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Abstract

The magnetic behaviour of well-dispersed monodisperse Fe;O4
nanoparticles with sizes varying between 6.6 and 17.8 nm prepared in a
non-aqueous medium was investigated. The smaller nanocrystals exhibit
superparamagnetism with the blocking temperatures increasing with the
particle size, whereas the biggest particles are ferromagnetic at room
temperature. The saturation magnetization values are slightly smaller than
that of the bulk material, suggesting the existence of a disordered spin
configuration on their surface. The thickness of the magnetically inert shell
was estimated from the size variation of the magnetization at 1.9 A. The
dipole—dipole interactions between the particles were tuned by changing the
interparticle distances, e.g. by diluting the nanopowders in a non-magnetic
matrix at concentrations ranging from 0.25 to 100 wt%. As the strength of
the interactions is decreased with dilution, the energy barrier is substantially
lowered; this will induce a drastic decrease of both the blocking temperatures
and the coercivity with decreasing concentration of the nanoparticles.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Transition metal ferrites, M"Fe)'Oy, are magnetic materials
with a cubic spinel-type structure which have been
extensively used in various technological applications in
the past decades [1,2]. Owing to their easy preparation,
low fabrication cost, high chemical stability and unique
electrical, optical, thermal, rheological, catalytic and magnetic
properties, ferrites, either in the form of nanopowders or
surface-stabilized nanoparticles suspended in a carrier liquid
(ferrofluid) [3], have widespread use in electronics [4],
magneto-optics [5], magnetocaloric refrigeration [6], dynamic
sealing [7], high-density information storage [8], oscillation
damping [9] and catalysis [10]. Among the nanocrystalline
ferrites, Fe;O4 and y-Fe,O3 have attracted particular interest
as ideal candidates for different biomedical applications

0022-3727/07/195801+09$30.00 © 2007 IOP Publishing Ltd Printed in the UK

including enzyme encapsulation [11], biosensor design [12,
13], cell labelling/separation [14] and oligonucleotide
identification [15], magnetic resonance imaging (MRI)
[16-18], tumour hyperthermia [19, 20] and magnetically-
targeted drug delivery [21-24] due to their dimensions being
comparable to the cells and biomolecules, low toxicity and
biocompatibility, high saturation magnetization values and
their easy manipulation with low magnetic fields.

As the size of the particles decreases below 100nm, a
large fraction of the constituting atoms are found on the surface
of the nanocrystals; this induces significant changes in the
magnetic structure and properties of the nanophase materials
as compared with their bulk counterparts. Specifically, the
domain wall structure encountered in the bulk crystalline
ferrites is replaced by a single domain structure characteristic
of each particle, thus leading to new phenomena, such as
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superparamagnetism [25], extra anisotropy contributions [26]
and spin canting (disordered spin configuration) [27, 28].
Superparamagnetism refers to the random fluctuation of the
magnetization of the single-domain particles when the thermal
energy overcomes the anisotropy energy barrier. At low
temperatures the magnetization of each nanoparticle is oriented
parallel to a particular crystallographic direction called the
easy axis along which the energy of the particle is minimized.
The magnetization of the nanoparticle remains blocked in this
minimum energy position until an amount of energy at least
equal to the anisotropy of the particle is provided to the system.
Increasing the temperature above a certain value, known as the
blocking temperature (7g), the thermal energy will overcome
the anisotropy energy (Ea) and the magnetization of each
particle begins to fluctuate between the two directions of
the easy axes. Under these conditions, the magnetic system
behaves as a classical paramagnet [29]. According to Stoner—
Wohlfarth theory, the blocking temperature is higher as the
volume of the nanoparticles increases:

K
T 25kg

where K represents the anisotropy constant and kg is the
Boltzmann constant [30]. In general, the magnetic behaviour
of the nanoparticles is the result of the interplay between the
bulk magnetocrystalline characteristics, finite size effects and
collective magnetostatic interactions between the particles.
However, the delimitation of each individual contribution to
the total magnetization of the magnetic system would require
not only the preparation of well-dispersed nanocrystals with
controllable sizes and shapes but also a strict control over
the interactions between them. Finite size effects include
the single-domain magnetic structure and the surface spin
disorder and originate from the high surface/volume ratio of
the small particles, whereas the interparticle interactions refer
to the exchange and dipole—dipole interactions. The study
of the interparticle interactions is not trivial since they can
change significantly the magnetic response of a nanosized
system by increasing the anisotropy energy barrier (Ea)
necessary to overcome the blocking of the fine particles.
Herein, we report on the influence of the finite size effects
and the interparticle interactions on the magnetic properties
of the oleate-capped Fe;O4 nanocrystals synthesized in non-
aqueous homogeneous solutions of polyols (diethylene glycol
and N-methyl diethanolamine). @ The experiments were
performed on two series of samples, one containing Fe;O4
particles with various sizes ranging from 6.6 to 17.8 nm
and the other containing 6.6 nm particles diluted at different
concentrations of paraffin.

Ty

s

2. Experimental

2.1. Chemicals

Iron(IIl) chloride hexahydrate 97%, toluene 99.5%, methyl
alcohol 99.8% and hexanes 98.5% were purchased from
Merck. Diethylene glycol 99%, N-methyl diethanolamine
99+%, sodium hydroxide 97% (2040 mesh beads), ethyl
acetate 99.5% and decane 99+% were obtained from Aldrich.
Iron(Il) chloride tetrahydrate 99% was purchased from Alfa
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Aesar, oleic acid 90% from Fisher and absolute ethyl alcohol
from AAper Alcohol and Chemical Co. Chemicals and
solvents were used without further purification. The air-
sensitive chemicals were manipulated in a VAC glovebox with
a nitrogen atmosphere.

2.2. Synthesis

The synthetic procedures for the preparation of variably
sized oleate-capped Fe;O4 nanocrystals were described
previously in detail in [31-32]. For example, the ~6 nm
sized magnetite nanoparticles were prepared in diethylene
glycol (DEG) solutions obtained by dissolving a mixture
of 2mmol FeCl,-4H,0 and 4 mmol FeCl;-6H,O in a 80g
solvent in a Schlenk flask under protection with argon.
Separately, 16 mmol of NaOH was dissolved in 40 g diethylene
glycol. The solution of NaOH was added to the solution of
metal chlorides with stirring at room temperature causing an
immediate colour change from yellow—brown to deep green—
brown. After 3 h, the temperature of the solution was raised
for 1.5h to 210°C and then kept constant for 2h in the
temperature range 210-220 °C. In order to obtain magnetite
nanoparticles soluble in non-polar solvents, a diethylene glycol
solution of oleic acid (2.6 mmol oleic acid per 20 g DEG) was
added to the reaction mixture at a high temperature. This
addition immediately precipitated the solids. The mixture
was cooled to room temperature and then centrifuged. The
precipitates were washed with methanol and dissolved in 20 ml
toluene. The resulting solution was centrifuged and mixed with
2-3 volumes of methanol. The precipitate was separated by
centrifuging, washed with methanol and kept either moistened
with methanol or dispersed in non-polar solvents (hexanes,
toluene and decane). When magnetic measurements were
planned, the solids were dried in a flow of nitrogen.

By analogy, largest magnetite nanoparticles (~17 nm)
were prepared following a similar synthetic procedure
but using N-methyl diethanolamine (NMDEA) instead of
diethylene glycol (DEG), whereas the 11 nm sized magnetite
nanoparticles were obtained in a mixture of diethylene glycol
(DEG) and N-methyl diethanolamine (NMDEA) (1: 1, w/w)
heated for 3 h in the temperature interval 210-220 °C. In all
the cases the resultant black solid was dried in a flow of
nitrogen.

2.3. Characterization

The morphology of the magnetite nanoparticles was examined
with a JEOL JEM 2010 transmission electron microscope
(TEM) at 200KV. TEM samples were prepared by a
conventional technique consisting of pouring several drops of
the ferrofluid solution onto carbon coated Cu grids followed
by the slow evaporation of the solvent. Thermogravimetric
analyses (TGA) were carried out in argon at a heating rate
of 2°Cmin~! up to 600°C using a SDTQ 600 analyzer.
The magnetic measurements of both as-prepared Fe;Oy
nanoparticles and samples diluted in paraffin were performed
with a Superconducting Quantum Interference Device
(SQUID) in the temperature range 5-300 K and magnetic fields
up to 5 T. The zero-field-cooled (ZFC) curves were obtained by
cooling the magnetite samples from 300 to 5 K in the absence
of an external magnetic field, followed by the measurement
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Figure 1. Representative TEM images of oleate-capped magnetite nanoparticles prepared from neat DEG (a), a mixture of DEG and

NMDEA (1: 1, w/w) (b) and neat NMDEA (¢).

of the magnetization under a magnetic field of 1000e
as the temperature was raised back to room temperature.
The field-cooled (FC) measurements were carried out in
a similar way, except for the cooling process which was
performed under an external magnetic field of 100 Oe. The
hysteresis loop measurements were performed at different
temperatures ranging from 5 to 300 K under magnetic fields of
upto5ST.

3. Results and discussion

Highly crystalline magnetite (Fe;O4) nanoparticles were
prepared at elevated temperatures by the hydrolysis of chelate
iron alkoxide complexes in solutions of corresponding polyols,
diethylene glycol (DEG) and N-methyl diethanolamine
(NMDEA). The fact that Fe;O4 was obtained instead of
the structurally related y-Fe,O3; was confirmed by a series
of controlled oxidation experiments in tandem with powder
x-ray diffraction as previously documented. Polyols play
a multiple role in the formation of nanocrystalline Fe;O4
particles serving not only as solvents and complexing agents
for the iron (II, III) precursors but also as stabilizing agents
for the resulting nanocrystals. Moreover, the presence of
monolayers of polyol molecules adsorbed on the nanocrystals’
surface induces their solubility in polar solvents such as water,
methanol and ethanol. The polyol molecules can be exchanged
at elevated temperatures for long-chain carboxylic acids which
bind covalently to the surface iron ions via carboxylate groups,
thereby stabilizing the particles against agglomeration and
rendering them soluble in non-polar media (toluene, hexanes
and decane) [31,32]. These fatty acids are also essential in
minimizing the exchange interactions between the superficial
iron ions of neighbouring Fe;O4 nanocrystals such that the
interparticle interactions are dominated by the dipole—dipole
ones [33,34].

Adjusting the complexing strength of the reaction medium
by using either neat solvents (DEG or NMDEA) or a 1:1
(w/w) mixture of the two polyols allowed tuning of the particle
dimensions in the range 6-17nm [32]. Figure 1 shows
the TEM images of the Fe;O4 nanoparticles prepared from
neat DEG (a), neat NMDEA (c) and a mixture of DEG and
NMDEA (1: 1, w/w) (b), respectively. Asrevealed by the TEM
micrographs, the Fe304 nanoparticles obtained from neat DEG
and the mixture of the two polyols have spheroidal shapes,
whereas those synthesized from neat NMDEA are faceted.
The nanocrystals are individual and relatively uniform-sized.

They arrange in monolayers which exhibit a short range order
due to the presence of small fractions of tiny particles and
shapeless aggregates (figures 1(b) and (¢)) indicating that the
Fe;O4 nanoparticles are formed through the aggregation of
‘primary particles’ [32]. The average particle sizes and the size
distributions were estimated by counting 150 nanoparticles.
As anticipated, the nature of the reaction medium
significantly influences the size of the resulting nanocrystalline
particles: while the DEG-mediated reaction leads to 6.6 nm
sized Fe;Oy4 particles (standard deviation, 0 = 11.3%), a
mixture of DEG and NMDEA (1:1, w/w) results in the
formation of particles with an average diameter of 11.6 nm
(0 = 9.4%) which can be increased to 17.8 nm (¢ = 10.5%)
when the reaction is performed in neat NMDEA (figure 2).
The crystallite sizes calculated from the corresponding x-ray
diffraction patterns by using Scherrer’s formula led to values
similar to those obtained from the TEM measurements,
suggesting that the nanopowders consist of single crystalline
particles.  Additionally, the XRD patterns showed that
nanopowders are single phase materials that crystallize into
cubic-type structures with the cell parameters comparable to
that of the crystalline bulk magnetite (a = 8.396 A) [32].
Figure 3 illustrates the temperature (T) dependence of
the ZFC and FC magnetizations (M) measured for variable-
sized Fe;O4 nanoparticles coated with oleate ligand. For
the nanoparticles prepared from neat DEG (figure 3(a)) and
those synthesized from a 1:1 mixture of DEG and NMDEA
(figure 3(b)), the ZFC and FC curves, which coincide initially,
start to separate and follow different trends as the temperature is
decreased from 300 to 5 K. In the FC mode, the magnetization
either increases slightly and then levels off (figure 3(a)) or
decreases to eventually reach a plateau (figure 3(b)), whereas
the ZFC magnetization shows a maximum followed by a steady
decrease to a value approaching zero in the low temperature
region. The shape of the FC curves in the figures 3(a) and
(b) is the result of the presence of dipole—dipole interactions
between the oleate-capped particles [35,36]. Moreover, the
variation of the magnetization in the ZFC and FC modes
indicates a superparamagnetic behaviour for the 6.6 and
11.6 nm sized Fe;Oy4 particles. The maximum in the ZFC
curve defines the blocking temperature 7g, where the thermal
energy becomes comparable to the anisotropy energy barrier
(Ep). For temperatures below Ty, the magnetization of each
nanoparticle aligns with the direction of the easy axis and
cannot be further changed due to the existence of the anisotropy
energy barriers. Owing to the random orientation of the easy
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Figure 2. Histograms of size distribution for magnetite nanocrystals
synthesized from neat DEG (a), a mixture of DEG and NMDEA
(1:1, w/w) (b) and neat NMDEA (¢).

axes of the nanoparticles, the total magnetization approaches
zero at low temperatures. However, when the sample is
progressively warmed up to 300 K, an increasing number of
particles will acquire a thermal energy comparable to the
anisotropy energy, thus switching their magnetizations from
the easy axes to the direction of the magnetic field. This leads to
a progressive increase in the magnetization of the sample. At
temperatures higher than T, the magnetization of each particle
begins to fluctuate between the two directions of the easy axis
(superparamagnetic relaxation). The values of the blocking
temperature were found to vary between 203 K for the particles
obtained from neat DEG (6.6 nm) to 264 K for those prepared
from a 1:1 mixture of DEG and NMDEA (11.6 nm). In the
case of particles synthesized from neat NMDEA (17.8 nm), no
maximum was observed in the ZFC curve. However, since
the ZFC curve presents a shoulder in the high temperature
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Figure 3. Magnetization (M) versus temperature (7") measured in
both the ZFC and the FC modes for oleate-capped magnetite
nanocrystals with various sizes: 6.6 nm (a), 11.6 nm (b) and

17.8 nm (c), respectively.

region, we assume that the blocking temperature of the biggest
nanocrystals is situated above 300 K. The observed variation
of the blocking temperature with the average size of the Fe;04
nanocrystals is consistent with Stoner—Wohlfarth theory which
predicts an increase of the anisotropy energy barrier (E ) and,
consequently, an increase of the blocking temperature (7) as
the volume of the nanoparticles increases.

Assuming that the particles are non-interacting and
possess a uniaxial anisotropy, the corresponding blocking
temperatures (7g) can be used to estimate the values of
the anisotropy energy constant (K) of the oleate-capped
Fe;0,4 nanocrystals. The calculated values of the constant
are K = 4.74 x 10°Jm~3 for the particles with an average
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diameter of 6.6nm and K = 1.11 x 10° Jm~3 for those with
a mean size of 11.6 nm, respectively. These values are about
one order of magnitude higher than that of the bulk material
(K pulky = 0.135 x 103 Jm~?) [28] and were found to increase
with decreasing size of the nanoparticles. Additionally, they
are slightly larger, but yet in good agreement with the K values
estimated by Mossbauer spectroscopy for 6nm (K = 1.4 x
10°Tm=3)and 12nm (K = 0.9 x 10° Jm~3) [37,38] particles
or by using the equation KV = 25 kgT for 7nm Fe;0y4
particles (K = 2.8 x 10° T m~3) [26], but much lower than that
corresponding to 3—7 nm sized particles obtained by the water-
in-oil microemulsion technique (K = 10°Jm~3) [39]. The
anisotropy constant (K) of the nanocrystalline materials can
incorporate different contributions from magnetocrystalline
shape and surface anisotropy [26,40]. Thus, assuming that
the magnetocrystalline anisotropy of the Fe;O4 nanoparticles
prepared in the polyol media is invariant to the reaction
conditions (the nature of the solvent, the heating time) and
the shape of the nanoparticles does not change significantly
with their size, the variation trend in K can be ascribed
to the concurrent effect of the interparticle interactions [41]
and the surface anisotropy [40]. Specifically, the decrease
in size of the Fe;O4 nanoparticles results in an increased
surface spin disorder due to a higher fraction of superficial iron
ions with incomplete coordination environments and broken
bonds [27]. In such conditions, the surface effects become
dominant eventually leading to the increase of the anisotropy
energy constant [42]. In figure 4 the hysteresis loops of the
three samples of oleate-coated Fe;O4 nanocrystals measured
at 300 (a) and 5K (b) are presented.

In agreement with the ZFC/FC measurements, the M (H)
curves recorded at 300K confirm that the 6.6 and 11.6nm
Fe;0O4 particles present a superparamagnetic behaviour,
whereas those with a size of 17.8nm are ferromagnetic
exhibiting very low remanence (Mg) and coercivity (Hc).
Although due to the limitations imposed by the experimental
conditions a much more precise tuning of the particle size
and, furthermore, an exact determination of the maximum 7y
for which superparamagnetic relaxation is observed were not
possible, these results clearly suggest that superparamagnetism
in the Fe;O4 nanocrystals synthesized in diethylene glycol
solutions occur in the size range of 12-18 nm. Additionally,
the reported critical size is in good agreement with the value
of 20nm, a value often proposed as the superparamagnetic
limit for the Fe;O4 nanoparticles. The corresponding values
of saturation magnetization (Ms), squareness (SQ = Mg /Ms)
and coercivity (Hc) are summarized in table 1.

In the superparamagnetic state, the M (H) curves of the
nanosized materials can be described by the Langevin function
(equation (1)):

M(T) = MsL(x) = Mg |:coth(x) - %]

er +e 1
= Ms (7—*), (D

eX —e™* X
where M (T') is the magnetization of the nanosized material at
the temperature 7', Mg represents the saturation magnetization
of the nanosized material, x = wH/kgT, and the magnetic
moment of the nanoparticles &t = Msgpuk)V (V stands for
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Figure 4. Magnetization (M) as a function of the magnetic field
(H) measured at 300k (a) and 5 K (b) for oleate-capped magnetite
nanocrystals with average sizes of 6.6nm, 11.6nm and 17.8 nm,
respectively; the fit of the M versus H curve was recorded at 300 K
for 11.6 nm sized Fe;O,4 nanopatrticles (c).

the average volume of the nanoparticles) [43]. The fit of the
M (H) curve for the Fe;04 particles with the average diameter
of 11.6nm (as determined from the TEM measurement) is
represented in figure 4(c), whereas the ‘magnetic’ sizes of the
nanoparticles prepared from neat DEG and a 1: 1 mixture of
DEG and NMDEA are presented in table 1. The diameters
of the oleate-capped Fe;O4 nanocrystals determined from the

5805



D Caruntu et al

Table 1. Magnetic properties of variable-sized magnetite
nanocrystals capped with oleate ligand.

Average size Ms Hc

(nm) (emug™) (Oe) SQ
TEM Fit Tz (K) 5K 300K 5K 300K 5K 300K
6.6 5.84 203 80.8 70.7 405.6 15.7 0.280 0.0240
11.6 995 263.6 892 774 2782 147 0.250 0.0312
178 — >300 91.3 82.5 3794 3.4 0.293 0.0076

fitting of the M versus H curves are consistently smaller than
those estimated from the TEM measurements.

Such a discrepancy was previously reported in the
literature, being ascribed to the existence of a magnetically
inert layer at the surface of the nanoparticles [44]. Due to
their broken bonds, the iron ions contained in this superficial
layer present a random orientation of their magnetic moments,
thereby leading to a decrease of the total magnetization of
each individual nanoparticle [38]. The data presented in
table 1 show that the saturation magnetization (Mg) of the
oleate-capped Fe;O4 nanocrystals increases continuously by
increasing their average diameter, whereas the coercivity (Hc)
follows an opposite trend. The magnetization values were
obtained by the linear interpolation of the M versus 1/H
variation at 5K and 300K, respectively. The saturation
magnetization at 300K has values which are systematically
lower than those measured at 5 K presumably due to thermal
fluctuations of the magnetic moments of the nanoparticles at
higher temperatures. At 300 K, the saturation magnetization
increases from 70.7emug~! for the nanocrystals prepared
from neat DEG (6.6 nm) to 82.5 emu g~! for the nanoparticles
obtained from neat NMDEA (17.8nm). Nanocrystalline
Fe; 04 particles synthesized from the 1:1 mixture of the two
polyols (11.6 nm) have an intermediate value of 77.4 emu g~
for the M. These values are comparable to those of Fe;Oq4
nanoparticles having similar sizes obtained by other non-
aqueous approaches. Specifically, while the 16 nm sized Fe;O4
particles prepared at ~300 °C by the ‘seed-mediated growth’
method possess a saturation magnetization of 83 emu g~! [46],
those with a diameter of 11nm obtained at 180°C by a
solvothermal technique in ethylene glycol medium have a M;
value of 79.2emug™' [47]. Tt is worth noting that for the
particles prepared in DEG solutions (6.6 nm), the saturation
magnetization is much higher than 49 emu g=', the M; value
measured experimentally for 7 nm Fe; O, particles synthesized
at 88 °C in an aqueous solution by the coprecipitation of the
iron salts [48]. The decrease of the saturation magnetization
(Ms) with the reduction of the nanocrystal size is associated
with the existence of a surface layer where the iron ions
possess unsaturated coordination spheres. This is due to the
absence of some oxygen ions from the spinel lattice and/or
the capping of the nanoparticles with long-chain carboxylate
ligands which are bound directly to the iron ions. Such
structural modifications create a surface spin disorder which
induces significant changes in the magnetic properties of
the nanocrystalline materials [27, 39, 45, 49, 50]. It was
demonstrated that the nature of the capping ligand can also
play an important role in the magnetic properties of the
nanoparticles. For example, Gao and coworkers showed that
for Fe;O, particles with similar sizes (8§ nm) prepared by the
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Figure 5. Saturation magnetization (Ms) versus the reciprocal of the
average diameter (1/d) of the oleate-capped Fe;O, nanoparticles.

solvothermal method, M; increases from 89.8 to 96.6 emu g}?el
when tri-n-octylphosphine oxide (TOPO) is used as a capping
ligand instead of hexadecylamine (HDA). Such an increase of
the M, value was attributed to the m-acceptor properties of
the tri-n-octylphosphine oxide. Unlike the hexadecylamine,
the TOPO molecules accept electrons from the iron ions
once attached to the nanocrystals’ surface, thus altering the
exchange interactions between the neighbouring iron ions
and eventually leading to the decrease of the saturation
magnetization of the Fe;O4 nanoparticles [47].

Assuming that each nanoparticle consists of a magnetic
core having the magnetic structure of the bulk material and a
magnetically disordered shell, Chen and coworkers calculated
the thickness of the shell (¢) from the variation of the saturation
magnetization (Ms) with the reciprocal of the average diameter
(1/d) of the particles [51]:

g) . 2)

d

The linear fitting of our data obtained at 300 K (figure 5) yielded
a value for the saturation magnetization of the bulk material
(Ms(buik)) of 88.65 emu ¢~ ! and a thickness of the magnetically
inert layer (7) of 2.26 A, whereas at 5K the calculated values
were 98.18emug™! (Mspuk)) and 1.92 A (t), respectively.
The ¢ values obtained from our calculations for oleate-capped
Fe;0,4 nanocrystals are much smaller than those of 4.5 A
(at20K) [29],5 A (at 5K) [51]and 6 A (at 300 K) [52] reported
in the literature for nanosized MnFe, O, particles prepared by
other wet chemical methods (the w/o microemulsion method
and coprecipitation in aqueous solutions) or 10 A (at 5 K) [45]
observed in the case of CoFe, 0,4 nanoparticles synthesized by
coprecipitation in an aqueous solution followed by calcination.

Additionally, the coercivity was found to decrease with
increasing volume of the Fe;O4 nanoparticles. Such a
variation is in good agreement with Stoner—Wolhfarth theory
for single-domain particles with uniaxial anisotropy, which
predicts that the coercivity (Hc) of the nanosized materials
depends on both the anisotropy constant (K) and the saturation
magnetization (Ms):

MS = Ms(bu]k) (1 -

2K
He = ——,
oMs
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Figure 6. Typical ZFC curves of the 6.6 nm sized Fe;O, particles
capped with oleate ligand and diluted in paraffin; the concentration
of the nanoparticles in the magnetite-paraffin solid solution varies
between 0.25 and 100 wt%.

where  is the permeability constant of the vacuum [53, 54].
Thus, the decrease of the coercivity with increasing size
of the nanoparticles is consistent with both the decrease of
the anisotropy constant and the increase of the saturation
magnetization. The inset of figure 4(b) shows the hysteresis
loops of the variable-sized Fe;O4 nanoparticles recorded at
5K. In all the cases the samples present a ferromagnetic
behaviour with the saturation magnetization (Mg) ranging
from 80.8 to 91.3emug~! and coercivities varying between
278.2 and 405.6 Oe. The values of the reduced remanence or
squarness (SQ = Mg /Ms) calculated from the M (H) loops
at 5K range between 0.25 and 0.29. They are considerable
smaller than the theoretical value SQ = 0.5 suggesting that
the oleate-capped Fe;O4 nanoparticles are single-domain and
possess a uniaxial anisotropy [55].

In order to demonstrate the influence of the dipolar
interparticle interactions on the magnetic properties of
the oleate-capped Fes;O4 nanoparticles, dc magnetization
measurements were performed on samples consisting of
particles prepared from neat DEG (6.6nm) and dispersed
in paraffin. The concentration of the nanosized particles
in the magnetite-paraffin solid solution was varied in a
wide range (from 0.25 to 100 wt%), thus allowing us to
tune the interparticle distances. In figure 6 the typical
temperature dependence magnetization curves measured in
the ZFC mode under a static magnetic field of 1000e for
different concentrations of the 6.6nm Fe3;O4 particles in
the paraffin matrix are plotted. As a general feature, the
magnetization decreases with increasing concentration of the
nanosized particles. For example, the highest magnetization
(M = 22.2emug™") corresponds to the most diluted sample
(¢ = 0.25%), whereas the lowest value of magnetization
(M = 10.1emug~") was obtained for the sample containing
bare Fe;O4 nanoparticles (¢ = 100%). A similar trend
was reported by El-Hilo er al in the case of 10nm Fe;O4
particles obtained by coprecipitation in an aqueous medium
and suspended in a liquid carrier [56]. However, for
the intermediate concentrations, the magnetization does not
increase regularly with the dilution, the results being analogous
to those obtained by Vestal et al for 8 nm sized MnFe,04
particles synthesized by the ‘seed-mediated growth’ method
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Figure 7. Variation of the blocking temperature (a) and
coercivity (b) with the concentration of the 6.6 nm sized Fe;04
particles in the paraffin matrix.

and dispersed in eicosane [57]. Although the origin of these
discrepancies was not completely elucidated, the variation of
the magnetization with the dilution strongly suggests that the
interactions between the nanoparticles play an important role
in modifying the anisotropy energy barriers of the magnetic
system.

In figures 7(a) and (b) the variations of the blocking
temperature (7g) and coercivity (Hc) with the dilution in
paraffin are displayed. As seen in figure 7(a), T decreases
slightly from 203 to 183K as the particle concentration is
decreased from 100% to 7% and then drops sharply to a value
of 108 K as the concentration reaches 1%. After this abrupt
decrease, further reduction of the particle concentration to
0.25% does not change the value of the blocking temperature.
Likewise, the coercivity decreases from 409 to 397 Oe in the
same concentration range and then drops abruptly to 185 Oe
for a concentration of 0.25% (figure 7(b)). Such similarities
in the variation pattern of both the blocking temperature and
the coercivity with the particle concentration suggest that
they have the same origin, that is, the interactions between
nanoparticles.

This can be explained by the Dormann—Bessais—Fiorani
(DBF) model which introduces an extra energy factor (B;)
in the expression of the anisotropy energy barrier (Ea) of a
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magnetic system with interparticle interactions (equation (3)):
Ex = KVsin?6 + B, 3)

where K represents the anisotropy constant, V is the volume
of the magnetic particle, 6 stands for the angle between
the easy axis of the magnetic particle and the magnetization
direction in an applied magnetic field and B; is an energy factor
describing the interparticle interactions [58, 59]. Usually,
the magnetostatic interactions between the particles include
the exchange and the dipole—dipole interactions. However,
when the nanocrystals’ surface is functionalized with long-
chain organic molecules the exchange couplings are minimized
and, thus, the energy factor B; from the expression of the
anisotropy energy barrier (E,) is dominated by the dipolar
interactions. For amagnetic system of single-domain particles,
the energy corresponding to the dipole—dipole interactions can
be expressed as:

2
MHomy

_ ) 4
4 d3 @

Edipole—dipole =
where o represents the permeability constant of the vacuum
and m stands for the magnetic moment of the particle [51].
According to the above equation, the increase of the
interparticle separation (d) induces the reduction of the
strength of the dipolar interactions leading, eventually, to
the decrease of the anisotropy energy barrier (E,). Under
these conditions, the decrease of the blocking temperature
and the coercivity with increasing interparticle separation
can be explained by the lowering of the anisotropy energy
barriers when the concentration of the oleate-capped Fe;O4
particles in the paraffin matrix is reduced. Below a critical
concentration (¢ = 1%), the interparticle interactions become
extremely weak so that a further decrease of the concentration
to 0.25% will induce no variation in the value of the blocking
temperature. The M(H) curves of a sample containing
6.6 nm oleate-capped Fe;O4 particles dispersed in paraffin
(c = 1%) were measured at different temperatures ranging
from 10 to 300 K (figure 8(a)) and the values of the saturation
magnetization (Mg) were determined. The variation of the
high-field magnetization with the temperature for a ferro- or
ferrimagnetic system can be described by the Bloch law:

Ms(T) = Ms(0)(1 — BT®), &)

where Ms(0) is the saturation magnetization at 0K, B
represents the Bloch constant and o« stands for the Bloch
exponent [60,61]. The values of Mg(0), B and « obtained by
fitting the experimental data to the above equation (figure 8(b))
are 93.5emug™!, 107> K~1%7 and 1.67, respectively.

As a feature of the oleate-capped Fe;O4 nanoparticles,
the Bloch exponent in the fitting equation is slightly larger
than the value of 1.5 characteristic to the bulk crystalline
material [62] and which was previously reported for 3.3 nm
CoFe, 04 nanoparticles obtained by the same technique [43].
Such a deviation from the Bloch law was observed for various
nanoparticulate oxides, where the exponent « increases with
reducing size of the nanoparticles [51, 63]. Furthermore,
the wide range of values of the Bloch exponent was ascribed to
the influence of various factors such as the high surface/volume
ratio, the preparative route, the chemical composition of the
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Figure 8. M(H) curves of the 6.6 nm-sized Fe;O, particles
dispersed in paraffin (¢ = 1%) measured at different temperatures
ranging from 10 to 300 K (a); the temperature dependence of the
saturation magnetization

nanoparticles, as well as their surface modification [62]. For
example, Chen et al suggested that in the case of the MnFe,O4
nanocrystals with sizes varying between 5 and 15 nm the values
of the Bloch exponent fall within the range 1.6-2, whereas
a value of 1.66 was reported for 12nm Lag gSrg,MnOs_s
nanoparticles obtained by a ball-milling process, which is
substantially larger than « = 0.9 calculated by Xiong and
coworkers for 8.1 nm CoCrFeO,4 nanoparticles prepared by a
sol—gel approach [51,63,64].

4. Conclusions

Variable-sized Fe;O4 nanoparticles were prepared in non-
aqueous solutions of polyols and their magnetic properties
were investigated. The average particle size estimated from
the magnetization measurement in the superparamagnetic state
is in good agreement with the TEM data. Both finite size and
interparticle interaction effects were identified to influence the
magnetic behaviour of the oleate-capped nanosized particles.
With increasing size of the nanoparticles the anisotropy energy
barriers increase and superparamagnetic behaviour is replaced
by ferromagnetism. Similarly, the increase of the interparticle
distances leads to a higher anisotropy which, in turn, leads
to a substantial increase of the coercivity and the blocking
temperatures.
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