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Magnetic behavior of superparamagnetic Fe nanocrystals confined inside submicron-sized
spherical silica particles
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We have studied the magnetic behavior of superparamagnetic Fe nanocrystals~4–7 nm in diameter! dis-
persed in submicron-sized spherical silica particles (;150 nm in diameter!. Spherical composites that could be
useful for biomedical applications were prepared by an aerosol-assisted method. Mo¨ssbauer studies have
allowed us to determine that the magnetic response of the composites must be the result of a competition
between intraparticle anisotropy and interparticle dipolar interactions. Evidence of an interacting superpara-
magnetic~ISP! regime that is characterized by aH/Ms scaling law of the reduced magnetization isotherms
instead theH/T scaling law of the ideal superparamagnetic regime has been found in the composites. The ISP
regime, as recently reported in similar nanostructured systems, appears as an intermediate regime, separating
the high-temperature, conventional superparamagnetic regime from the low-temperature, blocked-particle re-
gime. We have also found that the normalized values ofMs at room temperature are function of the Fe metallic
particle size. Finally, we have found that the magnetic anisotropy constant of superparamagnetic Fe nanopar-
ticles depend on the nature of their coating shell.

DOI: 10.1103/PhysRevB.69.094401 PACS number~s!: 75.75.1a
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I. INTRODUCTION

Nanocrystalline magnetic materials often reveal uniq
properties that differ from their bulk polycrystalline counte
parts. Interest in this area comes partly from data stor
technology ~e.g., hard disk drives1!, partly from
biotechnology,2 and partly because nanomagnets provid
highly controlled experimental system for studying fund
mental phenomena in physics.3

A particularly interesting physics occurs when nanom
nets are dispersed in a matrix.4 The magnetic behavior o
these systems can vary widely depending on the size of
nanocrystalline particles as well as on the packing fract
and the interaction between the nanomagnets and
matrixes.5–7 For an assembly of noninteracting fine particl
the magnetic behavior is understood on the basis of N´el
arguments that led to the concept of superparamagnet
namely, the reversal of their magnetization through a th
mally activated process over the anisotropy barrier, eve
the absence of an externally applied field. For sufficien
dilute dispersions, interparticle interactions are negligi
and the crossover to the blocked state with decreasing
perature depends only on the physical properties of the i
vidual particles. When the interparticle interactions beco
significant the behavior of a magnetic moment is not o
governed by its own intrinsic anisotropy energy but also
the coupling with its neighbors. Although it has been stud
very intensively, it remains unclear how the magnetic int
actions affect the magnetic behavior of nanoscopic syste
Dipolar interactions cause a frustration of the moments
addition, there is a frustration resulting from the competiti
between the interparticle dipolar and exchange terms and
intraparticle anisotropy energy that requires the magnet
tion vector to be aligned along specific axes in each partic8
0163-1829/2004/69~9!/094401~8!/$22.50 69 0944
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When the interactions are strong enough, the particles m
behave as a spin glass,9 although a true phase transitio
needs the combined effects of dipolar interaction a
anisotropy.10

A knowledge of these fundamental properties is essen
for the creative use of nanomagnetic composites than
have tremendous potential and lead to improved mater
for applications in biology and medicine for the separation
biochemical products and cells,11 magnetic resonance imag
ing contrast enhancement,12 and a tissue specific release
therapeutic agents.13 All of these applications depend on
magnetic material with a modified surface that provid
functionality to the composite. In this way, the dispersion
nanomagnets in silica matrixes that can be easily activat14

to provide functionality to the magnetic material seems
ideal encapsulating material. In addition, the silica mat
greatly enhances the wear and corrosion resistance of
magnetic nanoparticles, and allows a fine tuning with te
perature of the magnetic properties.15

Herein we report a study of the magnetic behavior
superparamagnetic Fe metallic nanocrystals~4–7 nm! con-
fined inside submicron-sized spherical silica cages~average
size;150 nm in diameter! that could find applications in the
magnetically assisted chemical separation of biochem
products. Because this application requires the preparatio
stable liquid suspensions of magnetic particles, the ideal
crostructure must consist of magnetic nanocrystals dispe
in submicron-sized diamagnetic spherical particles that
expected to have long sedimentation times in the absenc
a magnetic field. The composites were prepared by
aerosol-assisted method that was recently reported to be
equate for the preparation ofg-Fe2O3 nanocrystals confined
within diamagnetic matrixes.16 Considering the complexity
of the system, before magnetic characterization, a crucia
©2004 The American Physical Society01-1
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pect we have addressed is the detailed crystallochem
characterization of samples. For example, it is known t
some production methods guarantee nonmagnetic oxide
ers around each magnetic core~cluster, particle, or granule!
while others allow the cores to come into direct contact. T
can make a profound difference in the magnetic proper
since the shell can exclude the direct exchange interac
between particles so that the dipole force dominates a
achievable volume fractions. If, on the other hand, the m
netic metallic clusters are allowed to touch, exchange in
actions could take place even at low volume fractions.3 Fur-
ther complication arises from the use of methods, such
ball milling, that favor the presence of structurally disorder
grain boundaries showing a spin-glass-like behavior.17 Since
the boundary spins are frozen in random directions the
change interaction cannot be transmitted across the in
faces.

II. EXPERIMENTAL PROCEDURE

Fe nanocrystals confined inside submicron spherical s
particles were obtained by an aerosol-assisted method. F
we preparedg-Fe2O3 nanocrystals confined in spheric
silica cages. Details of the preparation of theg-Fe2O3/silica
composites can be found elsewhere.15,16 Here it is sufficient
to say that the powders generated after the aerosol pyro
of a solution containing Fe(NO3)3•9H2O, tetraethoxysilane
and methanol were heated at different temperatu
(800– 1000 °C) in air to obtain composites containi
g-Fe2O3 nanocrystals of different sizes. Fe nanocrystals c
fined inside submicron spherical silica particles were
tained after reducing theg-Fe2O3/silica composites toa-Fe
in a H2 atmosphere at 500 °C for 10 h and cooled to ro
temperature under the hydrogen atmosphere.

Phase identification was carried out by x-ray diffracti
~XRD! in a Philips PW1710 using CuKa radiation. Fe crys-
tallite sizes were estimated from the full width at half ma
mum of the reflection~110! of a-Fe by using the Scherre
equation. Particle size and shape of the samples were e
ined by transmission electron microscopy~TEM, Jeol 2000
FX!. 57Fe Mössbauer absorption spectroscopy was used

FIG. 1. Typical TEM microstructures of Fe nanocrystals co
fined inside submicron sized spherical silica particles. The d
spots correspond to the nanoparticles containing thea-Fe metallic
core.
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characterize the samples. The spectra were recorded w
maximum velocity of 10 mm s21 at different temperatures
with a 57Co:Rh source. Magnetic properties of the samp
were recorded in a vibrating sample magnetome
~MLVSM9 MagLab 9 T, Oxford Instrument!. The saturation
magnetization (Ms) and coercivity field values (Hc) were
obtained from the hysteresis loops registered up to a field
5T. Ms values were obtained from the law of approach
saturation.18

III. RESULTS AND DISCUSSION

A. Crystallochemical characteristics of samples

After reduction~see Sec. II for details! the samples con-
sisted of iron nanocrystals~XRD only showed diffraction
peaks due toa-Fe! distributed inside the submicron size
spherical silica particles~Fig. 1!. In order to study size and
interparticle effects, composites with different Fe partic
sizes and Fe/silica compositions were prepared. A summ
of the main physical characteristics of samples can be fo
in Tables I and II. It is worthy of note that composites with
lower load of magnetic material were not prepared becau
as we will see below, the content ina-Fe was very low. On

-
k

TABLE I. Total amount of Fe present in samples and pha
composition in wt % as determined by Mo¨ssbauer spectroscopy
Uncertainties in the weight composition were about 5%.

Sample F1 F2 F3 F4

Fe/(Fe1SiO2) ~wt %! 15 15 15 25
a-Fe 6 4 3 12

Fe2SiO4 8 11 13 13
Fe2O3 5 5 5 7
SiO2 81 80 79 68

TABLE II. a-Fe crystallite size (DXR) and values ofMS at RT
normalized to thea-Fe content in samples. Values of the medi
blocking temperaturêTB& and the standard deviationsy obtained
from the fit of the decay of the reduced remanence. The uncert
ties are about 1–2 K for̂TB& and 0.1 forsy . The values of the
mean blocking temperatureTm and the anisotropy constantKR de-
rived fromTm are also shown. The uncertainties inTm andKR were
obtained from the uncertainties in^TB&, sy , and the particle diam-
eter. Finally, the values of the magnetic anisotropy constantKLAS

determined from the law of approach to saturation and the value
Hc at 5 K are also shown.

Sample F1 F2 F3 F4

DXR ~nm! 6.9 ~0.5! 5.2 ~0.5! 4.4 ~0.5! 7.3 ~0.5!
MS ~emu/g Fe! 205 180 160 210

^TB& ~K! 61 29 19 66
sy 0.95 0.95 1.00 1.00

Tm ~K! 25 ~5! 13 ~3! 7 ~2! 24 ~6!

KR (3104 J m23) 5 ~2! 6 ~3! 5 ~4! 4 ~2!

KLAS (3104 J m23) 5.4 6.9 7.7 5.3
Hc ~Oe! 450 390 330 490
1-2
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the other hand, a higher load of magnetic material led
composites in which some uncontrolled interparticle sint
ing was observed.

XRD cannot discard the presence of other phases suc
the iron oxide spinel normally formed duringa-Fe corrosion
processes.19,20 This phase normally appears in the form
nanocrystals of about 2 nm in size~with a grain size lower
than ;2 nm, diffraction effects are diffuse and close to t
background noise! that combined with their low conten
could be the reason for their absence in the XRD patte
Alternatively, because the reduction is carried out insid
silica matrix, we cannot disregard the presence of an o
shell of iron ~II ! silicate surrounding the inner Fe metall
core. Therefore, we registered the Mo¨ssbauer spectra of th
samples to determine the possible presence of any other
containing phase apart ofa-Fe.

Figure 2 shows the Mo¨ssbauer spectra of sample F1~cho-
sen as representative! registered at different temperature
The other samples showed similar spectra only with diff
ences in the relative amount of phases. It is worthy of n
that we have assumed similar effective Debye-Waller fac
for all the different phases present on the samples as p
ously assumed by Hadjipanayis and co-workers when wo

FIG. 2. Mössbauer spectra for sample F1.
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ing on a similar system.21,22 Recently Kuhnet al. confirmed
the validity of this assumption also for a similar system.19 At
room temperature~RT! the spectrum consists of a single lin
with an isomer shift of 0.0 mm s21 that is due to the presenc
of a fraction of superparamagnetica-Fe particles, and a sex
tet with an isomer shift of 0.0 mm s21, a quadrupole splitting
of 0.0 mm s21, and a hyperfine field of 32.5 T, which corre
sponds to the fraction ofa-Fe particles that are blocked a
RT. The fraction ofa-Fe particles that remains superpar
magnetic is about 30% for this sample. Supporting the pr
ence of superparamagnetica-Fe at RT, samples F2 and F3
that according to XRD contain Fe nanocrystals with a me
size smaller than sample F1~5.2 nm for sample F2 and 4.
nm for sample F3 versus 6.9 nm for sample F1!, have a
larger fraction of superparamagnetica-Fe particles at RT
~60% for sample F2 and 70% for sample F3!. Moreover, the
fraction of a-Fe particles that remains superparamagnetic
sample F4 that have a similar crystallite size was sim
~30%!.

The Mössbauer spectrum at RT also displays the prese
of a doublet with an isomer shift of 1.04 mm s21 and a quad-
rupole splitting of 1.59 mm s21 that is characteristic of high
spin Fe~II ! cations in octahedral coordination. It arises mo
likely from the nanoparticle/silica interface, where Fe~II !
cations exist in an environment similar to that
Fe2SiO4 .22,23 In accordance with this interpretation, the rel
tive content of this phase increase with the decrease of
iron core crystallite size~smaller particle sizes involve large
surface areas and therefore larger contact area!. Finally, the
spectrum displays a non-resolved sextet~mainly consisting
of a central broad quadrupolar doublet! with an isomer shift
of 0.4 mm s21 that could be associated with the presence
ferric oxide nanoparticles. The fact that the relative cont
of this phase was independent of particle size, i.e., surf
area~see, in Tables I and II, samples F1, F2, and F3! seems
to suggest that its presence is due to the incomplete reduc
of the samples rather to the presence of an iron oxide co
sion layer formed during passivation processes.

In order to further elucidate the nature of the phas
present on the samples, we registered the spectra of sa
F1 at lower temperatures~Fig. 2!. At 150 K, the spectrum
displays a sextet associated witha-Fe. However, no single
line associated with superparamagnetic Fe nanocrysta
detected, which means that all Fe nanocrystals are bloc
~according to Mo¨ssbauer! at this temperature. The spectru
also displays a sextet with an isomer shift of 0.37 mm s21

that can only be fitted to a distribution of hyperfine field
This signal corresponds to the ferric oxide nanoparticles.
nally, the spectrum displays the doublet associated with
~II ! cations in an environment similar to that of Fe2SiO4 . At
100 K, the spectrum is similar to that observed at 150 K;
only difference is that the sextet associated with ferric ox
nanoparticles appears better resolved.

At 50 K, the most significant result is that we observe
decrease in the doublet associated with Fe2SiO4 from 30 to
20%. This decrease is more evident at 4.2 K, where the
nal associated with Fe2SiO4 represents only a 10%, while th
one associated witha-Fe increases from 36% to 50% and th
one associated with ferric oxide increases from 32% to 40
1-3
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Fe2SiO4 is antiferromagnetic and has an associated N´el
temperature of 65 K.24 Thus, at temperatures below 65 K w
should observe the signal associated with the magnetic
perfine splitting. Moreover, because of the small parti
size, we must have a significant fraction of this phase t
remains superparamagnetic especially at 50 K. However,
magnetic hyperfine fields of Fe~II ! components are very sen
sitive to local distortions caused by, for example, defec
because of the orbital contribution to the magnetic hyper
field. Therefore, if there are variations of the local enviro
ment of the Fe~II ! cations, the Fe~II ! components may be
smeared out such they are not visible as sepa
components,19 and this could be the reason we can only o
serve the fraction of the Fe2SiO4 that remains superparama
netic. Finally, it is worthy of note that the value of the h
perfine field obtained for thea-Fe metallic core at 4.2 K
~34.0 T! is similar to that obtained for purea-Fe ~33.9 T!,25

which excludes the possibility of having silicon atoms form
ing a Fe-Si alloy. A summary of the phase composition
samples obtained from the Mo¨ssbauer analyses can be fou
in Table I.

The temperature variation of the spectral features
scribed above and the hyperfine parameters of the spe
components derived from the fit suggest two possible s
narios to represent the iron-containing nanoparticles en
sulated in the spherical silica particles:~1! The nanoparticles
consist of an inner central core of the iron oxide that rema
unreduced, surrounded by an outer central core ofa-Fe that
is encapsulated in an outer shell of Fe2SiO4 ; ~2! we have
nanoparticles consisting of ana-Fe core that is encapsulate
in a Fe2SiO4 shell, and separately we have iron oxide nan
particles that remain unreduced. These iron oxide nano
ticles are most likely located close to the center of the big
spherical silica particles and thus are difficult to reduce. I
worth mentioning that more severe thermal treatments
fully accomplish the reduction of the composites have
been studied because they drive to uncontrolled interpar
sintering. Independently of which of the two scenarios be
represents the distribution of the iron-containing phases,
clear that in our system we can excludea-Fe metallic cores
from coming into contact, and thus direct exchange inter
tions can be discarded. In this way, their magnetic respo
must be the result of a competition between intraparticle
isotropy and interparticle dipolar interactions.

B. Magnetic behavior of samples

In data storage applications, the particles must hav
stable, switchable magnetic state to represent bits of in
mation, a state that cannot be affected by temperature
tuations, for example. However, for biomedical applicatio
the use of particles that present a superparamagnetic be
ior at room temperature~no remanence along with a rapid
changing magnetic state! is preferred.26 In order to check for
superparamagnetic behavior, we registered the hyste
loop at RT in our samples~Fig. 3!. We can clearly see tha
the particles are superparamagnetic~i.e., the value ofHc is
zero!.27 Samples containing Fe nanocrystals of sizes lar
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than those here presented (>8 nm) did not show a super
paramagnetic behavior at RT and thus were not studied.

For iron nanocrystals between 4 and 7 nm we expect
Ms values to be similar to those of bulk~220 emu/g! at
temperatures of about 5 K,17,28 and indeed this was the cas
when thea-Fe content, obtained by quantitative analyses
the Mössbauer spectra at RT and 150 K to assure that all
Fe2SiO4 is visible, was used to determine the normalizedMs
values for all the samples. In addition, this result seems
suggest that the estimation of the phase content on sam
by Mössbauer was reliable. On the other hand, theseMs
values at RT~Table II! were, in all cases, lower than that o
bulk Fe, which reflects the small particle size of the
nanocrystals. Theoretical calculations on ferromagnetic c
ters carried out by Hendriksenet al.29 have shown that a
finite particle size can cause a sizable deviation from
normal BlochT3/2 law and that the Curie temperature can
reduced for the smallest particles.30 Supporting this interpre-
tation the normalizedMs values at RT increased as the cry
tallite size increased~in fact for the samples with a crystallit
size about 7 nm were closed to the bulk value! and for the
samples with different composition but similar crystalli
size were similar~Table II!. It is worthy of note that the
values ofMs remained almost invariant after six months, i.
the samples were stable, which is probably due to the c
bined effect of the silica matrix and the iron~II ! silicate
protective layer.

As mentioned above, a possible use of these particles
the biomedicine field. Therefore, it could be of interest
check for the presence of dipolar interactions between
superparamagnetic nanomagnets confined inside the sp
cal silica particles to better predict the magnetic respons
these composites. A comprehensive analysis of the poss
presence of dipolar interactions was carried out with the h
of a mean-field model, recently proposed by Alliaet al.31 and
later on verified by Binnet al.3 The use of this model could
allow us to estimate dipolar interactions at a temperat
region, in which the so-called interacting superparamagn
regime describes the behavior of interacting nanomagnet
particular, in this region dipolar interactions can be char
terized by a parameterT* , appearing in the denominator of
modified Langevin function analogous to the Curie-We
law:

FIG. 3. Hysteresis loops of samples at RT. The inside plot i
magnification ofM -H at low magnetic field~from 20.01 to 0.01 T!
to show the superparamagnetic behavior of the composites~zero
coercivity field!. Values ofM were normalized to thea-Fe content.
1-4
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M5NmLS mH

k~T1T* ! D , ~1!

whereN is the number of moments per unit volume,m is the
particle moment,L is the Langevin function,k is the Boltz-
mann constant,H is the applied magnetic field, andT is the
temperature. The parameterT* is proportional to the dipolar
energy and can be obtained from the following expressio31

T* 5
a

k

MS
2

N
, ~2!

wherea is a proportionality constant deriving from the su
of all dipolar energy contributions,32 N is the number of
moments per unit volume andk is the Boltzmann constant.a
andN can obtained from the low-field susceptibility data,x,
using the expression

r

x
53kNS T

MS
2D 13a. ~3!

We have assumed a log-normal distribution to estimater in
Eq. ~3!. The use of this type of distribution to describe sy
tems containing magnetic nanocrystals has been previo
shown to be adequate.33 If our system follows the ISP regim
in a particular range of temperatures, we can expect a lin
dependence of the quantityr/x on the ratioT/MS

2 and we can
easily obtain the values ofa andN ~henceT* ). The linear
dependence of the quantityr/x on the ratioT/MS

2 is clearly
displayed in Fig. 4 for all samples.34 This result supports a
picture of an interacting superparamagnetic regime as
cently reported in similar nanostructured systems. This
regime appears as an intermediate regime, separating
high-temperature, conventional superparamagnetic reg
from the low temperature, blocked-particle regime. The v
ues ofT* at 300 K obtained from the best linear fits we

FIG. 4. Variation of the quantityr/x on the ratioT/MS
2 for all

samples in a temperature range from 200 to 400 K. The solid
represents the best linear fit of the data using Eq.~3!.
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lower for sample F1~360 K! than for sample F4~450 K!,
which correlates well with the lower Fe content of samp
F1. In the composites having the smaller Fe nanopart
sizes and the lower volume fractions~F2 and F3!, the dipolar
interactions were weaker, and thus at RT the values ofT* for
these two samples were close to zero, i.e., the compo
behave as an ideal superparamagnet. However, at lower
peratures we can expect a transition from an ideal superp
magnetic regime to an interacting superparamagnetic reg
as reported in similar nanostructured systems.3,31 Further
confirmation of the occurrence of interparticle interactions
the composites were obtained after analyzing the low te
perature variation of the coercivity. In the absence of int
actions, the coercivity should follow the well-known expre
sionHC(T)5HC(0)@12(T/TB)1/2#.35 In our samples we do
not observe this dependence~Fig. 5!, which is in accordance
with the occurrence of interparticle interactions in all t
characterized composites.36

El-Hilo et al.37 found that the blocking temperatures, o
tained from measurements of isothermal remanence for
rofluids with different concentrations of 8-nm iron oxide pa
ticles, were nearly identical, and they concluded that
decay of remanence was not sensitive to interaction effe
Moreover, Mørupet al.,9 also working withg-Fe2O3 nanoc-
rystals of about 8 nm coated and uncoated with a laye
oleic acid, showed similar results. Only for the case of
uncoated powder pressed at about 1300 MPa did these
thors note a slight increase in the blocking temperature
they associated with interaction effects. In our samples,
cording to Mössbauer, the iron nanocrystals are coated by
iron ~II ! silicate shell. Moreover, thea-Fe volume packing
fraction is very low, and therefore we could expect that t
blocking temperatures estimated from the variation of
reduced remanence must be insensitive to interaction effe
Figure 6 shows the reduced remanence data as a functio
temperature for all the samples. We have analyzed the re
using the standard relation for the temperature variation
the reduced remanence~normalized to the measured satur
tion magnetization!, which allows one, among other thing

e

FIG. 5. Variation ofHc with T1/2 for all the samples. The non
linear behavior clearly discards the12 thermal dependence of th
coercivity.
1-5
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to obtain quantitative information about the mean block
temperature. The relation is given by

MR~T!

MS~T!
5

MR~0!

MS~0!
E

T/^TB&

`

f ~y!dy, ~4!

where ^TB& is the median blocking temperature,y
5TB /^TB& is the reduced blocking temperature, a
MR(0)/MS(0) is the reduced remanence at 0 K. The dis
bution f (y) of reduced blocking temperatures is assumed
be a log-normal function:

f ~y!5
1

~2p!1/2ysy
expF2

~ ln y!2

2sy
2 G . ~5!

The best fits with Eq.~4! to the data are shown by th
lines in Fig. 6, and the values of^TB& and the standard de
viation sy are given in Table II. From the values of^TB& and
the standard deviationsy , we can obtain the mean value o
the blocking temperature using the expressionTm

5^TB&exp(2sy
2). As expected, the values ofTm ~Table II!

increased with the increase of particle size, and, for sam
with similar particle sizes but different volume packing fra
tions, the values ofTm remained unchanged~as predicted the
decay of remanence is mainly determined by anisotrop!.
From the values ofTm and particle size obtained by XRD
we can make an estimation of the magnetic anisotropy c
stantK using the expressionKV5kBTB ln(tm/t0), whereV
is the particle volume,kB is the Boltzmann constant,t0 is the
characteristic time, andtm is the measuring time. Conside
ing the typical values fort0 and assumingtm;100 s for a
measurement carried out in a vibrating sam
magnetometer,28,37 the values of the magnetic anisotrop
constant~Table II! are very similar for all samples and clos
to the value reported for bulk Fe (4.83104 J m23).18 How-
ever, the experimental uncertainties preclude us to disc
small variations in the values of the anisotropy consta
Thus, attempts were made to determine more precisely

FIG. 6. Variation of the reduced isothermal remanence w
temperature for all the samples. The solid lines represent the be
of the data with a standard decay-of-remanence model.
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anisotropy constant. Particularly, we determined the value
K from the magnetization data at 5 K using the law of ap-
proach to saturation:18

M5MSS 12
B

H
2

C

H2D1x fH, ~6!

whereMS is the saturation magnetization,x f is the high-field
susceptibility, andB is function of MS andK, and is given
by the following expression:38

B5
4SBKeff

2

15MS
2 . ~7!

The obtained values~Table II! are close to the bulk value
for samples F1 and F4 while an increase is observed
samples F2 and F3.39 In any case, the enhancements of t
anisotropy value observed in our samples with respect to
bulk were smaller to that reported in iron nanoparticles t
consisted of aa-Fe metallic core and an iron oxide passiv
tion shell21 (53105 J m23, ;1 order of magnitude!. This
increase was associated with the interaction between the
oxide passivation shell and the Fe metallic core. In our s
tem, as determined by Mo¨ssbauer spectroscopy, apart fro
the presence of ferric oxide, we have the metallic Fe s
rounded by an appreciable amount of an iron~II ! silicate
protective layer. Therefore, we could expect the interact
between the metallic core and the surface of these two
tems to be different. Particularly, it seems that in our syst
this interaction is weaker. Alternatively, we can specul
that the observed enhancement in the anisotropy consta
the Fe nanoparticles coated by an iron oxide passiva
layer ~normally g-Fe2O3 or Fe3O4) ~Ref. 19! could have
some contribution from the iron oxide itself. In fact, e
hancements of two orders of magnitude~from 4.8
3103 J m23 of bulk maghemite to;53105 J m23) have
been observed ing-Fe2O3 nanoparticles, and have been a
sociated with the existence of a magnetically disordered
face layer.40,41

A further confirmation of the veracity of the anisotrop
constant values was obtained from the values ofHc at 5 K
~Table II!. For example, for an assembly of noninteracti
randomly oriented single-domain cubic particles the value
coercivity can be determined by the expressionHC
50.64K/Ms ~200–300 Oe for the range of anisotropy co
stants determined by the law of approach to saturatio!,
while for uniaxial particlesHC50.96K/Ms ~300–450 Oe for
the range of anisotropy constants determined by the law
approach to saturation!. Variations with respect to these the
oretical values can be associated for example with interp
ticle interactions or interactions between the Fe nanoparti
and the matrix.42 Finally, it is worth mentioning the decreas
in Hc values with decreasing particle size, which could
flect the presence in composites having smaller Fe nano
ticles of a fraction of composites that remains unblocked a
K. In fact, as observed in the variation of the reduced i
thermal remanence with temperature~Fig. 6! the values at 5
K for samples F2 and F3 were smaller. Alternatively, w
cannot discard some slight contribution from anisotro
shape in the samples having bigger sizes.

h
fit
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MAGNETIC BEHAVIOR OF SUPERPARAMAGNETIC Fe . . . PHYSICAL REVIEW B 69, 094401 ~2004!
IV. SUMMARY AND CONCLUSIONS

Mössbauer studies have allowed us to determine that
magnetic response of iron nanoparticles dispersed
submicron-sized silica particles must be the result of a co
petition between intraparticle anisotropy and interparticle
polar interactions. We have also found that in our system
superparamagnetic behavior at RT is found for Fe nanoc
tals below about 8 nm in diameter. However, studies of
thermal dependence of the magnetization have shown
dence of an interacting superparamagnetic regime in
samples, as recently observed in similar nanostructured
tems. We have also found a dependence of the values oMs
with the Fe particle size at RT. Finally, we have determin
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91-3720623. Electronic address: ptartaj@icmm.csic.es
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