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Abstract: The aim of this work was to investigate the size-related magnetism for the single-domain
CoFe,0, nano-particles synthesized using the hydrothermal method. The effects of the reaction temperature and
the reaction time on the lattice constants, particle morphologies, and the room-temperature magnetic properties
were studied from the X-ray diffraction, the transmission electron microscope, and the vibrating-sample
magnetometer. The experimental results show that the samples are composed of CoFe,O, nano-particles with an
average crystallite size (D) smaller than 40 nm, and the magnetic properties of the samples can be manipulated
in a wide range: the M values vary from smaller than 50 emu/g to close to 80 emu/g, and the H. values are
between about 200 Oe and 2000 Oe. Additionally, the relationship between H_ and 1/D** satisfies linearship,
showing the characteristic of single-domain structure. These results indicate that the single-domain CoFe,O,
nano-particles with size controlled between the superparamagnetic critical size and single-domain critical size
can be easily prepared using this hydrothermal method.
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1 Introduction

In recent years, the magnetic nano-material
has attracted considerable attention due to its wide
application foreground!”). When the size of the
magnetic particle is smaller than a critical value (L),
the single-domain structure can form. Such single-
domain magnetic nano-particles may be used in the
field of information recording to increase the storage
density in hard disk drives, such as the well-known
bit-pattern media (BPM)™. In addition, when the size
is further reduced to be smaller than the other critical
value, the superparamagnetic critical size (L,), the
single-domain nano-particles with superparamagnetism
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will be formed. Such superparamagnetic nano-particles
are also widely used.

Among the magnetic materials, the ferrimagnetic
ferrites with spinel structure have drawn long interest.
As compared with the magnetocrystalline anisotropy
constant (K,) of other soft-magnetic spinel ferrites,
the K, of cobalt ferrite (CoFe,0,) is larger. The large
K, is not good for some conventional applications
of soft-magnetic spinel ferrites, such as micro-wave
communication devices, while it may be an advantage
to the information storage since a large K, may
lead to a small superparamagnetic critical size (L,).
Additionally, unlike metals or alloys, CoFe,0, also

B4 which is also a

has a very good chemical stability
key point for the materials used for the information
recording.

In the information storage media, storage units are
generally formed by single-domain magnetic particles
on the nano-meter scale. In recent years, considering
the potential application of CoFe,0O, in the field of
information recording, many groups have paid attention

to the researches concerning the magnetic properties and
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the synthesis methods of single-domain CoFe,O, nano-
particles. For example, based on some studies about the
size-dependent magnetic properties, a 30-40 nm single-
domain critical size (L) for CoFe,O, nano-particles has
been found, and the coercivity reaches maximum when
the particle size is at this critical value'*”’. Additionally,
the single-domain CoFe,0, nano-particles have been
synthesized using many chemical methods, such as

4-6,10-13 : 7, 4-16
[ I combustion! !

[26,27]

sol-gel™” co-precipitation
hydrothermal"’>
Among these synthesis methods, the hydrothermal

method has advantages in preparing the single-domain

, and thermal-decomposition

CoFe,0, nano-particles with good crystalline, small
sizes and regular shapes, which is important for the
information storage media. However, the works
concerning the magnetic parameters of the single-
domain CoFe,0, nano-particles synthesized via the
hydrothermal method, specially for the size dependence
of their magnetic properties which is important for the
property of the storage media, are still far from enough.

In our previous work””, using the hydrothermal
method with the addition of Na,CA-2H,0, we have
successfully prepared the single-domain CoFe,O, nano-
particles with an average size of 7.6 nm, approaching
the L, of CoFe,0,. The addition of a large content of
Na;CA-2H,0 can lead to the increase in the viscosity
of the starting solutions, resulting in the lower crystal-
growth rate and smaller particle sizes, but it seems that
the size can only be manipulated in a very small range
by changing the masses of Na,CA-2H,0"”.

Besides by adding Na;CA-2H,0, it is widely
believed that the size of nano-particles can be
manipulated by changing the reaction conditions (the
reaction temperature and the reaction time) more
effectively. Therefore, in the present work, using the
former synthesis procedure under different reaction
conditions, single-domain CoFe,0O, nano-particles
with a wide range of sizes were prepared, and the size
dependence of their magnetism was studied in detail.
The results show that the size of the CoFe,O, nano-
particles can be well controlled between L, and L,. In
this size range, the typical size-dependence behaviors
for single-domain magnetic nano-particles were
observed, and the magnetic properties can also be tuned
in a wide range.

2 Experimental

The raw materials for the hydrothermal synthesis
were CoCl,-6H,0, FeCl,6H,0, Na,CA-2H,0 and
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NaOH. All of the reagents were of analytical grade and
used without further purification.

Firstly, 80 mL aqueous solutions were prepared by
dissolving 0.555 g CoCl,-6H,0, 1.261 g FeCl,;-6H,0,
and 8.288 g Na,;CA-2H,0 in distilled water. Under
vigorous stirring, these solutions were poured into 20
mL 1.625 M NaOH aqueous solutions, respectively.
After continuous stirring for 0.5 h, the brown
suspensions were transferred into 150 mL autoclaves,
which were put into an oven and heated at 200 ‘C
for 0.5, 2, 5, 10, 20, 40, 80 h and at 120, 160, 200,
240, 280 C for 10 h, respectively. After these heating
treatments, the autoclaves were cooled naturally to
room temperature. Finally, the obtained black powders
were washed with distilled water and ethanol several
times and dried in the oven at 100 ‘C for 2 h.

X-ray diffraction (XRD) phase analysis was
performed on a D8-advanced X-ray diffractometer
using the CuKa radiation at 26 scanning from 15 to 65°
(1° per minute) at a rate of 0.02°. The lattice constant
and average crystallite size were determined by the
positions and full-width at half maximum (FWHM)
of the (311) peaks using Bragg equation and Scherrer
formula, respectively. The morphologies of the particles
were observed from a transmission electron microscope
(TEM) (JEM2010). The lattice structure of particle was
observed via a high-resolution transmission electron
microscope(HRTEM) (JEM2010 FEF). The room-
temperature magnetic measurements were performed
via a vibrating sample magnetometer (VSM) on a
physical property measurement system (Quantum
Design PPMS-9).

3 Results and discussion

Figs.1(a) and 1(b) depict the XRD patterns of the
samples that were synthesized via the hydrothermal
method. It is clearly shown that the intensities of the
XRD peaks are enhanced by prolonging heating time or
by raising heating temperatures, especially by raising
temperature.

Figs.1(c) and 1(d) show the lattice constants and
the average crystallite sizes for the samples synthesized
under different heating conditions. It can be seen that
the lattice constants are a little larger than the data in
the JCPDS card of CoFe,O, (No. 22-1086). This larger
lattice constant with the addition of Na,CA-2H,0O can
be attributed to the bonding between the carboxylic
group in Na;CA-2H,0 and the metallic ions in the
solutions of the raw materials®”. In addition, as shown
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Fig.1 XRD patterns for the CoFe,O, nano-particles synthesized by the hydrothermal method at different reaction conditions:
(a)at 200 °C for different time and (b) at different temperatures for 10 h; The lattice constants and the average crystallite size
for the CoFe,0, nano-particles synthesized by the hydrothermal method under different reaction conditions: (¢) at 200 °C

for different time and (d) at different temperatures for 10 h

Fig.2 TEM images for the CoFe,O, nano-particles synthesized gy the hydrothe;rmal method under different reaction condi-
tions: (a)at 120 °C for 10 h, (b) at 200 °C for 10 h, (¢) at 280 °C for 10 h, (d) at 200 °C for 0.5 h, and (¢) at 200 °C for 80 h

in Fig.1(c), when the heating temperature is 200 C,
prolonging heating process from 0.5 h to 10 h causes a
small increase of the lattice constants from 8.398 A to
8.410 A and an increase in the average crystallite size
from 9.5 nm to 20 nm, but when the heating becomes
longer, the further change on lattice constants and size
is much smaller. This indicates that the crystal growth
mainly occurs in the initial 20 h when the heating
temperature is 200 C. In Fig.1(d), one can see that

when the heating time is 10 h, the raising of heating
temperature from 120 ‘C to 280 ‘C can make a clear
increase of crystallite size from 7.6 nm to 32 nm, but
the increase of lattice constant mainly occurs when the
heating temperature increases from 120 ‘C to 200 C.
For the samples prepared under a low temperature or
short time, the smaller lattice constants may be ascribed
to a small amount of lattice vacancies, which widely
exist in the nano-particles prepared by the chemical
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Fig.3 Size distribution for the nano-particles prepared by the hydrothermal method under different reaction conditions

method, and it is reasonable to think that raising
heating temperature or prolonging heating time can
reduce the amount of such vacancies.

Figs.2(a)-2(e) show the TEM images of the
CoFe,0, nano-particles that are synthesized under
different conditions. From these images one can see
that the products are composed of nano-particles
with similar sizes and regular shape, indicating good
crystallization. From Figs.2(a)-2(c), one can see
that when the heating time is 10 h, raising heating
temperature from 120 ‘C to 280 ‘C clearly increases
the particle sizes. While from Figs.2(d) and 2(e), it can
be seen that prolonging sintering time from 0.5 h to 80
h at 200 °C can also increase the particle sizes, but the
variation range of the size is not very large.

Based on the TEM images, the size distribution
has been further characterized by measuring the
diameters (the longest length in a particle) of hundreds
of particles for every sample. The particle-size
histograms of the nano-particles are shown in Fig. 3.
The data of the average particle sizes and the standard
deviation (STDEV) are also listed in these figures. It
can be seen that the average particle sizes of all the
samples are close to the values of the average crystallite
sizes determined via XRD, and the STDEV are close
to the results for the CoFe,O, nano-particles prepared
using the similar methods™**”,

The crystallinity and lattice structure of a CoFe,O,
nano-particle in the sample prepared at 200 C for 10 h
are observed via HRTEM. The image is shown in Fig.4.
From this image one can see the edge-cutting shape
of the nano-particle, and the lattice structure can be

clearly seen throughout the whole particle, showing the
good crystallinity. Additionally, a 0.26 nm spacing is
determined, which is attributed to the (311) crystal faces,
corresponding to the main peak in the XRD pattern.

Fig.4 HRTEM image for a nano-particle in the sample
prepared at 200 °C for 10 h

In Figs.5(a) and 5(b), the room-temperature
magnetic hysteresis loops, characteristic hysteresis
behavior is shown, and the change of reaction
conditions makes a great impact on the magnetic
properties such as the coercivity (H.) and the
magnetization under a higher field.

The magnetic parameters were quantitatively
determined from the loops. The saturation
magnetization (M), the effective magnetic anisotropy
constant (K.;) and the high-field susceptibility (y,) are
determined by fitting the curves near the largest field
using the law of approach to saturation'">*"":

0.076 19K2
M=My—————C+y H

MH’ (1

where, M is magnetization, H is the strength of the
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applied magnetic field, and a coefficient of 0.07619 is
used due to the cubic anisotropy of CoFe,0,"". The H,.
values were determined by fitting the curves near M=0
emu/g.

M/(emu/g)

—18000—12000 —6 000 0 6000 12000 18000

H/Oe
(b)

M/(emu/g)

1 1 1 1 J
—18000—12000 —6 000 0 12000 18000
H/Oe
Fig.5 Room-temperature magnetic hysteresis loops for
the CoFe,O, nano-particles synthesized by the hydro-
thermal method under different reaction conditions:
(a)at 200 °C for different time and (b) at different tem-

peratures for 10 h
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These magnetic parameters are all depicted in
Fig.6. It can be seen that for the product of the heat
treatment at 200 ‘C for 0.5 h, the My is only 50 emu/g,
and the H_. is about 495 Oe; for the product of the heat
treatment at 120 ‘C for 10 h, the My and H, are even
smaller, only about 46 emu/g and 212 Oe, respectively.
These parameters are clearly smaller than those of the
bulk CoFe,O, (The My is about 80 emu/g, and the H,
is near 800 Oe'***). Prolonging heating time or raising
heating temperature enhances Mg and H.. When the
heating time is longer than 20 h, a plateau in the H
vs. time curve is shown; when the heating temperature
reaches 280 °C, the Mg becomes 78.7 emu/g, which
is close to the Mg of the bulk CoFe,0,, and the H.
becomes 2041 Oe, which is about ten times larger than
that of the product of the heat treatment at 120 C.

As shown in Fig.6, the K and y, are clearly
affected by the conditions of heat treatment: Prolonging
heating time enhances K, and reduces y,, and the
K. does not have big change when the heating time
is longer than 10 h; raising heating temperature also
increases K. and reduce x,, and when the heating
temperature is 240 ‘C, the K, reaches its maximum. In
addition, it is noticed that the K values are larger than
7x10° J/m®, which is larger than the intrinsic magneto-
crystalline anisotropy coefficient (K,) (1.8x10°-3.0x10’
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Fig.6 Magnetic parameters for the CoFe,O, nano-particles synthesized by the hydrothermal method under

different reaction conditions
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J/m’®" of the bulk CoFe,0,.

In the magnetic nano-particles synthesized by
chemical methods, lattice vacancies usually exist, and
the atomic ratio for surface ions is also large. Near
lattice vacancies and surfaces, the exchange interaction
is destroyed due to the imperfect coordination number,
resulting in weaker ferro-/ferri-magnetic response due
to the dead-magnetization effect'” and the strengthened
paramagnetic response under a higher field, which
causes the smaller M and the larger y,.

In magnetic nano-particles, a large magnetic
anisotropy constant is usually observed. This is because
the factors that impact the magnetic anisotropy of
nano-sized magnetic materials are very complicated:
Besides the intrinsic magnetocrystalline anisotropy,
other extrinsic factors, such as surface anisotropy'”
and stress anisotropy"”, should also be taken into
account. Since the magnetic anisotropy energy equals
the product of the magnetic anisotropy constant and
volume, it is reasonable to think that if the magnetic
anisotropy constant is large, the magnetic anisotropy
energy cannot be very small unless the particle size
is greatly reduced, as a result, superparamagnetism
is hindered. Therefore, for the product of the heat
treatment at 120 C for 10 h, even though the particle
size is as small as 7.6 nm, a coercivity as large as about
212 Oe can still be observed.
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Fig.7 Curves for the relationship between H.and D**
(D is the average crystallite size of the CoFe,0,
nano-particles) under different reaction conditions:
(a) at different temperatures (from 120 °C to 280 °C)
for 10 h, and (b) for different time (from 0.5 h to
20h)at200 C
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After being heated at the higher temperatures
or for longer time, the increase of K.; may reflect the
increased magnetocrystalline anisotropy constant
due to the reduced lattice vacancies, which may also
strengthen the exchange interaction and thus reduce .
After being heated at 280 °C for 10 h, when the particle
size greatly increases, the surface effect becomes
negligible, leading to the smaller K due to the reduced
surface anisotropy.

In addition, as to the product of the heat treatment
at 280 °C, the particle size has become 32 nm, and the
coercivity reaches 2041 Oe, which is very similar to the
reported data for the CoFe,0, nano-particles with size
close to L,*®. On this critical state, the magnetization
and demagnetization are mainly attributed to the
rotation of magnetic moment, which will overcome the
strong magnetocrystalline anisotropy energy and result
in a large coercivity.

To further reveal the single-domain characteristic
of the nano-particles, the relationship between H. and
the average crystallite size (named as D) is studied.
It is known that in the single-domain magnetic nano-
particles, the relationship between H. and D satisfies

the equation””:

C
H, :Ha_Ds/z (2

where, H, is the anisotropy field, and C is a constant. If
the size is larger than L, and the multi-domain structure

2 will

is formed, the relationship between H. and 1/D
deviate from the relationship. Figs.7 (a) and 7(b) depict
the relationship between H,. and 1/D** for the CoFe,0,
nano-particles synthesized at different temperatures
and for different time (from 0.5 h to 20 h), respectively.
From this figure an approximate linear relationship
between H,. and 1/D** can be seen, showing the single-
domain characteristic for the samples, and the fitting
result shows that the Ha is around 2400 Oe, about 400
Oe larger than the maximum H, values for the sample
with the largest size (32 nm). Considering the non-zero
H_. for the samples with the smallest size (7.6 nm), we
can conclude that under our reaction conditions, we can
successfully prepare the single-domain CoFe,O, nano-
particles with a size between L, and L,.

4 Conclusions

In summary, CoFe,0, nano-particles were
synthesized by the hydrothermal method. By changing
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the reaction temperature and reaction time, the
magnetic properties are manipulated in a wide range:
The M, values are varied from smaller than 50 emu/g to

close to 80 emu/g, and the H. values are between about
200 Oe and 2000 Oe. The single-domain structure for
these samples is further confirmed by the approximate

linear relationship between H. and 1/D™".
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