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The magnetic properties of cobalt ferrite–silica nanocomposites with different concentrations
�15, 30, and 50 wt %� and sizes �7, 16, and 28 nm� of ferrite particles have been studied by static
magnetization measurements and Mössbauer spectroscopy. The results indicate a superparamagnetic
behavior of the nanoparticles, with weak interactions slightly increasing with the cobalt ferrite
content and with the particle size. From high-field Mössbauer spectra at low temperatures, the
cationic distribution and the degree of spin canting have been estimated and both parameters are
only slightly dependent on the particle size. The magnetic anisotropy constant increases with
decreasing particle size, but in contrast to many other systems, the cobalt ferrite nanoparticles are
found to have an anisotropy constant that is smaller than the bulk value. This can be explained by
the distribution of the cations. The weak dependence of spin canting degree on particle size indicates
that the spin canting is not simply a surface phenomenon but also occurs in the interiors of the
particles. © 2006 American Institute of Physics. �DOI: 10.1063/1.2354475�

I. INTRODUCTION

The unique properties of nanoscaled magnetic particles
have generated much interest because of their applications in
high density data storage,1 ferrofluid technology,2 catalysts,
color imaging,3 and magnetically guided drug delivery.4 An
understanding of the relationship between structure, particle
size, and magnetic properties is essential in order to design
new magnetic materials. In this context, superparamagnetic
relaxation5 is one of the most important effects related to the
reduction of particle size. Furthermore, the presence of non-
collinear �canted� spin structures is also important in, for
example, nanoparticles of ferrimagnetic materials. The pres-
ence of canted spins leads to modifications of the magnetic
properties and for this reason spin canting has been inten-
sively studied for more than 30 years.6–8 It has been sug-
gested that the spin canting is a surface phenomenon,9,10 and
therefore it should become increasingly important with de-
creasing particle size. However, some studies rather indicate
that the noncollinear spin structure is a finite size effect
which also occurs in the interior of the particles.11

Among nanoscaled magnetic materials, nanoparticles of
spinel ferrites are of great interest, not only because of their
technological applications but also from the point of view of

fundamental science. In fact, they are good model systems
for studies of the relationship between magnetic behavior
and magnetic structure at atomic level.12 In addition, the
structural properties and the rich crystal chemistry of spinels
offer excellent opportunities for understanding and fine tun-
ing the magnetic properties.13

The ferrite spinel structure �MIIFe2O4� is based on a
closed-packed oxygen lattice, in which tetrahedral �called A
sites� and octahedral �called B sites� interstices are occupied
by the cations. The physical behavior and, in particular, the
magnetic properties depend on the cationic distribution in the
A and B sites. Spinels with only divalent ions in tetrahedral
sites are called normal, while compounds with the divalent
ions in the octahedral sites are called inverse. In general, the
cationic distribution in octahedral and tetrahedral sites may
be quantified by the inversion degree, which is defined as the
fraction of divalent ions in the octahedral sites.14 An impor-
tant topic in the physical-chemistry study of spinel ferrites is
the understanding of the factors that affect the cationic dis-
tribution and the control of it. The inversion degree may
depend on the thermal history of the materials15 and also on
particle size effects.16

The use of an inorganic nonmagnetic matrix �e.g., amor-
phous silica� as a host for nanoparticles can provide a way to
control morphological, structural, and consequently physical
properties of nanocomposite materials.17 The presence of aa�Electronic mail: dpeddis@hotmail.com
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FIG. 1. TEM dark-field images �left side� and distribution of particle size �right side� of the N15 ��a�–�d��, N30 ��b�–�e��, and N50 ��c�–�f�� samples.
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host matrix may reduce nanoparticle aggregation.18 In addi-
tion, nanocomposites may have many advantages from a
technological point of view, allowing to improve catalytic,19

magnetic,20 magneto-optic,21 and mechanical properties22 of
the material.

We have prepared cobalt ferrite–silica nanocomposites
with a wide range of compositions through a novel synthesis
method that combines the traditional sol-gel methods and the
nitrate-citrate autocombustion method.23,24 In this paper we
present a study of samples with 15%, 30%, and 50% w/w of
magnetic phase in order to investigate the magnetic proper-
ties of these new materials, with particular attention to the
effect of silica content; we also focus on the relationship
among inversion degree, particle size, and magnetic proper-
ties. Finally, we approach the problem of the spin canting in
relation to particle size.

II. EXPERIMENTAL TECHNIQUES AND SAMPLE
CHARACTERIZATION

A detailed description of the synthesis procedure is given
elsewhere.23,24 An aqueous solution of iron and cobalt ni-
trates �Fe:Co=2:1� and citric acid �CA� with 1:1 molar ratio
of metals to CA was prepared and aqueous ammonia was
added up to pH�2. A silica precursor, tetraethoxysilane
�TEOS� in ethanol, was added and, after vigorous stirring for
30 min, the sols were allowed to gel in static air at 40 °C in
an oven for 24 h. Subsequently, the gels were submitted to a
thermal treatment at 300 °C in a preheated oven for 15 min
and a flameless autocombustion reaction occurred. Then the
temperature was raised up to 900 °C with steps of 100 °C
and the samples were kept for 1 h at each temperature. The
results of inductively coupled plasma �ICP� analysis con-
firmed for the samples treated at 900 °C both the molar
nominal ratio magnetic phase/silica and the nominal compo-
sition of the magnetic phase. In the following, the samples
treated at 900 °C will be referred to as NX �X=50,30,15�.

dc magnetization measurements were performed with a
Quantum Design superconducting quantum interference de-
vice �SQUID� magnetometer, equipped with a superconduct-
ing coil which could produce magnetic fields in the range
from −5 to +5 T. dc magnetization versus temperature mea-
surements were performed using the zero field cooled �ZFC�,
field cooled �FC�, and thermoremanent magnetization �TRM�
protocols. Zero field cooled and field cooled magnetization
measurements were carried out by cooling the sample from
room temperature to 4.2 K in zero magnetic field; then a
static magnetic field of 5 mT was applied. MZFC was mea-

sured during warming up from 4.2 to 325 K, whereas MFC

was recorded during the subsequent cooling. In the TRM
measurements, the sample was cooled from 325 to 4.2 K in
an external magnetic field of 5 mT; then the field was turned
off and magnetization was measured on warming up.

The measurements of magnetization as a function of
magnetic field were carried out at 4.2 K in fields between −5
and +5 T for all the samples. The samples in the form of
powders were immobilized in an epoxy resin to prevent any
movement of the nanoparticles during the measurements.
The saturation magnetization value �Ms� was obtained by
fitting the high-field part of the hysteresis curve using the
relation25

M = Ms�1 −
a

B
−

b

B2� . �1�

B is the field strength and a and b parameters are determined
by the fitting procedure.

The Mössbauer spectra were obtained using constant-
acceleration spectrometers with 50 mCi sources of 57Co in
rhodium. The spectrometers were calibrated with a 12.5 �m
�-Fe foil at room temperature, and isomer shifts are given
with respect to that of �-Fe at room temperature. The Möss-
bauer spectra, measured below 80 K, were obtained using a
closed cycle helium refrigerator from APD Cryogenics Inc.,
and the spectra obtained between 80 and 295 K were ob-
tained using a liquid nitrogen cryostat. Spectra in a magnetic
field of 6 T applied parallel to the gamma ray direction were
obtained using a liquid helium cryostat with a superconduct-
ing coil.

III. RESULTS

A. Structural and morphological characterization

A comprehensive structural and textural analysis of the
samples by use of x-ray diffraction �XRD� and transmission
electron microscopy �TEM� is given elsewhere.23 Here we
give only some results that are necessary for understanding
the magnetic data. The XRD patterns showed the presence of
the main reflections attributable to the cubic cobalt ferrite
phase, superimposed to an amorphous silica halo. The pres-
ence of the background due to the amorphous silica did not
permit to obtain reliable values of particle size from XRD
measurement. The TEM images �Figs. 1�a�–1�c�� show for
all the samples the presence of nanocrystalline particles dis-
persed in a silica host matrix. The particle size distributions
�Figs. 1�d�–1�f�� are fitted with log-normal functions and the
mean particle sizes ��DTEM	� are reported in Table I. The

TABLE I. Mean particles size obtained from TEM images ��DTEM	�, temperature corresponding to the maxi-
mum in ZFC curve �Tmax�, irreversibility temperature �Tirr�, blocking temperature from TRM measurement �TB

m�,
and blocking temperature from Mössbauer spectroscopy �TB

M�. Uncertainties are given in parentheses as errors
on the last digit.

Sample Acronym
�DTEM�

�nm�
Tmax

�K�
Tirr

�K�
TB

m

�K�
TB

M

�K�

CoFe2O4/SiO2 15 wt % N15 6.7�1� 53�1� 85�2� 26�1� 127�10�
CoFe2O4/SiO2 30 wt % N30 16.3�7� 127�3� 231�4� 60�2� 213�10�
CoFe2O4/SiO2 50 wt % N50 28.3�8� 207�4� 298�5� 134�4� 236�10�
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�DTEM	 values indicate that the increase of ferrite content
leads to an increase of particle size and a gradual broadening
of size distribution, in agreement with a previous study.26

B. Magnetic measurements

Figures 2�a�–2�c� show magnetization measurements
carried out with the ZFC-FC protocol for the samples N15,
N30, and N50, respectively. The measurements show for all
the samples an irreversible magnetic behavior below a given
temperature, called the irreversibility temperature �Tirr�. Tirr

is related to the blocking of the biggest particles,27 and we
define it as the temperature where the difference between
MFC and MZFC, normalized to its maximum value at the
minimum temperature �4.2 K�, becomes smaller than 3%.
The ZFC curves exhibit a maximum and the corresponding
temperature �Tmax� is for noninteracting particles directly
proportional to the average blocking temperature with a pro-
portionality constant ��=1–2� that depends on the type of
size distribution. Therefore, Tmax is related to the blocking of
particles with the mean particle size.28 The difference be-
tween Tmax and Tirr provides a qualitative measure of the
width of blocking temperature distribution �i.e., of the size
distribution in the absence of interparticle interactions�.27 In
Table I we report Tmax and Tirr. �for the sample N50, Tirr may
be slightly larger than the value given in the Table I, because
the measurements were only made up to 325 K and there is
no clear coincidence of the FC and ZFC curves below this
temperature�. For samples N15 and N30, a fitting of the dif-
ference between FC and ZFC magnetization curves, which is
correlated to the distribution of blocking temperatures,5 was
performed maintaining the anisotropy constant as a fixed pa-
rameter and varying the parameters of the distribution vol-
ume function �log normal� �Fig. 3, inset�. This allowed us to
derive the distribution of blocking temperatures �Fig. 3�.

Tirr and Tmax increase with the increase of ferrite content,
and this trend can be explained by the increase of particle
size and also by an increase of interparticle interactions, as
they lead to an increase of the effective anisotropy energy.
Actually, the behavior of the FC susceptibility �it increases
with decreasing temperature even below Tmax� indicates that
the interparticle interactions are negligible in the most di-

luted sample, N15, and weak in the other two samples, al-
though it is not possible to obtain quantitative information
from these measurements. Indeed, for sample N15, the FC
magnetization shows a behavior very close to that of an as-
sembly of noninteracting particles, i.e., a Curie-law behavior.
On the other hand, the low temperature progressive deviation
from a Curie-type behavior �downward curvature� observed
in N30 sample and more marked in N50 sample indicates
that some weak interparticle interactions �weaker in N30� are
present. Indeed, in case of strong interparticle interactions,
the FC magnetization would exhibit a temperature indepen-
dent behavior below Tmax, as signature of a collective-type
blocking of particle moments.29

Figures 4�a�–4�c� show measurements of the magnetiza-
tion as a function of temperature, carried out with the TRM
procedure. For all the samples, MTRM decreases with increas-
ing temperature, and for N15 and N30 it vanishes above 108
and 180 K, respectively, whereas N50 shows a nonzero value
in the whole temperature range, indicating that the largest
particles are blocked even at room temperature.

For an assembly of noninteracting particles, the deriva-
tive of MTRM with respect to temperature gives an estimate
of the anisotropy energy barrier distribution,30,31

f��Ea� � −
dMTRM

dT
. �2�

Figures 4�d�–4�f� show the �Ea distribution �continuous
lines� for the three samples, moving towards higher values
with increasing particle size, and the fits with a log-normal
function �dotted line� for the samples N30 and N15. Actually,
the derivative of MTRM can be considered as representative
of the �Ea distribution for the N15 and N30 samples, where
the interparticle interactions are negligible and very weak,
respectively, but not for the N50 sample. Because of the very
irregular trends, it is not possible make a reliable fitting for
this sample. The obtained distribution for samples N15 and
N30 is well consistent with the distribution of blocking tem-
peratures derived from FC/ZFC magnetization
measurements.32 The decrease of ferrite content leads to a
more regular distribution of anisotropy energy barrier that
approaches more and more to log-normal function.

FIG. 2. Zero field cooled–field cooled measurements in external magnetic field of 5 mT for samples N15 �a�, N30 �b�, and N50 �c�.
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FIG. 3. Distribution of blocking temperatures for samples N15 �a� and N30 �b� derived from the fitting of the temperature dependence of the difference
between FC and ZFC magnetizations �inset�.

FIG. 4. TRM measurements and distribution of magnetic anisotropy energy for samples N15 ��a� and �d��, N30 ��b� and �e��, and N50 ��c� and �f��.
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For noninteracting particles with uniaxial magnetic an-
isotropy, the superparamagnetic relaxation can be described
by the Néel expression:

� = �0 exp� KV

kBT
� , �3�

where kB is the Boltzmann constant, T is the absolute tem-
perature, K is the magnetic anisotropy constant, and V is the
particle volume. �0 is typically of the order of
10−9–10−13 s.33,34 The blocking temperature �TB� can be de-
fined as the temperature for which the relaxation time ��� is
equal to the measuring time of the experimental technique.
In practice, samples of small particles always exhibit particle
size distributions, and often TB is defined as the temperature
at which 50% of the sample is in the superparamagnetic
state.31,34 We can obtain an estimate of the blocking tempera-
ture from the distribution of magnetic anisotropy energy bar-
riers, evaluating the temperature at which 50% of the par-
ticles overcome their anisotropy energy barriers. In Table I
the values of the blocking temperature �TB

m� obtained with
this method are reported. Actually, the blocking temperature
obtained for N50 is less reliable, due to the presence of in-
terparticle interactions, although weak, and in any case it is
underestimated because the explored temperature range does
not allow observation of the magnetic anisotropy for the big-
gest particles. For N15 and N30 samples, the ratio between
Tmax and TB

m is =2, within the expected � values.
Figures 5�a�–5�c� show the dependence of the magneti-

zation on the field �hysteresis loops� in the range of ±5 T at
4.2 K for samples N15, N30, and N50, respectively. In Table
II the saturation magnetization �Ms� obtained by relation �1�,
the coercive field �Hc�, the remanent magnetization �Mr�,
and the reduced remanent magnetization �Mr /Ms� are re-
ported. For samples N50 and N30, the values of Ms and Hc

are very similar and the Mr /Ms ratio is very close to 0.5, the
value expected, according to the Stoner-Wolfarth, for an as-
sembly of noninteracting particles with uniaxial anisotropy
axes randomly distributed. This is coherent with the presence
of weak interactions34,35 and the absence of multiaxial
anisotropy as observed in other samples of CoFe2O4

nanoparticles.36 For sample N15, although the particles are

not interacting, a lower Mr /Ms value is observed, probably
due to the presence of very small particles still in the super-
paramagnetic state at 4.2 K. This is consistent with the size
distribution shown in Fig. 1�d�.

C. Mössbauer measurements

Mössbauer spectra of noninteracting or weakly interact-
ing magnetic nanoparticles typically consist of a superposi-
tion of a sextet due to particles with superparamagnetic re-
laxation time long compared to the time scale of Mössbauer
spectroscopy ��M 
5	10−9 s� and a doublet due to particles
with shorter relaxation times. The relative area of the doublet
increases with increasing temperature. However, in samples
with strong interactions between the particles, the spectra
typically consist of sextets in a broad range of temperatures,
but with increasing temperature the lines become broadened
and the average hyperfine splitting decreases.37,38

Figures 6�a�–6�c� show Mössbauer spectra for samples
N15, N30, and N50, respectively, in zero applied magnetic
field at different temperatures. At low temperatures, the spec-
tra show magnetically split sextets, but with increasing tem-
peratures there is a gradual collapse of the six lines to a
doublet component because of the fast superparamagnetic
relaxation of the nanoparticles. The evolution of the spectra
with temperature indicates that the magnetic anisotropy en-
ergy is predominant compared to the interaction energy.37,38

The blocking temperature �TB
M� can be defined as the tem-

perature at which 50% of the spectral area is magnetically
split.33 The values of TB

M were estimated by fitting the spectra

FIG. 5. Hysteresis loops of samples N15 �a�, N30 �b�, and N50 �c� at 4.2 K.

TABLE II. Parameters obtained from the hysteresis loops: saturation mag-
netization �Ms�, coercive field �Hc�, remanent magnetization �Mr�, and re-
duced remanent magnetization �Mr /Ms�. Uncertainties are given in paren-
theses as errors on the last digit.

Sample
Mr

�A m2 kg−1�
Ms

�A m2 kg−1� Mr /Ms Hc�T�

N15 20.0 �1� 78 �1� 0.26 0.87 �1�
N30 44.6 �1� 89.3 �2� 0.50 1.2�1�
N50 44.5 �1� 89.5�3� 0.50 1.3�1�
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with sextets and doublets and are reported in Table I. The
values of TB

M decrease with increasing silica content, in
agreement with the trend of TB

m obtained from magnetization
measurement.

The low-temperature spectra show an asymmetry due to
a small difference in the Mössbauer parameters of ions in the
A and B sites in the spinel structure. In the temperature range
of 45–15 K for the N15 sample and between 60 and 15 K
for the N50 and N30 samples, it is possible to fit the spectra
with sextets that can be ascribed to the iron atoms in the A
and B sites. However, because of the overlap of the lines, it
was not possible to obtain reliable information about the cat-
ionic distribution from these spectra. As expected for small
magnetic nanoparticles, we observe a decrease of the mag-
netic hyperfine field with increasing temperature due to col-
lective magnetic excitations.39,40 Therefore, the observed
magnetic hyperfine field is the average hyperfine field given
by

Bobs = B0�cos 
	 , �4�

where B0 is the magnetic hyperfine field in the absence of
fluctuations and 
 is the angle between the magnetization
vector and the easy direction of magnetization.39,40 For non-
interacting particles with uniaxial anisotropy, Eq. �4� can in
the limit KV�kBT be written as

Bobs�T� = B0�1 −
kBT

2KV
� . �5�

Figure 7 shows the thermal variation of the average hy-
perfine field �Bobs	 �weighted average over A and B compo-
nents� at temperatures well below the blocking temperature.
All three samples show a linear trend in accordance with Eq.
�5�, and as expected the slope increases with decreasing par-
ticle size. The values of the anisotropy constants were esti-
mated using Eq. �5� assuming spherical particle shapes with
the diameters given in Table I. The values of K, which are
reported in Table III, decrease with increasing particle size in

FIG. 6. Mössbauer spectra in zero magnetic field recorded at different temperatures for samples N15, N30, and N50.

FIG. 7. Temperature dependence of the average hyperfine magnetic field for
samples N50 �dashed line�, N30 �dot-dashed line�, and N15 �dotted line�.
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accordance with earlier observations for nanoparticles of �
-Fe,41 �-Fe2O3,42 and �-Fe2O3.43 The estimated values of K
may be influenced by interparticle interactions, which can
result in apparently larger values of the estimated anisotropy
constants.38,40

Mössbauer spectra of ferrites in large applied fields may
allow a more reliable distinction between A- and B-site com-
ponents than the zero field spectra, because the applied field
is usually added to the A-site hyperfine field and subtracted
from the B-site hyperfine field. Therefore, there is less over-
lap between the two components in the high-field spectra.
Furthermore, such spectra can also give information about
the magnetic structure. In the presence of an external mag-
netic field parallel to the gamma ray direction, the relative
areas of the six lines give information about the degree of
alignment of the magnetization with the applied field. For a
thin absorber the relative area of the six lines is given by
3: p :1 :1 : p :3, where

p =
4 sin2 


1 + cos2 

�6�

and 
 is the angle between the magnetic field at the nucleus
and the gamma ray direction.

Figure 8 shows Mössbauer spectra of samples N15 and
N30 at 6 K and of sample N50 at 6 K and at 200 K, all
obtained with a magnetic field of 6 T applied parallel to the
gamma ray direction. As expected, the spectra are clearly
resolved in two main six-line components. Lines 2 and 5
have nonzero intensity and this suggests a noncollinear spin
structure, i.e., some of the spins are not aligned parallel or
antiparallel to the external magnetic field.6–8

When fitting such spectra with partly overlapping com-
ponents, it is necessary to apply some constraints on, for
example, the relative areas. A finite absorber thickness will
result in a ratio between lines 1 and 6 and lines 3 and 4 that
is less than 3. In order to minimize the error due to the
thickness of the absorbers in the fitting, each spectrum was
first fitted with four doublets. For each doublet, the line in-
tensity and line widths were constrained to be equal in pairs
and we estimated a ratio of A1,6 /A3,4
2.8 for all the spectra.
This value was then used as a constraint in the fits with
sextets. Several fitting procedures were used in order to in-
vestigate different possible models. In accordance with the
presence of the iron atoms in tetrahedral �A sites� and octa-
hedral �B sites� sites, the spectra were first fitted with two
sextets. The parameter p=A2,5 /A3,4 was free, assuming that

the canting angle for the magnetic moments in the A and B
sites are two independent parameters. The linewidths and
line intensities were fixed to be equal in pairs. However, this
model seemed to be too simple, and, in particular, the fitting
of the positions of lines 2 and 5 was not satisfactory, indicat-
ing that other components were present. The spectra were
therefore fitted with three sextets. The best results were ob-
tained utilizing a model similar to that used previously for
maghemite nanoparticles, tin-doped maghemite,44 and MnZn
ferrite.45 Thus it was assumed that some of the iron atoms
were in perfect ferrimagnetic local environments, and in ac-
cordance with this the relative areas of lines 2 and 5 were
constrained to zero for two sextets �area ratio of
2.8:0:1:1:0:2.8� corresponding to A �sextet 1� and B �sextet
2� sites. A third sextet �sextet 3� was introduced to represent
ions with canted spins, and in this component the parameter
p=A2,5 /A3,4 was free �area ratio of 2.8: p :1 :1 : p :2.8�. In all
three sextets the linewidths and line intensities were con-
strained to be pairwise equal. The Mössbauer parameters ob-
tained from these fits are given in Table IV.

In the high-field spectra, obtained at low temperature,
the values of total field at the nuclei, Beff, the isomer shifts
��, and the quadrupole shifts ��� for each sextet are very
similar for the three samples, and this indicates that the mag-
netic structure of the nanoparticles is quite similar for all of
them. In all samples, sextet 2 and sextet 3 show values of the
isomer shifts typical for octahedrally coordinated Fe3+ in
spinels but larger than that of sextet 1, which is typical for
tetrahedrally coordinated Fe3+. This indicates that the canted
spins are mainly located in the B sites.

At low temperatures the recoilless fractions for iron ions
in the A and B sites are essentially equal,46 and therefore the
area of the different components can give information about
the cationic distribution. The ratio between A �sextet 1� and
B �sextet 2 and sextet 3� sites ��� is remarkably similar for
all the samples, indicating similar cationic distributions in
the three samples. The � values are lower than those of a
previous Mössbauer study of CoFe2O4 nanoparticles, and

FIG. 8. Mössbauer spectra in an external magnetic field of 6 T, recorded at
6 K for samples N15 and N30 and at 6 K and 200 K for sample N50.

TABLE III. The ratios of the blocking temperatures obtained from Möss-
bauer spectroscopy and the blocking temperatures from magnetization mea-
surement �TB

M /TB
m� and the temperature corresponding to the maximum in

ZFC curve �TB
M /Tmax�. The anisotropy constant obtained from the depen-

dence �Bhf	 vs T�Ka� and from a combined approach using Mössbauer and
magnetization techniques �Kb�.

Sample TB
M /TB

m TB
M /Tmax

Ka

�J /m3�
Kb

�J /m3�

N15 4.88 2.39 6.8	104 7.7	104

N30 3.55 1.67 1.2	104 9.5	103

N50 1.82 1.17 8.2	103 2.1	103
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this difference can be due to the preparation method of the
material46 and in particular, to the thermal treatment at high
temperature. From these ratios, utilizing the formula
�CoxFe1−x��Co1−xFe1+x�,

47 where the round and the square
brackets indicate A and B sites, respectively, we can obtain
the cationic distributions that are reported in Table IV. It is
quite clear that, within the experimental error, all the samples
have the same cationic distribution.

The relative areas of lines 2 and 5 are quite similar for
samples N15 and N30 but clearly larger for sample N50.
Utilizing Eq. �6� it is possible to calculate the average value
of the canting angles ��
	�, reported in Table IV, that indi-
cates a high degree of canting for all the samples, but it is
most prominent in sample N50.

We have also measured a spectrum of sample N50 in a
magnetic field of 6 T at 200 K in order to investigate the
effect of temperature on the magnetic structure of the nano-
particles. Due to symmetry, a canted state with canting angle

c is commonly accompanied by another canted state with
canting angle −
c.

48 At finite temperatures, the thermal en-
ergy may be sufficient to overcome the energy barrier sepa-
rating these two canted states, and the ions may then perform
relaxation between the two states44,45,49 �transverse relax-
ation�. In sample N50 the area of lines 2 and 5 in sextet 3
decreases from �22% to �17%, while the widths of the
lines increase by about 50% when the temperature is raised
to 200 K. The decrease of A2,5 indicates transverse relaxation
with a relaxation time comparable to or shorter than the time
scale of Mössbauer spectroscopy. In fact, under these condi-
tions, the effective magnetic field at the nucleus will be given
by Beff
Bhf

0 �cos 
c	,
44,45 where Bhf

0 is the hyperfine field if
the canting is static. A further confirmation that transverse
relaxation mainly affects the canted spins of the iron atoms

located in the B site is revealed from a reduction of Beff

by �4 T at 200 K for sextet 3 and only �1 T for sextet 1. In
addition, the broadening of lines 2 and 5 at 200 K can
�at least partly� be attributed to transverse relaxation with
relaxation times of the same order of magnitude as the time
scale of Mössbauer spectroscopy.44,45,48

IV. DISCUSSION

Mössbauer spectroscopy and magnetization measure-
ment have significantly different time scales, and for this
reason the blocking temperatures estimated from the two
techniques differ considerably. Inserting the time scales of
magnetization measurement ��m
100 s� and Mössbauer
spectroscopy ��M 
5	10−9 s� in Eq. �3� and values of �0


10−10–10−12 s typical for ferrimagnetic materials in Eq.
�3�, one finds that the ratio TB

M /TB
m should be in the range of

3–7.34 Considering that the value of Tmax in ZFC magnetiza-
tion measurements may be larger than TB

m by a factor �
=1–2, the ratio TB

M /TB
m would be in the range of 2–7.34 In

Table III reported are the ratios TB
M /TB

m and TB
M /Tmax for all

the samples. Considering the experimental errors, N15 and
N30 show values that are in quite good agreement with the
theoretical calculations, while for sample N50 a lower value
was obtained. This behavior of the more concentrated sample
can be due to some interparticle interactions �a lower mea-
suring time dependence of the blocking temperature is ex-
pected in this case�, but an underestimate of TB

m may also
play a role, since TRM measurement shows that there are
still particles in the blocked state at 325 K and the value of
the blocking temperature obtained from the anisotropy en-
ergy barrier distribution does not take these particles into

TABLE IV. Effective magnetic field �Beff�, isomer shift ��, quadrupole shift ���, ratio between the A and B components ���, relative area of the lines 2 and
5 for each component �A2.5 tot� �the area of the lines 2 and 5 is normalized by the total area of the spectrum�, canting angle ��
	� and cationic distribution.
Uncertainties are given in parentheses as errors on the last digit.

Sample
Spectral

Component Beff �T�


�mm/s�
�

�mm/s�

Area
ratio

��=A /B�
A2.5 tot

�%�
�
	

�deg�
Cationic

distribution

N15 Sextet 1
�tetragonal-A site�

55.8�2� 0.38�2� 0 0.35�3� 15�1� 38�1� �Co0.48Fe0.52��Co0.52Fe1.48�O4

Sextet 2
�octahedral-B site�

46.9�2� 0.47�2� 0

Sextet 3
�canted spin�

48.6�2� 0.50�3� 0.02

N30 Sextet 1
�tetragonal-A site�

55.8�2� 0.38�3� 0 0.39�3� 15�1� 37�1� �Co0.44Fe0.56��Co0.56Fe1.44�O4

Sextet 2
�octahedral-B site�

47.3�2� 0.48�2� 0

Sextet 3
�canted spin�

49.2�4� 0.50�5� 0.025

N50 Sextet 1
�tetragonal-A site�

55.2�2� 0.38�3� 0 0.34�3� 22�1� 46�1� �Co0.49Fe0.51��Co0.51Fe1.49�O4

Sextet 2
�octahedral-B site�

47.2�2� 0.48�3� 0

Sextet 3
�canted spin�

49.6�3� 0.49�3� 0.02
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account. Anyway, both the trend of the FC curve and the
Mössbauer data suggest that the interparticle interactions are
weak in this sample.

The magnetic properties of CoFe2O4 are strongly depen-
dent on the distribution of the iron and cobalt ions in the A
and B sites. As a rule, even small changes in the cationic
distribution can result in substantial changes of magnetic
moments and of the magnetic anisotropy.50 Usually, bulk co-
balt ferrite has a partially inverse structure where the ratio �
has been found to vary from 0.6 to 0.87, depending on the
thermal history of the sample.46 In nanoscaled particles the
ratio between iron atoms located in A sites and B sites has
been found lower, in the range from 0.67 �Refs. 36 and 51�
and 0.5 �Ref. 47� for different synthesis methods. All the
samples investigated in this paper show � values around
0.36. The nearly constant value of � for all the samples is a
very important result, because usually a reduction of the di-
mension leads to modification of the inversion degree and
consequently to a variation of the magnetic properties. In-
stead the sol-gel autocombustion synthesis allows obtaining
CoFe2O4 nanoparticles with cationic distribution indepen-
dent of the particle size in a wide range of dimension
�7–28 nm�. This behavior is probably an intrinsic feature of
the synthesis procedure.

To confirm the values of the anisotropy constants ob-
tained from the temperature dependence of �Bobs	, we deter-
mined the K values combining TRM magnetometry and
Mössbauer spectroscopy. Specifically, we inserted the block-
ing temperatures and the relaxation times corresponding to
the time scales of the two techniques in Eq. �3� and calcu-
lated values of K.33 For samples N15 and N30 the K values
obtained from the two methods �Table III� are in reasonable
agreement, considering the possible effect of the interactions.
A larger discrepancy is observed in sample N50 and this
behavior may be due to an underestimate of TB

m.
It should be remarked that the K values are considerably

smaller than the bulk value for CoFe2O4 �1.8–3.0
	105 J m−3�.50 This is surprising, because the magnetic an-
isotropy is usually larger in nanoscaled particles.41–43,52 The
lower anisotropy in our samples can be explained by the
lower value of � in the nanoparticles. A reduction of mag-
netic anisotropy due to a high percentage of Co2+ in tetrahe-
dral sites has been observed earlier.53 This can be explained
by the smaller single ion anisotropy for Co2+ located in
tetrahedral sites �4A2 crystal field ground energy term�
�−79	10−24 J / ion� compared to Co2+ in octahedral sites
�+850	10−24 J / ion� �the larger magnetocrystalline aniso-
tropy is related to the orbital contribution in the 4T1 ground
energy term�.54,55

A change in the cationic distribution implies a variation
in the saturation magnetization, and for a correct evaluation
of magnetic properties in our samples it is necessary to re-
calculate a new reference value of Ms. Assuming that the
Fe3+ and Co2+ ions have a moment of 5�B and 3�B, respec-
tively, and neglecting the spin canting, our samples have a
magnetic moment per unit chemical formula of about 4.9�B

that corresponds to a saturation magnetization of
116 A m2 kg−1. All the samples show a significant reduction
of Ms with respect to this theoretical value. Sample N15

shows a larger reduction, probably due to the presence of
particles still in the superparamagnetic state at low tempera-
ture. The reduction of Ms can be explained by to the pres-
ence of a noncollinear spin structure, as shown by the high
magnetic field Mössbauer spectra.

Samples N30 and N15 show remarkably similar values
of A2,5, within the experimental error, while sample N50 pre-
sents a slightly larger canting. This result is quite interesting
in the general discussion about the noncollinear structure in
the magnetic nanoparticles. In fact, the presence of similar
canting in the three samples with the largest degree of cant-
ing in the largest particles indicates that the spin canting is
not a surface phenomenon but that it is an effect that is more
or less uniform throughout the volume of the particles.

V. CONCLUSIONS

The dispersion of cobalt ferrite nanoparticles in a silica
matrix through sol-gel autocombustion method allows to ob-
tain assemblies of weakly interacting particles. The sol-gel
autocombustion synthesis results in nanoparticles with a cat-
ionic distribution that is independent of the particle size
�7–28 nm� and with a very low inversion degree that leads
to important modifications of the magnetic properties of the
material. We have determined the magnetic anisotropy con-
stants of cobalt ferrite nanoparticles from the temperature
dependence of the magnetic hyperfine splitting in Mössbauer
spectra at low temperatures and from the blocking tempera-
tures estimated from Mössbauer spectroscopy and magneti-
zation measurements. The values estimated by the two meth-
ods are in good agreement, and it is found that the anisotropy
constant increases with decreasing particle size. However,
surprisingly, it is found that the anisotropy constants are
smaller than the bulk value. We show that this can be ex-
plained by a cationic distribution, which differs considerably
from that usually found in bulk cobalt ferrite.

Finally, the samples N15 and N30 show large but similar
fractions of canted spins, indicating that the fraction of
canted spins is only weakly dependent on the particle size in
the range of 6–17 nm. This result indicates that the spin
canting is not simply a surface phenomenon but also occurs
in the interior of the particles.
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