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Abstract Here, we report the temperature dependent
hysteresis in the magneto transport in PVA capped Fe;0,
nanoparticles. The synthesis of the nanoparticles of size
10-15 nm were carried out via co-precipitation method
followed by heat treatment at different temperatures. Struc-
tural studies confirm the formation of polycrystalline Fd
3m phase of Fe;O, when the samples were sintered up to
600°C. FTIR studies show that PVA and magnetic grains
were attached through hydrogen bonding between hydroxyl
group of PVA and protonated surface of the oxide. Spin
glass type transition was observed in the ZFC-FC plots
at 125 K which is also the Verwey transition temperature
Ty as measured from the transport studies. A hysteresis in
the MR plot was found which was explained in the realm
of tunnel transport through ferromagnetic grain and anti-
ferromagnetic surface of the ferrite particles. Tunnelling
through the dielectric spacer layer of PVA has an overall
impact to increase the resistance of the samples. The tem-
perature dependence of the hysteresis gives a major hint to
the origin of the spin glass type behaviour of the samples.

1 Introduction

The experimental observation of Verwey transition in the
nano form of magnetite, a hallmark in the study of mag-
netite (Fe;0,), has stimulated unprecedented research
activities in the field of nanomagnetism in the ferrite
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material [1-9]. In Verwey transition, the system undergoes
a metal-insulator first order phase transition on lowering
the temperature below 120 K [10]. The dependence of the
transition temperature on various factors like particle size,
stoichiometry, substrate induced stress in thin films, pres-
ence of anti-phase boundaries (APB) and oxygen vacancies
etc. has evoked many questions regarding the mechanism
of the transition in nanostructures of Fe;O, [1-3, 5]. A sig-
nificant change in magnetoresistance (%MR) in different
Fe;0, nanoparticles and thin films near Ty, has also been
a matter of great interest [6, 9, 11]. Fe;O, is a well known
ferrimagnetic material at room temperature (RT) owing to
its inverse spinel structure in which there are two types of
sites; tetrahedral (A) and octahedral (B) in the face cen-
tred cubic lattice of oxygen. ‘A’ sites are fully occupied by
Fe’* ions while ‘B’ sites are equally shared among Fe**
and Fe?*. The magnetic moments of the A and B sites are
aligned in antiparallel orientation to each other, resulting
in the cancellation of the moment of Fe3*, thus forming a
collinear ferrimagnetic ordering with Curie temperature
~860 K [12]. Continuous hopping of electrons between
Fe?* and Fe" is responsible for the material being a good
conductor at RT. It is assumed that the electrons get local-
ised below Ty, so that the hopping stops, thus by making
the material insulator [13]. The magnetic behaviour of the
system when it undergoes Verwey transition is still a mat-
ter of debate [14, 15]. Although there are several reports on
Fe;O, nanoparticles behaving as a spin glass system at low
temperature, the true origin of their spin glass type behav-
iour is still under the scanner [16, 17].

Synthesis of Fe;O, nanoparticles has been an activity
of interest for a long time because of its immense techno-
logical applications pertaining to its several exciting prop-
erties such as good conductivity, half metallic nature, high
Curie temperature etc. [18]. Several techniques have been
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employed to synthesize Fe;O, nanoparticles; the challenge
being to control the particle size as the particles tend to
agglomerate very easily in case of ferrite materials. The
difficulty in controlling the particle size along with the oxi-
dising nature of Fe;O, (even at 150 °C) can be sorted out by
capping/coating the magnetic nanoparticles with different
materials, such as, polymers, TiO,, SiO, etc. [19]. Polyvi-
nyl alcohol (PVA), a common hydrophilic and biocompat-
ible coating material which is diamagnetic and dielectric
in nature, prevents agglomeration of nanoparticles result-
ing in the formation of monodispersed particles [20, 21].
Additionally, the multi-hydroxyl structure of PVA enhances
crystallinity of the synthesized particles, resulting in desir-
able thermo-mechanical properties such as high elastic
modulus, crystallinity and tensile strength etc. [21, 22].

In this context, we report here a successful synthesis (via
co-precipitation method) of PVA capped Fe;O, nanopar-
ticles, followed by thermal treatment at different tempera-
tures to have different particle size. The impact of particle
size on many of its structural, transport and magnetic prop-
erties were investigated through different measurements.
The structural evolution of thermally treated particles in
terms of phases and their dimension were studied through
XRD, SEM, TEM and FTIR measurements. Another aspect
of the synthesized magnetic nanoparticles being spin glass
particles below Ty was investigated through temperature
dependent transport and magnetic measurements. Interest-
ingly, hysteresis was observed in the MR plot which was
found to be temperature dependent. These observations
were understood in the realm of formation and tunnelling
of charge carriers through surface spin clusters that behave
as a spin glass system. The role of dielectric spacer layer
separating ferromagnetic grains has also been invoked.

2 Experimental details

The polyvinyl alcohol (PVA) coated Fe;O, nanoparticles
were synthesized via co-precipitation method [23] using
FeCl,-6H,0 and Fe(NO;);-9H,0 as the precursors of Fe’*
and Fe>* ions respectively with double distilled water as the
solvent. An aqueous solution of the polymer was made by
dissolving it in 100 ml deionised water at 250 °C. A 250 ml
solution of 0.04 M FeCl,-6H,0 and 0.08 M Fe(NO;);-9H,0
was prepared to keep Fe?* and Fe>* ions in proper stoichio-
metric ratio (1:2). 35.1 ml of 30% ammonia solution was
added drop wise to the solution under vigorous stirring
(600 rpm). Then, the polymer solution was added to it with
continuous stirring which was kept for 3 h at room temper-
ature to get a homogeneous mixture. The black precipitate
so formed was filtered out and rinsed with distilled water
several times to remove impurities and was dried in an
electrical oven at 80 °C. The dried samples were grinded in

an agate mortar to obtain the powder samples which were
sintered at 400, 500, 600 and 700°C at 10~ Torr for 6 h.
The samples were allowed to cool down naturally and were
taken for further analysis. The samples sintered at 400, 500,
600 and 700 °C were named as FO_400, FO_500, FO_600
and FO_700 respectively. The synthesis route i.e., addition
of polymer solution at the final stage to get the capped or
coated magnetic nanoparticles have also been employed by
several other researchers [24].

Structural analysis of the powder samples was
done using the X-ray (XRD) diffractograms obtained
from “X’Pert Pro PANalytical” diffractometer (CuK,
A=1.54060 A). “QUANTA 200 F~ scanning electron
microscope (SEM) and FEI: Tecnai 20G? transmission
electron microscopes (TEM) were used for the microstruc-
ture investigation. Fourier transform infrared spectroscopy
(FTIR) measurements were done by Shimadzu “IR-Affin-
ityl spectrophotometer”. Magnetic properties of the sam-
ples M-H (at room temperature) and M-T were recorded
using Microsense EV9 vibrating sample magnetometer
(VSM) and SQUID magnetometer from Quantum Design
respectively. The resistivity measurements were carried out
by the linear four probe method using physical property
measurement system (PPMS-QD, 2 K/14 T).

3 Result and discussion

3.1 Structural and morphological analysis

Figure 1 shows the X-ray diffraction patterns of PVA
coated Fe;0, nanoparticles (FO_400, FO_500, FO_600

and FO_700) in the 20 range of 15°-80°. FO_400,
FO_500 and FO_600 show similar diffraction patterns and
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Fig. 1 XRD patterns of Fe;0, nanoparticles sintered at different tem-
perature
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correspond to Fe;O, whereas the peaks of FO_700 match
with those of a-Fe,O; phase. The diffraction patterns of
FO_400, FO_500, and FO_600 match well with the stand-
ard JCPDS card no. 653107 and the peaks at 20=18.23,
29.97, 35.39, 36.96, 43.01, 53.58, 57.07 and 62.70 were
indexed to the reflection planes 111, 220, 311, 222, 400,
422, 511 and 440 respectively. Since no other impurity
peak corresponding to any secondary phase/compound
could be detected, the formation of pure single phase Fe;0,
with a face centred cubic structure with the space group
Fd 3m can be ascertained for these three samples. The dif-
fraction peaks of FO_700 match with standard JCPDS data
of a-Fe,05 (card no. 890599). Few low intensity peaks of
FO_700 (Fig. 1), instead of matching with Fe,O; match
with Fe;O, while few others can be indexed to both Fe,0;
and Fe;O,. It shows that the material converts itself from
Fe;0, to Fe,0; on sintering above 600 °C, though the com-
plete conversion may not occur at 700°C and traces of
Fe;0, could still be detected. With the increase of sinter-
ing temperature, intensity of the diffraction peaks increases
while full width at half maxima (FWHM) decreases, result-
ing in gradual sharpening of the peaks which obviously
indicates enhancement in the crystalline nature of the
nanoparticles. The average particle size was determined
from the full width at half maxima (FWHM) using the well
known Debye—Scherrer relation and were found to be ~10,
13 and 15 nm for FO_400, FO_500 and FO_600 respec-
tively. Thus, the average particle size was found increasing
slightly with the sintering temperature.

The surface morphological features of the Fe;O, nano-
particles as observed from the SEM micrograph are shown
in Fig. 2 at a magnification of 10 pm. Structures of random
shape and size, agglomerated in small clusters of size rang-
ing from 1 to 5 pm are distributed homogeneously through-
out the samples. The agglomeration can be understood by
the high surface energy as a result of higher surface to vol-
ume ratio for smaller particles. A secondary grain growth
can also be seen in the SEM images which can also be the
result of high surface energy.

Figure 3a, b show the TEM image of FO_400 and
FO_600 and show the formation of polycrystalline nano-
particles with average size of ~10 and ~15 nm respectively
which are consistent with the XRD results. The results
also indicate that the particles sintered at 400 and 600°C
are uniform in morphology over the entire scan area. It is
very difficult to control the size of Fe;O, nanoparticles as
they tend to agglomerate very easily into larger grains due
to their higher surface energy. The coating/capping of the
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Fig. 3 TEM images of a FO_400 and b FO_600. Inset shows corre-
sponding SAED patterns

Fig. 2 SEM micrographs of PVA capped Fe;0, nanoparticles
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nanoparticles by the polymer does the trick here to restrict
them from agglomerating thus producing nanoparticles
with nearly uniform shape and size. The rings observed
in the selected area electron diffraction pattern (SAED)
(insets) confirm the polycrystalline nature of the samples
with lattice parameter consistent with fcc phase in Fd 3m
space group of Fe;0,, revealing no perceivable lattice dis-
tortion. The diffraction planes corresponding to the rings
are consistent with the planes observed in XRD.

Thus, from the structural analysis it can be concluded
that the spinel structured Fe;O, nanoparticle are formed up
to the sintering temperature of 600 °C, after which it oxi-
dises to become Fe,O5 at 700 °C. Since uncoated Fe;O, can
oxidise even at a very tender temperature of 150°C, it is
difficult to sinter it at higher temperature to get crystalline
nanoparticles. But in our case by using PVA as a coating/
capping agent we could sinter the samples up to 600°C
without getting them oxidised and get better crystalline par-
ticles. It is also very difficult to restrict the magnetic spinel
ferrite particles from agglomerating, which was also made
possible via coating of the nanoparticles with the polymer.

3.2 FTIR study

FTIR is a very significant tool for finding the attachment
of polymer to the magnetic nanoparticles as well as for
finding the correlation between conjugant atoms of the
magnetic nanoparticles. Fe;O, crystallises into inverse
spinel structure in which there are tetrahedral A sites (8A)
occupied by half of the Fe** cations and octahedral B
sites (16B) occupied by Fe?* ions and the rest of the Fe**
ions. Out of the 13 normal modes predicted from the fac-
tor group analysis [25] for the inverse spinel structure,
two are IR active (2T,y), which can be seen in the FT-IR
spectra (Fig. 4) measured in the range 400-4000 cm™'. The
bands at ~620 and 440 cm™! observed for FO_400, FO_500
and FO_600 are the signature bands of Fe;O, phase cor-
responding to metal-oxygen bonds i.e., v vibrations of
Fep—O-Fepy and Feq—O stretching mode respectively
[19, 26]. Fery and Feyy refer to the Fe ions occupying the
tetrahedral and octahedral positions. Little improvement
in the intensity of these bands with the sintering tempera-
ture could be seen in context to the small enhancement in
the crystallinity of the Fe;0, nanoparticles. Further, shifts
in the bands ~620 and ~440 cm™' are observed in spec-
trum of FO_700 which is obvious as the nanoparticles
got oxidised to Fe,O; (also seen from the XRD results).
The broad bands at 3200 and 1630 cm™' are attributed to
the stretching modes of O-H group and H-O-H bending
vibration which show the presence of absorbed/adsorbed
water [27]. The band at ~1400 cm™! could be due to the
anti-symmetric NO;™~ stretching vibration that arises from
the residual nitrate groups [27] of the Fe(NO;); used as the
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Fig. 4 FTIR spectra of PVA capped Fe;0, nanoparticles sintered at
different temperature

precursor as well as to the C—C vibrations arising from the
polymer chain [19]. Since the intensity of the peak does not
decrease with the sintering temperature, we could conclude
it to be due to the C—C vibrations as at such high tempera-
tures like 700 °C, NO; would decompose. The most impor-
tant feature of the FTIR spectra can be observed in the band
at 1110 cm™" which attributes to the Fe—~O—C bond and is
due to the attachment of PVA to the magnetic Fe;O, nano-
particles. The bands at ~3020 and 790 cm™' are assigned
to the C—H vibrations and CH, rocking mode respectively
[19]. Similar interaction of polymer PVA with the magnetic
Fe;O, particles has earlier been investigated by Kayal et al.
[19] to find that the attachment of PVA to Fe;0, occurs via
hydrogen bonding between hydroxyl group of PVA and
protonated surface of the oxide.

It can be concluded that the synthesized sample retains
its spinel structure of Fe;O, phase with a little improve-
ment of its crystalline behaviour up to the sintering tem-
perature 600°C beyond which it gets oxidised to Fe,Os;.
It is also found that the polymer PVA is attached to Fe;0,
through hydrogen bonding in all the samples, sintered even
at higher temperatures.

3.3 Magnetic characterization

To study the magnetic properties of the synthesized sam-
ples the temperature dependence of magnetization, Zero-
field-cooled (ZFC) and field-cooled (FC) magnetization
were measured with an applied low field of 100 Oe for
FO_400 FO_500 and FO_600. The ZFC-FC magneti-
zation curves were recorded by cooling the samples to
10 K in presence of zero magnetic field H=0 (ZFC) and
H=100 Oe (FC) and recording the magnetization on
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raising the temperature up to 300 K in H=100 Oe. The
blocking temperature (T,) of the system must be above
room temperature since the ZFC-FC curves are well apart
even at 300 K, as shown in Fig. 5. The diverging nature
of the ZFC and FC curves below 300 K in all the samples
indicates that the nanoparticles are strongly coupled by
exchange interactions in our system [28]. With increase
of sintering temperature the separation between ZFC and
FC curves decreases which means the interactions between
particles become weaker. For all the samples the FC mag-
netization shows a tendency to saturate at low temperature
region. The value of maximum FC magnetization decreases
for the samples sintered at higher temperature, which indi-
cates that the rise in sintering temperature increases mag-
netic anisotropy. The increase in magnetic anisotropy could
be understood to be due to enhancement in the crystal-
linity of the samples with higher sintering temperature as
observed from the structural study. It also indicates that the
sintering temperature enhances the ferrimagnetic moment
which can be due to the decrease in the exchange interac-
tion [28, 29].

The sample FO_600 shows a kink in the FC curve at
125 K. For the ZFC curve, a sharp decrease in magnetiza-
tion below 125 K is observed, while for FC the magnetiza-
tion remains almost constant with decrease in temperature.
The anomalous trend in variation of magnetization with
temperature could be related either to the spin reorienta-
tion transition (or spin glass transition) or to the modifi-
cation introduced as a result of Verwey transition or both.
Such type of behaviour in FC or ZFC curves has earlier
been reported for Fe;O, and was attributed to changes in
the magnetic order due to Verwey transition [11, 18]. Gaik-
ward and Acharya [30] have reported similar thermo-mag-
netization behaviour for BiFeO; nanoparticles as result of
spin glass transition.

The spin glass state generally occurs when positions of
magnetic moments or sign of neighbour coupling appear in
random manner. This combination of magnetic randomness

and mixed interaction causes frustration and stochastic
disorder in the corresponding energy landscape [31]. The
physics of Verwey transition which is nearly 75 years old
is still not very clear. The Verwey transition as explained
by Verwey is based on charge ordering model. It seems that
the charge ordering is also related with their spin ordering
as we could observe a transition similar to spin glass transi-
tion near Verwey transition. As the system undergoes the
transition temperature, the localisation of Fe3* ions, the
spins of which are antiparallel to that of Fe’* ions (above
the transition temperature), is believe to happen to reorient
the spins of the system. As a result, the ZFC magnetization
decreases abruptly below the transition temperature. It is
important to note that several factors such as spin frustra-
tion at the surface of individual nanoparticles, inter-particle
interactions etc. give rise to the SG like behaviour [16, 31,
32]. There are several reports available on whether Fe;0,
behaves as a true spin glass system or is it the FM—AFM
interaction between the ferrite particles that is causing the
memory effect in the system [16, 17, 33]. Suzuki et al.
[17], showed the existence of super spin glass behaviour
in their chemically synthesized Fe;O, nanoparticles from
the memory effect observed in ZFC-FC protocol. Yang
et al. [33], showed that the SiO, mediated inter-particle
spacing effectively modulates the collective behaviour of
Fe;O, nanoparticles. Gandhi et al. [16], have shown from
their ZFC magnetization study that memory effect in their
pseudo-spherical Fe;O, nanoparticle came from the weak
inter-particle interaction among the ferrite particles. So, at
this point it is very hard to comment on the origin of spin
glass type behaviour of the samples.

For FO_600, Verwey transition can be clearly seen in
the low temperature resistivity measurement (shown in
the inset of Fig. 5c), where the resistivity of the system
changes abruptly by almost three orders at ~125 K. Thus, in
our case the Verwey transition temperature measured from
both the resistivity plot and the ZFC-FC magnetization
curves are same. Moreover, the overall resistivity of the
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sample was very large compare to that of bulk or uncoated
nanoparticles. It is obvious as the coating of PVA, a well
known insulator, must have played important role as spacer
layer between the ferromagnetic grains in inter-granular
tunnelling in the sample, making the transport more diffi-
cult. Interestingly, for FO_400 and FO_500 no such kink
or sharp transition could be observed, though gradual
decrease in the ZFC magnetization was observed. The
saturation of FC magnetization in both the samples at low
temperature suggests their spin glass type behaviour at low
temperatures. The transition depends upon many factors,
such as, nanosize effect, induced strain, lattice disorder and
applied magnetic field etc [30, 34, 35]. The particle sizes
of these two samples were smaller than that of FO_600
which could have played a dominating role in disappearing
sharp transition in those samples. Moreover, we also could
not record the resistivity data for those two samples also
as the resistivity of the samples were too high to measure
via four-probe method. The dielectric spacer layer of PVA
might have also affected the conductivity of these samples.

Further, magnetization study of the samples FO_400,
FO_500 and FO_600 from M—H hysteresis loop (Fig. 6)
shows ferromagnetic behaviour at room temperature. The
values of coercivity (Hy) and saturation magnetization
(My) of the samples from the hysteresis loop were found
lower in comparison to bulk Fe;O,. It is evident that
the magnetic interaction gets stronger with the increase
of sintering temperature as the saturation magnetization
were found to increase with higher sintering temperature.

The saturation magnetization of FO_600 (92 emu) nearly
approaches the value of bulk Fe;O, (115 emu g_l) [18].
Inset (a) of Fig. 6 shows the expanded view of hysteresis
loop around origin (from —200 to 200 Oe). The variations
of Mg and H as a function of sintering temperature are
shown in the inset of Fig. 6, which shows both H. and Mg
increases almost linearly with sintering temperature. The
magnetic behaviour of typical soft ferromagnetic materi-
als like Fe;0, is believed to be significantly influenced
by the synthesis route and particle size. In very small
magnetic nanoparticles the surface spin disorder plays an
important role in determining the saturation magnetiza-
tion, causing it to be much lower than bulk value [36-38].
Therefore, the enhanced saturation magnetization for the
samples with higher sintering temperature can be under-
stood on the basis of domain structure, critical size, mag-
netic anisotropy, cation redistribution, surface spin and
formation of spin glass structures [39-42]. Moreover,
for relatively larger particles the static magnetic energy
gets reduced because of formation of larger magnetic
domains in such particles. The average particle sizes
of our samples were found out to be ~10-16 nm. Thus,
these particles can form single domain structure whose
magnetic behaviour can be explained on the basis of the
well known Stoner—Wohlfarth model [43]. According to
the model, as the particle size increases, the coercivity
of the “single-domain” particle assembly increases pro-
gressively, since the magnetic moment of the individual
particle increases and the magnetic anisotropy energy

Fig. 6 M-H characteristics of I =

pva Capped Fe;0, nanoparticles
measured at room tempera-
ture. Inset shows (a) expanded
view of hysteresis loop and (b)
variation of H¢ and Mg with
sintering temperature
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increases. Thus, the increase of coercive field with
increase of particle size can be understood by the model.

Thus, from ZFC-FC and M-H characteristics, it is
observed that the nanostructure system undergoes a spin
glass like transition on lowering the temperature below
125 K, at which the system also undergoes Verwey tran-
sition. It seems that both these transitions are not separate
but interconnected, i.e., the system undergoes a transition
or structural modification whose effect can be seen in both
magnetic properties and electrical properties separately in
ZFC-FC and resistivity measurements. The transition was
found dependent on the particle sizes and the dielectric
spacer layer of PVA, as the samples with particle size less
than a certain limit do not show sharp spin glass like transi-
tion and high conductivity.

3.4 Magneto-transport study

Figure 7a—e shows the dependence of magnetoresistance
(%MR) with magnetic field of the sample FO_600 at differ-
ent temperatures. The %MR was calculated using the for-

mula %MR = % % 100, where p(H) and p(0) are the

resistivity of the sample with and without applied magnetic
field. The sample shows a negative MR which increases
with magnetic field at all the temperatures with maxima at
highest applied field of 12 T. Fig. 7f shows variation of
maximum %MR with the temperature showing a peak at
125 K which is the Verwey transition temperature of the
sample. The value of MR maxima increases while decreas-

temperature. After that the system becomes insulating and
below 100 K, the resistivity becomes so high that it was not
possible to measure the resistivity via four probe method.
The occurrence of maximum MR at Verwey transition has
earlier been reported [7, 11] and were attributed to the sud-
den change in the magnetic order of the system due to Ver-
wey transition. The changes in the magnetic order have
clearly been seen for our sample. The most interesting part
of the result is that the MR variation shows hysteresis
which goes on decreasing as the temperature is lowered.
The maximum hysteresis was observed at 250 K which
goes on decreasing to 125 K where the sample shows
almost negligible hysteresis. The behaviour of the hyster-
etic dependences of the magnetoresistance implies that the
sample remembers its magnetic state determined by the
applied field. The magnetoresistance of the system is sensi-
tive to its magnetic state. The hysteresis in the magnetore-
sistance has been reported earlier in different rare earth
manganites [44, 45]. The low temperature behaviour of the
electrical resistance in those cases was explained either by
spin dependent tunnelling of charge carriers via dielectric
spacers separating ferromagnetic grains [44] or by forma-
tion of a network of ferromagnet—antiferromagnet—ferro-
magnet tunnel contacts [45]. Though, the temperature
dependence of hysteresis in the magnetoresistance has not
been reported earlier. In our sample also there is a dielec-
tric spacer layer made of PVA which might have influenced
the spin dependent tunnelling of the charge carriers
between ferromagnetic grains of Fe;0,. The decrease of
hysteresis indicates that the dependence of spin state of the
charge carriers in inter-granular tunnelling is temperature
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dependent. This dependence can be understood by consid-
ering a grain—surface model consisting of ferromagnetic
grain and antiferromagnetic surface separated by anti-phase
boundary (APB). The formation of APB is very common in
case of Fe;0, nanoparticles [6]. The application of mag-
netic field makes the surface spins pinned according to the
near surface spins of the ferromagnetic grains, reducing the
resistance of the system as the ordered system faces less
spin scattering. Now, when magnetic field is lifted off, the
surface spins remain pinned to the near surface spins of the
grains, so that the magnetoresistance plot shows a hystere-
sis. Tunnelling of the electrons via the AFM layer and the
dielectric spacer layer of PVA thus play a pivotal role in
determining the magnetoresistance of the system. When the
temperature is decreased, the surface spin fluctuations
become weaker so that a short range ordering between sur-
face spin develop. This could result in a progressive forma-
tion of magnetically correlated spin regions of growing size
and finally giving rise to a frozen disordered surface-spin
state that could resemble a cluster of spin glass state [46,
47]. Thus at low temperature, the decrease of the hysteresis
area in the MR curve can be explained as this cluster or dis-
ordered states eventually diminish the possibility of pin-
ning of spins at the surface. Thus, the ambiguity over the
origin of the spin glass like behaviour of the system at low
temperature (observed in ZFC-FC measurement) can now
be understood to be due to the FM—AFM interaction
between the ferrite particles.

4 Conclusion

PVA capped Fe;0O, nanoparticles were successfully syn-
thesized via co-precipitation method followed by sinter-
ing at different temperatures. Spinel Fe;O, particles of
10-15 nm with phase group Fd 3m were found from the
XRD pattern. Particles of samples with higher sintering
temperature were also found to be of better crystallinity,
with SAED pattern showing polycrystalline nature of the
samples. FTIR spectra confirmed the spinel structure of
the ferrite and the attachment of PVA to the magnetic
grains through hydrogen bonding. The blocking tem-
perature of the samples was estimated to be above room
temperature. For the sample FO_600 spin glass type
behaviour were observed in the ZFC-FC measurement
with spin glass type transition at 125 K. From the resis-
tivity measurement the Verwey transition was observed
for the sample FO_600 at 125 K. It seems that the well
known charge ordering theory of Verwey transition is
linked with its magnetic ordering also. The ferromag-
netic properties, significantly influenced by the structural
changes due to the heat treatment and resulting in the
increase of Mg and H values were understood in terms

of Stoner—Wohlferth model. Interestingly an uncommon
feature of hysteresis was observed in the MR vs applied
field plot at different temperature which was explained
considering spin dependent tunnel transport across fer-
romagnetic gain and antiferromagnetic surface. The sur-
face spin fluctuations being weak at low temperature, the
hysteresis gets diminished at low temperature. Thus, the
origin of the spin glass type behaviour of the sample was
understood in the realm of ferromagnetic—antiferromag-
netic interaction among the ferrite particles.
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