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Magnetic Property of o~Fe,O; Nanoparticles Prepared by
Sonochemistry and Take-off Technique
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A new synthetic method for the formation of uniform ¢+Fe,O; nanoparticles was reported and their magnetic
properties were investigated. The sonochemical synthesis and the subsequent take-off technique resulted in
spherical shaped o+Fe,O; nanoparticles with an average diameter of 60 nm. The temperature- and applied
magnetic field-dependent magnetization of the ~Fe,O; nanoparticles was explained by the sum of two contri-
butions, i.e., the Morin transition and superparamagnetism, because the critical size for superparamagnetism

was within the size variation of the nanoparticles.
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1. Introduction

Transition metal oxides have drawn considerable interest
because their magnetic properties subtly change depend-
ing on their size [1, 2]. Among the binary iron oxides, o~
Fe,O; (hematite) exhibits antiferromagnetism (below Ty
~960 K) and an intriguing Morin transition (7y~263 K)
[3]. The spins are antiferromagnetically aligned along the
trigonal [111] axis (c-axis) below the Ty, while the spins
are slightly tilted within the basal (111) plane (c-plane),
and a small net magnetic moment appears (weak ferromag-
netism) above the 7y.. From theoretical analysis [4], Ty is
determined by the competition between the magnetic di-
polar and the fine structure magneto-crystalline anisotropies.

Many reports have examined the changes in the mag-
netic properties and/or the Morin transition of a-Fe,O;
nanoparticles [5-7]. Until now, most of the reports have
used a-Fe,O; nanoparticles that were synthesized through
a chemical route and subsequent heat treated at temper-
ature of less than 500°C. Although this low temperature
heat treatment is inevitable for the formation of nano-
particle in order to prevent aggregation, low temperature
heat treatment usually results in a low crystalline quality
and sometimes amorphous nanoparticles [8]. A new method
must be developed to synthesize highly crystalline o-
Fe,0; nanoparticles with a uniform size and shape because
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the geometrical factors, such as the size and shape, and
the crystalline quality strongly affect the magnetic proper-
ties.

In this work, the magnetic properties were examined for
o-Fe,O; nanoparticles that were synthesized using a sono-
chemical method with a subsequent heat treatment at 800
°C and a take-off technique. o-Fe,O; did not aggregate
even during this high temperature heat treatment because
of the chemical bonding between a-Fe,O; and BaTiO;.
The temperature and applied magnetic field dependences
of the magnetization of these a-Fe,O; nanoparticles were
explained by the sum of two contributions, i.e., the Morin
transition and superparamagnetism.

2. Experiments

Three steps were used to prepare the a~Fe,O; nano-
particles with a narrow size distribution. First, the Fe;0,
nanoparticles (~50 nm in diameter) were plated onto the
surface of BaTiO; (~500 nm in diameter) using a sono-
chemical method, that was similar to the methods describ-
ed in Previous works [9, 10]. The reaction time and pH
were controlled in order to separate the Fe;O4 nanoparticles
from each other on the BaTiOj; surface. Fe;O4 was trans-
formed into a-Fe,O; through the heat treatment at 800 °C
for 24 hours in an oxygen environment, as described in a
previous report [11]. Finally, an ultrasonic wave (750 W,
20 kHz) was used to remove the a-Fe,O; nanoparticles
from BaTiOs;. These a-Fe,O; nanoparticles were washed
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and filtered several times and then dried at 110°C for 24
hours. When the same steps were used except for the plat-
ing step for Fe;O, on the surface of BaTiO;, the a-Fe,O4
bulk (not nanoparticle) was easily formed probably because
of the aggregation of o~Fe,O; during the heat treatment
process at high temperatures.

The microstructure and the particle size of the a-Fe,O;
nanoparticles were examined using a transmission electron
microscope and dynamic light scattering analysis mea-
surements, respectively. The phase and crystalline quality
were characterized using x-ray diffraction (XRD) mea-
surements with Cu K« radiation. The magnetic property
measurements were performed using a vibrating sample
magnetometer (VSM) in a physical property measurement
system (Quantum design, PPMS).

3. Results and Discussion

Figure 1 shows the x-ray diffraction pattern of the o-
Fe,O; nanoparticles (a solid line) near the (104) and (110)
planes. [For comparison purposes, the diffraction pattern
of the a-Fe,0; bulk (a dashed line) is also shown.] Com-
pared to the a~Fe,Os bulk peaks, the a-Fe,O; nanoparticle
peaks were rather broad because of their smaller grain
size. Additionally, the a-Fe,O; nanoparticle peaks were
located at lower angles, suggesting that the lattice con-
stants were elongated. The lattice constants of the nano-
particles were estimated to be a =5.036 A and ¢ = 13.726
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Fig. 1. X-ray diffraction pattern of the a~Fe,O; nanoparticles
(a solid line) and the bulk (a dashed line) near the (104) and
(110) planes. the transmission electron microscope image and
the distribution of particle size are shown in the left and right
insets, respectively. In the right inset, the solid line represents
the log-normal functional fitting.

325

Magnetic Property of a-Fe,O; Nanoparticles Prepared by Sonochemistry - — Y. S. Koo, B. K. Yun, and J. H. Jung

A from the (104) and (110) diffraction peaks, whereas the
lattice constants of the bulk were a=5.025A and c=
13.716 A.

The size and the shape of the a-Fe,O; nanoparticles
strongly depend on the synthesis method [12]. In a previ-
ous report, a-Fe,O; nanoparticles that were synthesized
using a similar sonochemical method and a heat treatment
at 570°C exhibited an ellipsoidal shape with an average
length of 30 nm and a mean diameter of 18 nm [13]. In
this study, the transmission electron microscope image
and the distribution of the particle size of the a-Fe,Os
nanoparticles are shown in the left and right insets of Fig.
1, respectively. Distinctively, the a-Fe,O; nanoparticles
that were synthesized using the sonochemical method and
the take-off technique exhibited a spherical shape with an
average particle size of 60 nm.

Figure 2 shows the zero-field-cooled (ZFC) and fthe
ield-cooled (FC) magnetization curves of the o-Fe,Os
nanoparticle (solid lines). [The magnetization curves were
normalized using the magnetization value at 350 K in
order to directly compare the magnetization curves of the
a-Fe,05 bulk (dashed lines).] The a-Fe,Os bulk clearly
exhibited a first-order Morin transition near 7y ~250 K
with a large hysteresis (see, the inset). The magnetization
was finite above the Ty and negligible below the Ty
with little variation with respect to temperature changes.
On the other hand, the a-Fe,O; nanoparticle exhibited a
first-order Morin transition with quite broad temperature
range near the T x~200 K (see, the inset). Both above
and below the Ty, the magnetization exhibited irrever-
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Fig. 2. The zero-field-cooled (ZFC) and the field-cooled (FC)
magnetization curves of the a-Fe,O; nanoparticles (solid lines)
and the bulk (dashed lines). The differentiated magnetization
curves near the Morin transition temperature are shown in the
nset.
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sible behaviors between the ZFC and the FC. Addition-
ally, the magnetization did not drastically change near the
T MN-

The Morin transition temperature is determined by the
competition between the magnetic dipolar anisotropy and
the fine structure anisotropy. The former cause the spins
to lie in the c-plane, whereas the latter aligns the spins
along the c-axis. In the o-Fe,O; nanoparticles, the mag-
netic dipolar anisotropy increased because of the large
number of surface spins, whereas the fine structure aniso-
tropy decreased because the existence of defects and
vacancies [14]. Although the magnetic dipole anisotropy
decreased because of the enlarged lattice constant, this
effect was not as significant as the other two effects.
Therefore, the Ty, of the a-Fe,O; nanoparticles was lower
than the bulk.

Below the Ty, the ZFC and FC magnetizations of the
o-Fe,O5 nanoparticle changed at another characteristic
temperature. The ZFC magnetization decreased with a
broad peak as the temperature, whereas the FC magneti-
zation increased with a change in the slope of nearly 100
K. these ZFC and FC behaviors corresponded to super-
paramagnetism, which has been observed in the a~Fe,O;
nanoparticles [15]. Superparamagnetism is characterized
by fluctuations in the magnetic domain because of thermal
agitation above the blocking temperature 73 (~100 K),
and a spatially frozen domain below the 7. The ZFC
magnetization of the a-Fe,O; nanoparticles was flat in the
temperature range of 100 K ~ 200 K because of the contri-
butions from the antiferromagnetic Morin transition and
superparamagnetism.

Figures 3 (a)~(d) show the magnetic hysteresis loops
(solid lines) of the a~Fe,O; nanoparticles at 280 K (>Tyn),
220K (~Tun), 140K (Tyn>T>Tp), and 5K (<Tp),
respectively. [For comparison purposes, the magnetic
hysteresis loops of the o-Fe,O; bulk (dashed lines) are
also shown.] The absolute value of the magnetization for
the a-Fe,O; nanoparticles was rather small because of the
imperfect separation of o~Fe,O; from BaTiOs;. However,
the nonmagnetic BaTiO; did not affect the magnetic
properties of the a-Fe,O; nanoparticles.

Above the Ty, both the M-H curves of the a-Fe,O;
nanoparticles and the bulk exhibited hysteresis loops. The
M-H curve of the a-Fe,O; nanoparticles had a smaller
coercive field than the bulk probably because of the smaller
magnetic domain size, the M-H curve near H=0 T was
slightly deformed because of the spherical shape of the o-
Fe,O; nanoparticles, similar to a previous report [6]. Near
the Tvn, the M-H curve of the o~Fe,O; bulk exhibited a
linear behavior because of its antiferromagnetism. How-
ever, the M-H curve of the o~Fe,O; nanoparticles exhibit-
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Fig. 3. Magnetic hysteresis loops (solid lines) of the a-Fe,O;
nanoparticles at (a) 280 K, (b) 220 K, (c) 140 K, and (d) 5 K.
The value of the magnetization at 5 K was divided by two for
clarity. The magnetic hysteresis loops for the o-Fe,O; bulk
(dashed lines) are also shown for comparison purposes. The
values of the magnetization for the o-Fe,O; bulk were divided
by seven for clarity.

ed a hysteresis loop. From Ty x> T> Tg, the M-H curve
of the a~Fe,O; nanoparticles possessed a clear hysteresis
loop, not a linear behavior. Additionally, the magnetic
moment at 2 T and 140 K was larger than at 220 K. Below
the Tp, the M-H curve of the a-Fe,Os nanoparticles ex-
hibited a large remanent magnetization as well as a large
coercive field. [The magnetization at 5 K was divided by
two for clarity.] Additionally, the magnetic hysteresis loop
was not closed even at H=2 T.

The M-H curves of the a-Fe,O; nanoparticles were ex-
plained by assuming that the critical size (d.) for super-
paramagnetism was within the size variation of the nano-
particles, i.e., 35~85 nm. In Fig. 2, the existence of both
the Ty and the Ty supported this assumption. The o-
Fe,O; nanoparticles with smaller and larger sizes than d.
exhibited different M-H behaviors depending on the
temperature. The nanoparticle which were larger size than
d. should exhibited a magnetic hysteresis loop above and
near the Ty n. The antiferromagnetic spin arrangement
was not perfect below the Ty, as evidenced by the smooth
change in the magnetization near the Ty, because of the
vacancies, defects, and spin disorder at the surface of the
nanoparticles. Therefore, magnetic hysteresis loops ap-
peared. The magnetic moment and the coercive field de-
creased with decreasing temperature because of the stabili-
zation of the antiferromagnetic spin arrangement. On the
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other hand, the nanoparticle which was smaller than d.
exhibited superparamagnetism. Therefore magnetic hysteresis
loops did not appear, but the magnetic moment was quite
large above the Ts. Below the Ts, magnetic hysteresis
loop appeared because of the spatially frozen moment.

The intriguing M-H curves of the o~Fe,O; nanoparticles
were explained by the two contributions from the o-
Fe,O; nanoparticles with smaller and larger sizes than d..
For example, the larger magnetization value at 2 T and
140 K compared to 220 K was possibly caused by the
additional magnetic moment contribution from the super-
paramagnetism. The large coercive field at 5 K might have
been caused by both the frozen magnetic moment and the
antiferromagnetic spins. Additionally, the large remanent
magnetization at 5 K might have been caused by the sum
of the two contributions from the frozen magnetic moment
and the disordered surface spins.

4. Conclusion

The magnetic properties highly crystalline a-Fe,O5 nano-
particles with a uniform size and shape were investigated.
The critical size for superparamagnetism was within the
size distribution of the nanoparticles. The synthetic method
and the magnetic properties are currently being investi-
gated for the monodisperse (size variation <5%) a-Fe,O;
nanoparticles with a high crystalline quality.
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