ±1

60.2 52.4 12 44
46.5 54.3 14 56

59.8 52.4 12 41
46.5 54.0 21 59

59.8 52.0 12 39
46.5 53.6 28 61
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Fig. 11. The magnetization hysteresis loops for as-prepared and

arameters: Table 2) at 298 and 77 K, respectively, whereas in
he case of bulk it is only 27 and 31 emu/g (magnetic moment

from Mössbauer is 31 emu/g) at 293 and 0 K [extrapolated to
K], respectively [28]. The cation distribution of the bulk MgFe2O4

s (Mg0.1Fe0.9↑)[Mg0.9Fe1.1↓]O4. Šepelák et al. [20] have observed
he saturation magnetization to be 37 emu/g measured at 3 K for

gFe2O4 with 10 nm grain size prepared by mechanosynthesis
oute. From the in-field Mössbauer studies, they have estimated the
ation distribution as (Mg0.24Fe0.76↑)[Mg0.76Fe1.14↓]O4 (the effec-
ive magnetic moment, � is 67 emu/g). Therefore, our observation
s that the saturation magnetization of the 72 nm grain size sam-
le (I) [the cation distribution is (Mg0.22Fe0.78↑)[Mg0.78Fe1.22↓]O4]

s enhanced by about 33% than that of its bulk [the cation distri-
ution is (Mg0.1Fe0.9↑)[Mg0.9Fe1.1↓]O4 [28] because of the change

n the cation distribution. Moreover, another observation is that
he milling process leads to reduction of magnetization for sam-
le III (Fig. 10). The value of saturation magnetization as obtained
rom VSM measurements is found to be 28 and 34 emu/g at 298
nd 77 K, respectively. As per the cation distribution (Table 2), the
aturation magnetization should increase upon milling. The value
alculated from the cation distribution for sample III is 44 emu/g.
ut, the observed reverse trend is because of the existence of non-
agnetic surface layer caused by the canting of surface spins or a

igh anisotropy layer or loss of the long-range order in the surface
ayer in the case of sample III due to the smaller grain size [50].

At 77 K the coercive field increased from 82 to 302 Oe for samples
and III, respectively. The higher coercivity of the milled sample is
ecause of the smaller crystallite size, increase in the grain bound-
ry volume and the structural disorder upon milling. Moreover, the
ncrease of the surface anisotropy of small crystallites also con-
ributes to the increase in coercivity. Chinnasamy et al. [50] have
bserved a similar enhancement of the coercivity for the milled
anocrystalline NiFe2O4.

. Conclusion

The nanocrystalline MgFe2O4 samples with various grain sizes
ave been synthesized by ceramic route followed by mechanical
illing. The conductivity is found to decrease with the reduction of

rain size and also it has been observed that the activation energy
or conduction increases with grain size reduction, which reflects
he blocking nature of the grain boundary. The real part of the

ielectric constant (ε′) is found to be around 102 for the milled sam-
les (27 and 19 nm grain size), which is two orders of magnitude
maller than that of the bulk MgFe2O4. The anomalous behaviour of
′, observed in the samples, has been explained based on the pres-
nce of both n- and p-type charge carriers. Moreover, the dielectric

[
[
[
[
[

milled samples of MgFe2O4 measured at (a) 298 K and (b) 10 K.

loss (tan ı) is found to be two orders of magnitude lower compared
to that of the bulk MgFe2O4. The normalized modulus spectra sug-
gest the existence of non-Debye type of relaxation phenomena for
all grain sizes. The saturation magnetization of the 72 nm grain
sized sample has been enhanced by about 33% compared to that
of the bulk (micron sized particles).
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