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We report on magnetic properties of iron oxide nanoparticles in a silica matrix synthesized by the sol-gel
method. The sample is characterized by using X-ray powder diffractometer (XRPD), transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX) and superconducting quantum inter-
ference device (SQUID) magnetometer. TEM reveals iron oxide nanoparticles (maghemite/magnetite)
of small sizes of about 4nm, narrow size distribution and no particle agglomeration. The SQUID
measurements show low blocking temperature Tz =6 K and superparamagnetic behavior above 30 K.

Keywords: . Obtained saturation magnetization Ms=61.1emu/g is very high, among the highest values for iron
Superparamagnetism R . . . .

Iron oxides oxides of particle size below 5nm. The field-cooled hysteresis measurements do not show displace-
Nanostructures ment of the hysteresis loop thus indicating an absence of exchange bias, whereas AC susceptibility

reveals non-interacting nanoparticles. The values of K. and Ks (effective and surface anisotropy con-
stants) obtained in this work are smaller than those reported in the literature for systems where
shell’s disorder spin structure (surface effects) is observed. These results point to highly crystalline iron
oxide nanoparticles with a low amount of internal defects and small surface disorder shell thickness
which is uncommon for nanoparticles of this size. Superparamagnetic iron oxide nanoparticles (SPION)
with such properties are convenient for the biomedical applications in targeted diagnostics and drug
delivery.

Magnetic materials
Sol-gel synthesis
Magnetic measurements
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1. Introduction

One of the most interesting and active research topics in mate-
rials science during the last few years is the investigation of
nanosized iron oxides [1-38]. Several types of iron oxides exist
in nature and can be prepared in the laboratory, but nowa-
days maghemite and magnetite are widely used for biomedical
applications. The useful properties of maghemite and magnetite
for biomedical applications include sufficiently high magnetic
moments, chemical stability, low toxicity, easy and economical
synthesis of these materials. The generic names “iron oxide” and/or
“superparamagnetic iron oxide nanoparticles (SPION)” are com-
mon in the literature; their meaning being understood as either
maghemite and/or magnetite, without pointing out any particu-
lar one [39-44]. Interest in their preparation and investigation is
currently driven by a wide range of potential applications, such as
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information storage, sensors, catalyst, pigments, water decontami-
nation, adsorbents, enzyme supports, targeted drug delivery, tissue
engineering, local hyperthermia, ferrofluids and contrast agents in
nuclear magnetic resonance imaging [1,2,32-55].

Complex magnetic properties of nanosized iron oxides have
been widely discussed and a wide range of magnetic properties
has been obtained [1,8-36,56-62]. Dutta et al. reported nearly
defect-free maghemite nanocrystals of a size of about 7nm,
high saturation magnetization Ms=80emu/g close to bulk value,
whereas at the same time, very low coercivity Hc=200e was
obtained [63]. On the other hand, Martinez et al. reported high
value of coercivity Hc=3000Oe and a very low saturation mag-
netization Ms=>5emu/g in nanosized maghemite [64]. A recent
paper by Han et al. reported on magnetite nanowires with non-
zero coercivity Hc=3100e at room temperature [65] whereas
Ennas et al. obtained Fe,03/Si0O, nanocomposite with low block-
ing temperature Tg =6 K [66]. Cannas et al. reported two samples
of Fe,03 nanoparticles dispersed in an amorphous SiO, matrix
with average diameters of 3 nm and 6 nm, blocking temperatures
of 10K and 22K, saturation magnetizations of 43.7 emu/g and
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Fig. 1. (a) and (b) TEM images of the sample whereas inset shows EDX spectrum; (c) HRTEM image of an iron oxide nanoparticle; (d) size distribution of iron oxide

nanoparticles; (e) SAED pattern of the nanocrystals.

37.8emu/g, and coercivities of 8100e and 1180 Oe, respectively
[67]. Nadeem et al. prepared ultrafine maghemite nanoparticles
with size of about 4 nm, high coercivity of 3008 Oe and low sat-
uration magnetization [68]. These magnetic properties arise both
from the atoms which reside on the surface of the nanoparticles,
and from the finite number of atoms in the nanoparticle crystalline
core. It has been shown that particle size, morphology, defects,
core-shell and dipolar interactions have a large influence on the
magnetic properties of the samples [1,8-38,56,62,63,65,67-74].
Moreover, the finite size and surface effects are usually masked
by the presence of particle size distribution and by a magnetic
interaction between the particles, and it is very difficult to distin-
guish the real contribution of finite size and surface effects on the
magnetic properties. Consequently, preparation of the magnetic
nanoparticles requires several tasks, such as control of the size and
size distribution of the particles, control of the morphology and
crystallinity, and prevention of the agglomeration. Different prepa-
ration methods have been developed in order to obtain desirable
samples and physical properties: hydrothermal, sol-gel, solvother-
mal, mechanochemical, polyol process, co-precipitation, template,
thermal decomposition, spray pyrolysis, chemical vapour depo-
sition, carbothermal reduction, electro-precipitation, microwave
plasma synthesis, y-irradiated water-in-oil microemulsion, melt
quench technique, microemulsion and reverse microemulsion
technique [1,6-26,48,59,62,68,70,73-80]. Among them the sol-gel
method has been shown to be very useful for preparation
of iron oxide nanoparticles dispersed in an amorphous sil-
ica matrix. Silica is convenient because of its nontoxic nature,
high biocompatibility, prevention of agglomeration, tempera-
ture resistance, chemical inertness and adjustable pore diameter
[1,2,8,10,21,32,36,37,49,50,52-54,57,61,67,81-84].

In this paper, we report the synthesis and magnetic properties
of highly crystalline iron oxide nanoparticles of about 4 nm size
with a narrow particle size distribution. Magnetic measurements
are in good agreement with TEM observations and show very inter-
esting magnetic properties such as high saturation magnetization
Ms=61.1emu/g, low blocking temperature Tg =6 K, superparam-
agnetic behavior above 30K, coercivity Hc =390 Oe at 2 K, absence
of exchange bias and AC susceptibility behavior well described
by the Neel-Arrhenius model for single domain non-interacting
nanoparticles.

2. Experimental

The sample was prepared using the sol-gel method. The starting point for the
synthesis of a targeted system was a solution prepared by mixing tetraethylorthosil-
icate (TEOS), water and ethanol. An aqueous solution of iron nitrate (Fe(NOs )3-9H, 0,
Aldrich 98%) was added to the initial solution in such a proportion as to provide the
10 wt.% of iron oxide (Fe,03) in the final dried powder. The mole ratios of ethanol
to TEOS and water to TEOS were 4:1 and 12:1, respectively. After an hour of stirring
the pH of the mixture settled at about 3. The clear sol was poured into a glass beaker
and allowed to gel in the air. The gel was dried for about ten days at 80 °C tempera-
ture. The sample was finally heated in air at 900 °C for 5 hour. The obtained sample
is brown in color.

The size and morphology of the nanoparticles was investigated by transmission
electron microscope (TEM), using a Phillips CM20 instrument. Element components
were determined using energy-dispersive X-ray spectroscopy (EDX) provided in the
TEM.

Magnetic measurements were performed on a commercial Quantum Design
MPMS XL-5 SQUID-based magnetometer in a wide range of temperatures (2-300 K)
and applied DC fields (up to 5T). The same instrument was used for AC magnetiza-
tion measurements carried out in the 1Hz < v <1000 Hz frequency range and in a
temperature region encompassing blocking temperatures.

3. Results and discussion

The transmission electron microscopy (TEM) images, size distri-
bution, EDX spectrum and selected area electron diffraction (SAED)
pattern are shown in Fig. 1. The TEM images show formation
of nanoparticles and uniform dispersion of the nanoparticles in
the amorphous silica matrix (Fig. 1(a) and (b)). No agglomeration
of particles has been observed suggesting isolated nanoparticles
and a non-interacting system. Fig. 1(c) shows the high-resolution
TEM picture of a nanoparticle and reveals lattice fringe pattern
demonstrating a well-crystallized structure. Fig. 1(d) presents a
size distribution of nanoparticles, where symmetrical size disper-
sion with an average size of about 4 nm can be seen. Moreover, a
narrow size distribution is showed. The particle size distribution
of sample is fitted by a log-normal distribution function. The stan-
dard deviation of 0 =0.11 is obtained from such a fit. The selected
area electron diffraction (SAED) pattern shown in Fig. 1(e) consists
of diffraction spots/rings that were indexed in correspondence to
the maghemite/magnetite spinel structure ((440), (511), (422),
(400),(311)and (220) planes are observed which appropriate to
spots/rings of smaller to larger diameters, respectively). Also, the
periodic fringe spacing of ~3 A corresponds to the (220) planes
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Fig. 2. Temperature dependence of the zero-field-cooled (ZFC, solid symbols) and
field-cooled (FC, open symbols) magnetization measured in a field of 5 Oe and 30 kOe
(inset); (b) magnetization of the sample at several temperatures expressed as a
function of the applied field H.

of maghemite/magnetite structure were revealed (Fig. 1(c)). Inset
of Fig. 1(b) shows the EDX spectrum of the Fe,03/SiO, nanocom-
posite, where Fe, Si and O are the main components. Their atomic
ratios are in a good agreement with those expected from synthesis
conditions. The Cu peaks in the EDX spectrum originate from the
copper web which is used for the preparation of the sample for EDX
observation. No other impurities have been identified. The X-ray
diffraction measurement shows only a very broad reflection due to
the amorphous silica matrix (90 wt.%) covering the nanocrystalline
iron oxide reflections which are expected to be broad because
of the small particle size (figure is not shown). Fig. 2(a) shows
the temperature dependence of the zero-field-cooled (ZFC) and
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Fig. 3. Magnetization vs. field dependence recorded at 2 K. The inset shows low field
magnetization behavior.

field-cooled (FC) magnetization from 2 to 80 K under low DC field
of 50e. The ZFC curve exhibits a single narrow maximum with
the peak value at very low temperature Tg=6K (blocking tem-
perature). Below Tg, the FC and ZFC magnetization curves split
significantly, the ZFC magnetization decreases sharply whereas the
FC magnetization increases continuously down to 2 K, which is usu-
ally considered a characteristic of non-interacting nanoparticles or
weak interacting nanoparticles [8,61]. Above 6K, the FC and ZFC
magnetization curves exhibit the same trend and at the irreversibil-
ity temperature T;,. = 28 K the curves coincide, pointing out that all
nanoparticles are in the superparamagnetic state. In the case of
non-interacting nanoparticles the temperature at which the ZFC
and the FC curves separate (Tj.; = 28 K) corresponds to the blocking
temperature of the largest particles whereas the maximum of the
ZFC curve (Tg =6K) can be related to the blocking of the average
sized particles. The low blocking temperature, narrow peak in the
ZFC magnetization and small difference T;,. — Tg =22 K (Fig. 2(a))
point to ultra small particles and narrow size distribution which is
in agreement with TEM observations. In addition, the ZFC and FC
curves do not coincide in a field of 30 kOe (Fig. 2(a), inset). Fig. 2(b)
shows a field dependence of isothermal magnetization at 30, 100,
200 and 300K (above Tj.; =28 K) showing no hysteretic properties
(Hc =00e, M; =0emu/g). This confirms superparamagnetic behav-
ior which is expected from the M(T) measurements. The same
magnetization data are presented in Fig. 2(c) as a function of H/T. If
the sample were truly superparamagnetic, then the magnetization
curves measured at different temperatures could be superimposed
when magnetization is plotted as a function of H|T. This feature
is indeed achieved as can be seen in Fig. 2(c), thus confirming the
superparamagnetic behavior of our sample for temperatures above
30K.

The field dependence of isothermal magnetization was recorded
at 2K (ZFC hysteresis measurements), i.e. below Tg, in the field
range of £5T. In Fig. 3, it can be seen that the magnetization
is almost saturated for high field values as observed for well-
crystallized ferrimagnetic iron oxide nanomaterials [9,54,58,63].
The obtained hysteresis loop is symmetric around the origin (Fig. 3,
inset), with coercivity, remanence and saturation magnetization
Hc=3900e, M;=17.2emu/g, and Ms=61.1emu/g, respectively.
The value of Ms was determined by extrapolating 1/H to zero-field
in the M vs. 1/H plot based on the high field data. The obtained
value of Ms is among the highest values obtained for iron oxide
materials of particle sizes below 5 nm. The obtained high value of
the Mg points to highly crystalline iron oxide nanoparticles with
low amount of internal defects and small surface magnetic disor-
der (i.e. low shell thickness) which is uncommon for nanoparticles
in this size range (<5 nm) [56]. Surface effects and internal defects
have been reported as being responsible for the reduction of the
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Fig. 4. ZFC and FC hysteresis loops at 2K, ZFC (ZFC, solid symbols) and FC (FC,
open symbols after cooling in 30 kOe). The inset shows the low field magnetization
response.

saturation magnetization of the ferrimagnetic iron oxide nanopar-
ticles[1,12,16,18,22,25,56,64,67,68,84]. To gain further insight into
the origin of the high magnetization of the iron oxide nanoparti-
cles, a field-cooled (FC) hysteresis loop has been recorded (Fig. 4).
The FC hysteresis loop was measured after cooling the sample
in an applied field of 50kOe from 200K temperature down to
2 K. The FC magnetization curve does not exhibit the typical fea-
tures of an exchange bias (Fig. 4), i.e. a shift of the hysteresis loop
and/or enhanced coercivity [15,64,69,71,84]. These features occur
in nanoparticle systems due to the exchange coupling between
the different core and surface magnetic structures[15,64,69,71,84].
We assume that because of the high crystallinity of the nanoparti-
cles and very thin disorder surface layers of the nanoparticles, the
exchange bias effect is not observed in the sample. Magnetic hys-
teresis measurements at different temperatures were performed
in order to get more information about magnetic properties of the
nanoparticles. Fig. 5(a) shows the variation of the coercivity with
temperature for the sample (2K, 2.5K, 3K, 4K, 5K and 6K). It is
apparent from this figure that the coercivity is strongly dependent
on temperature, as expected for nanoparticle systems. At higher
temperature, the particles have higher thermal energy, and hence,
they require smaller field to reverse the magnetization. The coer-
civity for a system of non-interacting particles is expected to follow
relation:

He = He, [1 - (TTB)W] : (1)

where Hc, is the coercivity at O K. The fit of the experimental data to
Eq. (1) is given in Fig. 5(b) (solid line) where we plot the coercivity
with respect to the T1/2 [12,21,85-88]. The extrapolation of Hc(T)
to zero field and zero temperature yield for our sample the value of
Tp=6.4K and Hc, = 770 Oe. We notice that the blocking tempera-
ture determined by the hysteresis measurements agrees well with
the ZFC/FC results. The fit in Fig. 5(b) is not fully seen in accordance
with the measured data, which is also observed in similar systems
and this is not well understood and demands further investigation
[85].

In order to investigate the dynamic behavior of the nanoparti-
cles, we performed AC susceptibility measurements at five different
frequencies (1, 10, 100, 500 and 1000 Hz) in the temperature range
2-30K that encompasses the blocking temperature. Fig. 6(a) and
(b) shows the plots of x’ and yx” against temperature for the
nanocomposite. It can be noted that the x’ peak is at higher tem-
peratures than the peak for x” at the same frequencies, the peak
positions shift to higher temperatures with increasing frequency
vac for both x’ and x” and the value of x’ decreases whereas
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Fig. 5. Temperature dependence of coercivity for the sample (2K, 2.5K,3K, 4K, 5K
and 6 K); (b) shows Hc plot with respect to T!/2.

the x” increases with increasing frequency. These properties are
also observed in other nanoparticle systems [68,77,84,89]. The
presence of inter-particle interactions can be revealed from the
frequency dependence of Tg by using the empirical parameter
C1=ATg/(Tg A logv), where Ty denotes the average value of block-
ing temperature in the range of experimental frequencies, whereas
ATg denotes the difference between maximum and minimum
value of Ty (Fig. 6(a)). In this way C; =0.1055 was obtained. That
value lies in the range ~0.1 to 0.13 which is expected for non-
interacting nanoparticles [94]. The interaction between particles
can be classified as the long-range magnetostatic dipole-dipole
interaction and the exchange coupling interaction of neighboring
particles [85,90-94]. The non-interacting nanoparticles denote iso-
lated nanoparticles without dipolar and exchange inter-particle
interactions [85,90-94]. According to the Neel theory of super-
paramagnetism [95], the magnetic moments of non-interacting
single domain identical particles with uniaxial anisotropy fluctu-
ate between two directions of easy axes with a relaxation time t
that obeys the Arrhenius law:

E
T=Tp exp (ﬁ) (2)

where E, is the anisotropy energy, 7 is the measurement time, and
7o is the attempt frequency. The temperature corresponding to the
maximum of the AC susceptibility (Fig. 6(a)) can be identified with
the blocking temperature, i.e., the temperature at which the relax-
ation time is equal to the time scale of the experiment t which,
in an AC susceptibility experiment is given by the reverse of the
measuring frequency, t=1/v,c. Below Tg, the relaxation times of
the particles are longer than the experimental time t and particles
are in the blocking state whereas above Tg, the 7 is longer than
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the relaxation times of the particles and the particles are in the
superparamagnetic state. The values of Tg in Fig. 6(c) are deter-
mined as maximums of AC susceptibility in Fig. 6(a). In the case
of non-interacting particles the dependence of Inv vs. Tg~! should
be linear, whereas the attempt frequency 7g is usually within the
1079 to 10~'2 range. The fit of the experimental data to Eq. (2) is
given in Fig. 6(c) (solid line), where the best fit values obtained
are 19=2.4310"12s and E,/kg =169.8 K. The value of 79 ~10-125
determined from the fit of our experimental data to the Arrhe-
nius law (Fig. 6(c)) is in the above quoted range. This confirms the
non-interacting nanoparticles in our nanoparticle system, which
is in agreement with TEM observations and M(T) measurements.
The magnetic anisotropy parameter E,/kg can be used to estimate

the effective anisotropy constant K, using the relation K¢V =E,,
where V denotes the volume of a particle. For a particle with
diameter d =4 nm, this relation gives Ko =8.74110% erg/cm3. The
temperature of the maximum of the ZFC magnetization (Tg =6 K),
which is related to the mean blocking temperature Tg of the
particle assembly, can also be used to give an estimate of the effec-
tive anisotropy constant K¢ through the relation Kqg=25kgTg/V,
valid under the assumption of non-interacting nanoparticles. For
d=4nm, K.=7.722 10* erg/cm3. We notice a good agreement with
values obtained by AC and DC SQUID measurements and both
values are close to bulk and nearly defect-free iron oxide nanopar-
ticles [63]. Moreover, the surface anisotropy Ks can be deduced as
Ks =KeD/6, where D is the particle diameter (D=4nm) [86]. We
obtained a value of Ks~5.51073 erg/cm?2. The values obtained in
this work (Kes and Ks) are smaller than those reported in the liter-
ature for systems where shell’s disorder spin structure is observed
[12,68,84,96]. This also points to a highly crystalline iron oxide
nanoparticles and agrees with the M(H) and TEM results.

4. Conclusions

The sol-gel method was utilized for the synthesis of iron oxide
nanoparticles in an amorphous silica matrix. TEM images show
well-crystallized iron oxide nanoparticles with an average size of
about4 nm and narrow size distribution without particle agglomer-
ation. These observations emphasize the sol-gel method as suitable
for synthesis of the ultra small uniformly sized nanoparticle sys-
tems. The magnetic properties are in a good agreement with TEM
observations and exhibit a low blocking temperature Tg =6 K, the
superparamagnetic behavior above 30K, high saturation magne-
tization Ms=61.1emu/g, low coercivity Hc =390 Oe, absence of
exchange bias, and non-interacting nanoparticles. The values of
Kegr and Ks (effective and surface anisotropy constants) obtained
in this work are smaller than those reported in the literature for
systems where shell’s disorder spin structure is observed. These
results point to highly crystalline iron oxide nanoparticles with low
amount of internal defects and small magnetically disorder shell
thickness which is uncommon for nanoparticles in this size range.
The magnetic field directed SPION provide potential applications
in targeted diagnostics and therapy. The superparamagnetic prop-
erties, high magnetization for easy control of their movement in
blood by a magnetic field, and narrow size distribution i.e. uniform
byophysicochemical properties show that investigated SPION are
convenient for the biomedical applications in targeted diagnostics
and drug delivery [1,2,45].
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