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a  b  s  t  r  a  c  t

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  4  nm,  narrow  size  distribution  and  no  particle  agglomeration.  The  SQUID
measurements  show  low  blocking  temperature  TB = 6 K  and  superparamagnetic  behavior  above  30  K.
Obtained  saturation  magnetization  MS = 61.1 emu/g  is  very  high,  among  the  highest  values  for  iron
oxides  of  particle  size  below  5 nm.  The  field-cooled  hysteresis  measurements  do  not  show  displace-
ment  of the  hysteresis  loop  thus  indicating  an  absence  of  exchange  bias,  whereas  AC susceptibility
reveals non-interacting  nanoparticles.  The  values  of Keff and  KS (effective  and  surface  anisotropy  con-
ol–gel synthesis
agnetic measurements

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.
. Introduction

One of the most interesting and active research topics in mate-
ials science during the last few years is the investigation of
anosized iron oxides [1–38]. Several types of iron oxides exist

n nature and can be prepared in the laboratory, but nowa-
ays maghemite and magnetite are widely used for biomedical
pplications. The useful properties of maghemite and magnetite
or biomedical applications include sufficiently high magnetic

oments, chemical stability, low toxicity, easy and economical
ynthesis of these materials. The generic names “iron oxide” and/or
superparamagnetic iron oxide nanoparticles (SPION)” are com-
on  in the literature; their meaning being understood as either

aghemite and/or magnetite, without pointing out any particu-

ar one [39–44].  Interest in their preparation and investigation is
urrently driven by a wide range of potential applications, such as
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925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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© 2012 Elsevier B.V. All rights reserved.

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 7 nm,
high saturation magnetization MS = 80 emu/g close to bulk value,
whereas at the same time, very low coercivity HC = 20 Oe was
obtained [63]. On the other hand, Martinez et al. reported high
value of coercivity HC = 3000 Oe and a very low saturation mag-
netization MS = 5 emu/g in nanosized maghemite [64]. A recent
paper by Han et al. reported on magnetite nanowires with non-
zero coercivity HC = 310 Oe at room temperature [65] whereas
Ennas et al. obtained Fe2O3/SiO2 nanocomposite with low block-

ing temperature TB = 6 K [66]. Cannas et al. reported two samples
of Fe2O3 nanoparticles dispersed in an amorphous SiO2 matrix
with average diameters of 3 nm and 6 nm,  blocking temperatures
of 10 K and 22 K, saturation magnetizations of 43.7 emu/g and

dx.doi.org/10.1016/j.jallcom.2012.02.056
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. (a) and (b) TEM images of the sample whereas inset shows EDX spectrum
anoparticles; (e) SAED pattern of the nanocrystals.

7.8 emu/g, and coercivities of 810 Oe and 1180 Oe, respectively
67]. Nadeem et al. prepared ultrafine maghemite nanoparticles
ith size of about 4 nm,  high coercivity of 3008 Oe and low sat-
ration magnetization [68]. These magnetic properties arise both
rom the atoms which reside on the surface of the nanoparticles,
nd from the finite number of atoms in the nanoparticle crystalline
ore. It has been shown that particle size, morphology, defects,
ore–shell and dipolar interactions have a large influence on the
agnetic properties of the samples [1,8–38,56,62,63,65,67–74].
oreover, the finite size and surface effects are usually masked

y the presence of particle size distribution and by a magnetic
nteraction between the particles, and it is very difficult to distin-
uish the real contribution of finite size and surface effects on the
agnetic properties. Consequently, preparation of the magnetic

anoparticles requires several tasks, such as control of the size and
ize distribution of the particles, control of the morphology and
rystallinity, and prevention of the agglomeration. Different prepa-
ation methods have been developed in order to obtain desirable
amples and physical properties: hydrothermal, sol–gel, solvother-
al, mechanochemical, polyol process, co-precipitation, template,

hermal decomposition, spray pyrolysis, chemical vapour depo-
ition, carbothermal reduction, electro-precipitation, microwave
lasma synthesis, �-irradiated water-in-oil microemulsion, melt
uench technique, microemulsion and reverse microemulsion
echnique [1,6–26,48,59,62,68,70,73–80]. Among them the sol–gel

ethod has been shown to be very useful for preparation
f iron oxide nanoparticles dispersed in an amorphous sil-
ca matrix. Silica is convenient because of its nontoxic nature,
igh biocompatibility, prevention of agglomeration, tempera-
ure 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
f highly crystalline iron oxide nanoparticles of about 4 nm size
ith a narrow particle size distribution. Magnetic measurements

re in good agreement with TEM observations and show very inter-
sting magnetic properties such as high saturation magnetization
S = 61.1 emu/g, low blocking temperature TB = 6 K, superparam-
gnetic behavior above 30 K, coercivity HC = 390 Oe at 2 K, absence
f exchange bias and AC susceptibility behavior well described
y the Neel–Arrhenius model for single domain non-interacting
anoparticles.
 HRTEM image of an iron oxide nanoparticle; (d) size distribution of iron oxide

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(NO3)3·9H2O,
Aldrich 98%) was added to the initial solution in such a proportion as to provide the
10 wt.% of iron oxide (Fe2O3) 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 5 T). The same instrument was used for AC magnetiza-
tion measurements carried out in the 1 Hz ≤ � ≤ 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 � = 0.11 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 ((4 4 0), (5 1 1), (4 2 2),
(4 0 0), (3 1 1) and (2 2 0) planes are observed which appropriate to
spots/rings of smaller to larger diameters, respectively). Also, the
periodic fringe spacing of ∼3 Å corresponds to the (2 2 0) 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
(
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low amount of internal defects and small surface magnetic disor-
inset); (b) magnetization of the sample at several temperatures expressed as a
unction of the applied field H.

f maghemite/magnetite structure were revealed (Fig. 1(c)). Inset
f Fig. 1(b) shows the EDX spectrum of the Fe2O3/SiO2 nanocom-
osite, where Fe, Si and O are the main components. Their atomic
atios are in a good agreement with those expected from synthesis
onditions. The Cu peaks in the EDX spectrum originate from the
opper web which is used for the preparation of the sample for EDX
bservation. No other impurities have been identified. The X-ray
iffraction measurement shows only a very broad reflection due to
he amorphous silica matrix (90 wt.%) covering the nanocrystalline

ron oxide reflections which are expected to be broad because
f the small particle size (figure is not shown). Fig. 2(a) shows
he temperature dependence of the zero-field-cooled (ZFC) and
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 5 Oe. The ZFC curve exhibits a single narrow maximum with
the peak value at very low temperature TB = 6 K (blocking tem-
perature). Below TB, 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 6 K, the FC and ZFC
magnetization curves exhibit the same trend and at the irreversibil-
ity temperature Tirr = 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 (Tirr = 28 K) corresponds to the blocking
temperature of the largest particles whereas the maximum of the
ZFC curve (TB = 6 K) can be related to the blocking of the average
sized particles. The low blocking temperature, narrow peak in the
ZFC magnetization and small difference Tirr − TB = 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 300 K (above Tirr = 28 K) showing no hysteretic properties
(HC = 0 Oe, Mr = 0 emu/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
30 K.

The field dependence of isothermal magnetization was  recorded
at 2 K (ZFC hysteresis measurements), i.e. below TB, in the field
range of ±5 T. 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 = 390 Oe, Mr = 17.2 emu/g, and MS = 61.1 emu/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 MS points to highly crystalline iron oxide nanoparticles with
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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ig. 4. ZFC and FC hysteresis loops at 2 K, ZFC (ZFC, solid symbols) and FC (FC,
pen symbols after cooling in 30 kOe). The inset shows the low field magnetization
esponse.

aturation magnetization of the ferrimagnetic iron oxide nanopar-
icles [1,12,16,18,22,25,56,64,67,68,84].  To gain further insight into
he origin of the high magnetization of the iron oxide nanoparti-
les, a field-cooled (FC) hysteresis loop has been recorded (Fig. 4).
he FC hysteresis loop was measured after cooling the sample
n an applied field of 50 kOe from 200 K temperature down to

 K. The FC magnetization curve does not exhibit the typical fea-
ures of an exchange bias (Fig. 4), i.e. a shift of the hysteresis loop
nd/or enhanced coercivity [15,64,69,71,84]. These features occur
n nanoparticle systems due to the exchange coupling between
he different core and surface magnetic structures [15,64,69,71,84].

e assume that because of the high crystallinity of the nanoparti-
les and very thin disorder surface layers of the nanoparticles, the
xchange bias effect is not observed in the sample. Magnetic hys-
eresis measurements at different temperatures were performed
n order to get more information about magnetic properties of the
anoparticles. Fig. 5(a) shows the variation of the coercivity with
emperature for the sample (2 K, 2.5 K, 3 K, 4 K, 5 K and 6 K). It is
pparent from this figure that the coercivity is strongly dependent
n temperature, as expected for nanoparticle systems. At higher
emperature, the particles have higher thermal energy, and hence,
hey require smaller field to reverse the magnetization. The coer-
ivity for a system of non-interacting particles is expected to follow
elation:

C = HC0

[
1 −

(
T

TB

)1/2
]

, (1)

here HC0 is the coercivity at 0 K. The fit of the experimental data to
q. (1) is given in Fig. 5(b) (solid line) where we plot the coercivity
ith respect to the T1/2 [12,21,85–88]. The extrapolation of HC(T)

o zero field and zero temperature yield for our sample the value of
B = 6.4 K and HC0 = 770 Oe. We  notice that the blocking tempera-
ure determined by the hysteresis measurements agrees well with
he ZFC/FC results. The fit in Fig. 5(b) is not fully seen in accordance
ith the measured data, which is also observed in similar systems

nd this is not well understood and demands further investigation
85].

In order to investigate the dynamic behavior of the nanoparti-
les, we performed AC susceptibility measurements at five different
requencies (1, 10, 100, 500 and 1000 Hz) in the temperature range
–30 K that encompasses the blocking temperature. Fig. 6(a) and
b) shows the plots of �′ and �′′ against temperature for the

′
anocomposite. It can be noted that the � peak is at higher tem-
eratures than the peak for �′′ at the same frequencies, the peak
ositions shift to higher temperatures with increasing frequency
ac for both �′ and �′′ and the value of �′ decreases whereas
Fig. 5. Temperature dependence of coercivity for the sample (2 K, 2.5 K, 3 K, 4 K, 5 K
and  6 K); (b) shows HC plot with respect to T1/2.

the �′′ 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 TB by using the empirical parameter
C1 = �TB/(TB� log �), where TB denotes the average value of block-
ing temperature in the range of experimental frequencies, whereas
�TB denotes the difference between maximum and minimum
value of TB (Fig. 6(a)). In this way C1 = 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 �
that obeys the Arrhenius law:

� = �0 exp
(

Ea

kBTB

)
, (2)

where Ea is the anisotropy energy, � is the measurement time, and
�0 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 � which,

in an AC susceptibility experiment is given by the reverse of the
measuring frequency, � = 1/�ac. Below TB, the relaxation times of
the particles are longer than the experimental time � and particles
are in the blocking state whereas above TB, the � is longer than
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ig. 6. Temperature dependence of the real �′ (a) and imaginary �′′ (b) part of AC
usceptibility at different frequencies; (c) change of blocking temperatures TB with
C  field frequency � fitted to the Arrhenius function.

he relaxation times of the particles and the particles are in the
uperparamagnetic state. The values of TB in Fig. 6(c) are deter-
ined as maximums of AC susceptibility in Fig. 6(a). In the case

f non-interacting particles the dependence of ln � vs. TB
−1 should

e linear, whereas the attempt frequency �0 is usually within the
0−9 to 10−12 range. The fit of the experimental data to Eq. (2) is
iven in Fig. 6(c) (solid line), where the best fit values obtained
re �0 = 2.43 10−12 s and Ea/kB = 169.8 K. The value of �0 ∼ 10−12 s
etermined from the fit of our experimental data to the Arrhe-

ius law (Fig. 6(c)) is in the above quoted range. This confirms the
on-interacting nanoparticles in our nanoparticle system, which

s in agreement with TEM observations and M(T) measurements.
he magnetic anisotropy parameter Ea/kB can be used to estimate
 Compounds 525 (2012) 28– 33

the effective anisotropy constant Keff, using the relation KeffV = Ea,
where V denotes the volume of a particle. For a particle with
diameter d = 4 nm,  this relation gives Keff = 8.741 104 erg/cm3. The
temperature of the maximum of the ZFC magnetization (TB = 6 K),
which is related to the mean blocking temperature TB of the
particle assembly, can also be used to give an estimate of the effec-
tive anisotropy constant Keff through the relation Keff = 25kBTB/V,
valid under the assumption of non-interacting nanoparticles. For
d = 4 nm,  Keff = 7.722 104 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 = KeffD/6, where D is the particle diameter (D = 4 nm)  [86]. We
obtained a value of KS ≈ 5.5 10−3 erg/cm2. The values obtained in
this work (Keff 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
about 4 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 TB = 6 K, the
superparamagnetic behavior above 30 K, high saturation magne-
tization MS = 61.1 emu/g, low coercivity HC = 390 Oe,  absence of
exchange bias, and non-interacting nanoparticles. The values of
Keff 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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75] M.  Gotić, T. Jurkin, S. Musić, Mater. Res. Bull. 44 (2009) 2014–2021.
76] B. Wang, Y. Song, W.  Ren, W.  Xu, H. Cui, J. Sol–Gel Technol. 51 (2009)

119–123.
77]  R.F.C. Marques, C. Garcia, P. Lecante, S.J.L. Ribeiro, L. Noe, N.J.O. Silva, V.S. Amaral,

A. Millan, M.  Verelst, J. Magn. Magn. Mater. 320 (2008) 2311–2315.
78] T.N. Narayanan, A.P. Reena Mary, M.M.  Shaijumon, Lijie Ci, P.M. Ajayan, M.R.

Anantharaman, Nanotechnology 20 (2009) 055607.
79] R. Valenzuela, M.C. Fuentes, C. Parra, J. Baeza, N. Duran, S.K. Sharma, M. Knobel,

J.  Freer, J. Alloys Compd. 488 (2009) 227–231.
80] S.M. El-Sheikh, F.A. Harraz, K.S. Abdel-Halim, J. Alloys Compd. 487 (2009)

716–723.
81] D.K. Yi, S.S. Lee, G.C. Papaefthymion, J.Y. Ying, Chem. Mater. 18 (2006) 614–619.
82] D. Ortega, J.S. Garitaonandia, M.  Ramirez-del-Solar, C. Barrera-Solano, M.

Dominguez, Eur. Phys. J. D52 (2009) 19–22.
83] M.  Wu,  Y. Ma, Y. Liu, H. Bi, Q. Fang, H. Niu, Q. Chen, Mater. Res. Bull. 43 (2008)

1321–1326.
84] T.N. Shendruk, R.D. Desautels, B.W. Southern, J. Van Lierop, Nanotechnology 18

(2007) 455704.
85] F.C. Fonseca, G.F. Goya, R.F. Jardim, N.L.V. Carreno, E. Longo, E.R. Leite, Phys. Rev.

B  66 (2002) 104406.
86] P. Gorria, M.P. Fernandez-Garcia, M.  Sevilla, J.A. Blanco, A.B. Fuertes, Phys. Status

Solidi RRL 3 (2009) 4–6.
87] V. Sreeja, P.A. Joy, Mater. Res. Bull. 42 (2007) 1570–1576.
88] J.R. Jeong, S.J. Lee, J.D. Kim, S.C. Shin, Phys. Status Solidi 241 (2004) 1593–1596.
89] B. Aslibeiki, P. Kameli, H. Salamati, M.  Eshraghi, T. Tahmasebi, J. Magn. Magn.

Mater. 322 (2010) 2929–2934.
90] F.C. Fonseca, R.F. Jardim, M.T. Escote, P.S. Gouveia, E.R. Leite, E. Longo, J.

Nanopart. Res. 13 (2011) 703–710.
91] M.B. Fernandez van Raap, F.H. Sanchez, C.E. Rodriguez Torres, L.I. Casas, A. Roig,

E.  Molins, J. Phys.: Condens. Matter 17 (2005) 6519–6531.
92] D. Toulemon, B.P. Pichon, X. Cattoen, M.W.C. Man, S. Begin-Colin, Chem. Com-

mun. 47 (2011) 11954–11956.
93] R.D. Zysler, M. Vasquez Mansilla, D. Fiorani, Eur. Phys. J. B41 (2004) 171–175.

94] J.A. Mydosh, Spin Glasses: An Experimental Introduction, Taylor and Francis,

London, 1993, pp. 45–118.
95] L. Neel, Ann. Geophys. 5 (1949) 99.
96] D. Fiorani, A.M. Testa, F. Lucari, F. D’Orazio, H. Romero, Physica B 320 (2002)

122–126.


	Highly crystalline superparamagnetic iron oxide nanoparticles (SPION) in a silica matrix
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusions
	Acknowledgement
	References


