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ABSTRACT: Zinc and nickel ferrites were prepared through a
solvothermal method with different microstructures: as assemblies of
particles and not forming assemblies. By means of Raman
spectroscopy, the cation distribution in the spinel structure has
been evaluated for all the samples to understand the magnetic
behavior characterization. The influence of the assembly micro-
structure type into the superparamagnetic behavior has been fully
studied, and it seems to drastically increase the magnetic response of
the samples through a mechanism of favored dipolar interactions.

■ INTRODUCTION

The onset of the nanoscience supposes a milestone in the
materials science history.1,2 Great efforts have been made up to
now to investigate the exotic properties of the materials
characterized by the so-called finite size effects as a
consequence of their nanometric dimensions.3−7 Superpar-
amagnetism is one of the most studied finite size effects, which
consists of illustrating a high magnetic response and non-
coercivity under an applied magnetic field.8−11 This interesting
phenomenon is exhibited by magnetic nanoparticles below a
critical particle size and for a certain temperature range.11−13

Consequently, magnetic nanoparticles become one of the most
explored materials since they are potential candidates to work
with in the field of nanomedicine such as drug delivery agents
or for hyperthermia.14−17 Materials presenting MFe2O4 (M =
Zn, Ni,...) composition are found to be very convenient
candidates for working in such an application field18,19 due to
their chemical stability as well as the use of affordable reagents
and soft synthesis conditions for their preparation.20,21

However, one of the desirable requirements for magnetic
nanoparticles to be useful in the field of nanomedicine is to
show superparamagnetic properties at room temperature,
which seems to occur only in a few systems. Ferrites
MFe2O4 crystallize with a spinel-type structure (space group,
Fd3̅m) in which the O2− ions are arranged in a cubic close-
packing being one-eighth of tetrahedral (A) and one-half of
octahedral (B) sites occupied. While ZnFe2O4 prepared in the
micrometric range presents a cation distribution corresponding
to the normal spinel in which the Zn2+ cations are located in
tetrahedral sites, the cation distribution in NiFe2O4 with the
same microstructural characteristics corresponds to the inverse
spinel in which the Ni2+ cations occupy octahedral sites.

However, when both zinc and nickel ferrites are synthesized in
the nanometric range, they present a mixed spinel
structure22−24 (M1 − xFex)[Fe2 − xMx]O4 (0 < x < 1), where
x is the so-called inversion degree that indicates the cation
distribution in the spinel structure. As it is well known, the net
magnetization of the ferrite material depends on the
compensation of the different sublattices composed by parallel
magnetic moments of the atoms. Therefore, the inversion
degree fully determines the magnetization of the ferrite
compound and is considered as an important parameter to
characterize the magnetic behavior of the material. Several
techniques such as Mössbauer spectroscopy, neutron diffrac-
tion, or synchrotron X-ray absorption spectroscopy are
adequate tools to evaluate this parameter.22,25,26 Moreover,
Raman spectroscopy has been recently found to be a very
useful nondestructive technique for such a purpose since it is
very sensitive to structural disorder.27

In the case of single-domain nanoparticles with spinel
structures, the magnitude of the magnetic response is directly
associated with both the inversion degree and the particle size,
which leads to an increment in the coupled moment carriers
when it increases.26 However, it should be underlined that the
magnetic behavior of these nanoparticles is drastically
influenced by two kinds of interparticle interactions: those
occurring between surface spins of different particles and
observed at low temperature values and those known as dipole
interactions that take place between the magnetic moments of
the core of different particles in the superparamagnetic
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temperature range.28,29 It has been recently observed that some
external factors such as temperature, applied magnetic
field,25,30 or the surrounding media of the particles can modify
these interactions, thus influencing the superparamagnetic
behavior of the material. In this sense, several reports pointed
out a drastic influence of the surrounding medium on the
superparamagnetic behavior of ferrites. For example, nano-
particles embedded in the amorphous silica behave magneti-
cally harder as a consequence of the stress imposed by the
matrix,31 and porous structures such as sepiolite or faujasite
seem to favor the free rotation of the magnetic moment.32

To analyze if the microstructure also exerts an important
role in the superparamagnetic behavior, both ZnFe2O4 and
NiFe2O4 have been prepared with two different microstructure
types: nonassembled particles and forming assemblies. With
the help of Raman spectroscopy, a comparison between the
magnetic behaviors corresponding to each microstructural type
has been established for the first time, and a detailed evaluation
of the crystal chemistry of the samples carried out through
Raman spectroscopy is also reported.

■ EXPERIMENTAL SECTION
The solvothermal method has been used to obtain ZnFe2O4
and NiFe2O4 materials as nanosized particles (Z11 and N6
samples, respectively) and particles forming assemblies (ZA11
and NA5 samples, respectively). The number included in the
label of the samples refers to the particle size estimated from
the TEM images.
Synthesis of Nonassembled Particles. Stoichiometric

amounts of iron and zinc or nickel nitrates were dissolved in
ethylene glycol to form a 0.01 M solution (typically, 40 mL).
The corresponding hydroxides were precipitated with 0.5 and
2.0 M KOH for the Z11 and N6 samples, respectively until
reaching pH = 11. Afterward, the obtained brown mixture was
transferred into a stainless steel autoclave to be solvothermally
treated at 160 °C for 24 h in the case of the Z11 sample and
200 °C for 12 h for the N6 sample. The obtained product was
recovered after filtering and washing with distilled water and
ethanol.28,31

Synthesis of Spherical Particle Assemblies. A 0.36 M
solution of the stoichiometric mixture of the nitrates in
ethylene glycol was prepared for both ZA11 and NA5 samples
(typically, 40 mL). Afterward, sodium acetate trihydrate was
added in a 1:1 cations:acetate molar ratio. After stirring for 30
min at room temperature, the mixture was transferred into a
Teflon stainless steel autoclave to be solvothermally treated at
200 °C for 4 h (both samples).33

The mean particle size estimated after measuring around
100 particles in the TEM images is included (in nanometers)
in the label of the four samples. In the same way, “A” included
in the labels refers to “assemblies”.
Characterization Techniques. The structural character-

ization was carried out by X-ray diffraction using an X’Pert
powder diffractometer (40 mA, 45 kV) with Cu Kα radiation
and a 2θ step of 0.02°. Morphological characterization was
performed by using transmission electron microscopy (TEM)
employing a JEOL-JEM-2100 microscope working at 200 kV
and equipped with an XEDS (energy-dispersive X-ray
spectroscopy) detector for the compositional analysis.
Raman spectra were collected on a backscattering confocal

micro-Raman spectrometer (VoyageTM BWS435-532SY,
BW&Tek) equipped with a CCD detector. The excitation
was a 532 nm line from a solid-state laser, collected on the

sample through a microscope with a 50× objective. The laser
power was limited to 2 mW to avoid sample degradation, and
the spectral resolution was about 4 cm−1.
The magnetic measurements were obtained using a

Quantum Design XL-SQUID magnetometer. Magnetic
susceptibility (zero-field cooled (ZFC), field-cooled (FC))
was measured in the temperature range of 2−600 K under a
magnetic field of 500 Oe, and magnetization curves were
recorded at 5 and 250 K up to a 5 T magnetic field.

■ RESULTS
Representative TEM images corresponding to ZA11, Z11,
NA5, and N6 samples can be observed in Figure 1. While the

ZA11 sample is composed of spherical assemblies of around 60
nm (Figure 1a,b), in the case of nickel composition, a mean
size of 80 nm has been observed for this kind of microstructure
(Figure 1f,g). Moreover, different sizes of the particles forming
the assemblies have been found depending on the
composition; 11 and 5 nm for the ZA11 and NA5 samples,
respectively (see Figure 1d,e and Figure 1i,j, respectively).
Images shown in Figure 1 for all the samples reveal that the
employed solvothermal method allows obtaining particles with
homogeneous rounded polyhedral microstructure in the four
cases. Moreover, the employment of sodium acetate trihydrate
as the precipitant agent effectively leads to a particle assembly
microstructure type. HRTEM images are shown in Figure 2 for
ZA11 and NA5 samples (Figure 2a,b, respectively), and the
220 interplanar spacing is well identified for both of them
(indicated by arrows). It is worth mentioning that for both
cases, a continuity of the crystal planes among the particles,
which results in large crystal domains (selected areas in the

Figure 1. TEM images corresponding to (a, b, d, e) ZA11, (c) Z11,
(f, g, i, j) NA5, and (h) N6 samples.
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images with dashed lines), is observed. The fast Fourier
transform of the selected area shown for the NA5 sample as an
illustration (Figure 2b) confirms the restricted orientation of
the planes leading to the observed continuity of the crystal
planes among the particles.
Figure 3 illustrates the X-ray diffraction patterns obtained for

the different ferrite samples. The diffraction maxima can be

assigned to crystal planes corresponding to the spinel structure
(space group, Fd3̅m) (see hkl indexes in Figure 3a). It is well
known that the intensity ratio between the 220 and 400
reflection maxima gives an idea about the distribution of the
M2+ and Fe3+ cations along the octahedral and tetrahedral sites
of the spinel structure.22,34 Therefore, zinc ferrite samples
illustrating a higher ratio (compare diagrams of Figure 3a with
those of Figure 3b) may present a crystal structure closer to the
normal spinel than nickel ferrite samples. The very broad

diffraction maxima reveal the nanometric dimensions of the
particles in all the cases. In this sense, crystal domain sizes (D)
have been calculated for the four samples through the Scherrer
equation35

D
0.9
cos

λ
β θ

=
(1)

where λ is the Cu Kα radiation (0.154056 nm), and β is the
full width at half-maximum of the 311 reflection maximum
located at 2θ (around 36°). The values of 10.4 and 10.7 nm
have been obtained for Z11 and ZA11 samples, respectively, in
good agreement with those sizes estimated from the TEM
images. The same occurs for the N6 sample for which a D
value of 5.6 nm has been obtained. However, a crystal domain
size of 9.5 nm has been calculated from eq 1 for the NA5
sample, which is larger than the particle size estimated from the
TEM images. This is in agreement with the crystal coherence
observed among the particles in the HRTEM images of Figure
2 that results in larger crystal domains. In the case of the ZA11
sample, the smallest crystal domain size matches up with the
mean particle size estimated from the TEM images, while in
the case of the NA5 sample, the former one doubles the latter.
This indicates that the smallest crystal domain is composed at
least of two particles in the NA5 sample, while some of the
particles are themselves one single crystal domain in the ZA11
sample. Also, the thicker amorphous surface observable in the
ZA11 sample (see Figure 2a) may help to justify the crystal
domain size determined by X-ray diffraction.
The Raman spectra of the ferrites samples are shown in

Figure 4. The factor group analysis of the cubic spinel structure
reveals five Raman-active phonons with symmetries A1g, Eg,
and T2g. The A1g phonon is associated to the symmetric
stretching of metal−oxygen bonds at the tetrahedral site. The
Eg mode corresponds to the symmetric bending of the metal−
oxygen bonds at the octahedral sites. Finally, there are three
T2g modes, which are due to the asymmetric bending and
stretching vibrations at the octahedral sites (T2g (3) and T2g
(2), respectively) as well as the translation movement of the
whole MO4 tetrahedral units (T2g (1)). As shown in Table 1,
we have assigned the Raman modes according to the symmetry
prediction based on factor group analysis and the frequencies
previously reported for similar ferrites, finding a good
agreement between our results and the literature
ones.20,27,36−39.

The Raman results have been analyzed carrying out a
deconvolution of the obtained data by fitting to Lorentzian
contributions. We have identified in the spectra a few more
modes other than the five active expected phonons. This fact is
essentially due to two different reasons. First, some modes
usually show a certain splitting that can be ascribed to the
mixed character of the spinel. In fact, this phenomenon is
drawn on to estimate the inversion degree from the splitting in
the A1g mode.27,36 On the other hand, the presence of
additional Raman phonons can be also justified as a
consequence of the breakdown of the momentum conservation
rule when the particle size (around 5−10 nm in our case) is
much smaller than the wavelength of the exciting radiation
(532 nm).37

By considering the abovementioned, we have estimated the
cation disorder in the spinel structure by analyzing the A1g
splitting into two components, thus considering the intensity
ratio between these two contributions as a direct correlation to
the cation distribution in the tetrahedral site.27,36,39 Similar to

Figure 2. HRTEM images of (a) ZA11 and (b) NA5 samples. Fast
Fourier transform of the selected area is shown in the inset of (b) for
the NA5 sample.

Figure 3. X-ray diffraction patterns corresponding to (a) ZnFe2O4
and (b) NiFe2O4 samples.
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the method followed from the previous work in ref 39, the
assignment of each A1g contribution to the correct M−O bond
(M2+−O and Fe3+−O) was made by comparing the ratio of
vibration frequencies νZn−O/νFe−O or νNi−O/νFe−O with the
bond strength, which are basically conditioned by the bond
length. The inversion degree, x, which reflects the M2+ content
in the tetrahedral sites for the inverse spinel, was estimated
through the following equation

x
RI

RI I
(M )2 M

M Fe

2

2 3
=

+
+ +

+ + (2)

where IM2+ and IFe3+ are the areas of the A1g contributions,
associated with the (M2+−O) and (Fe3+−O) bonds,
respectively. From previous experimental works, the parameter

R could be considered as 0.5. As a result, we show in Table 1
the estimated values for the inversion degree parameter, x,
together with the corresponding mixed spinel formula. It
should be noted that similar x values for both nickel ferrite
samples are observed, while in the case of the zinc ferrite
composition, there is a large difference between both samples
(0.35 and 0.21 for ZA11 and Z11 samples, respectively). This
reveals the sensitivity of the crystal chemistry of the zinc ferrite
system to the synthesis conditions. It is worth mentioning that
the estimated inversion degree value for the Z11 sample is in
good agreement with that previously calculated by means of
neutron diffraction experiment.23 For nickel ferrite samples,
the observed x values are in accordance with those obtained
previously by means of Mössbauer and XAS spectroscopies for
particles with similar sizes.
Different magnetic parameters, collected in Table 2, have

been obtained after certain analyses as explained below.
M−H curves measured at 5 and 250 K are depicted for all

the samples in Figure 5. To calculate the magnetization to
saturation (MS) and the effective anisotropy constant (K), the
data appearing in the high applied magnetic field region of the
M−H curves measured at 5 K have been fitted to the approach
to saturation law for each sample40,41

M T M
a
H

b
H

cH b
K

M
( ) 1

8
105S 2

2

S
2

i
k
jjj

y
{
zzz= − − + =

(3)

where a is a constant, and c corresponds to the magnetic
susceptibility in the high applied magnetic field region. The
obtained values are collected in Table 2, together with those
corresponding to the anisotropy field (HK) that reflects the
intrinsic magnetic hardness of the material. In the case of
crystals with cubic symmetry, this magnitude can be obtained
from 442

H
K

M
2

K
S

=
(4)

The magnetization to saturation (MS) at 5 K corresponds to
the inherent magnetization of the particles in the blocked state,
which is the result of two factors: (1) the net magnetization
coming from the compensation of the internal magnetic
sublattices and (2) the nonmagnetic surface layer of the
particle composed by canted spins. In the case of the zinc
ferrite composition, despite the similar particle size for both
samples, a higher MS value is observed for particles forming
assemblies (compare the MS values in Table 2 for ZA11 and
Z11 samples), which can be understood taking into account its
higher inversion degree (0.35 and 0.21 for ZA11 and Z11,
respectively, Table 1). In this sense, the cation distribution

(Zn Fe ) Fe Fe Zn Ox x x x1 1 1 4
÷ ◊÷÷÷÷÷ ÷ ◊÷÷÷÷ ’ ÷÷÷÷÷÷÷÷÷÷÷÷

[ ]− − corresponding to such esti-
mated inversion degrees leads to theoretical MS values of
81.1 and 48.6 emu/g for ZA11 and Z11, respectively. In the
case of the ZA11 sample, the calculatedMS value (81.1 emu/g)

Figure 4. (a−d) Raman spectra for the studied samples. Vertical
arrows indicate the position of the five Raman actives modes. Circles
represent the experimental data. The thick straight line indicates the
obtained convolution from the Lorentzian contributions (thin straight
lines). The two A1g contributions for M

2+ and Fe3+ in tetrahedral sites
(600−800 nm) are also indicated for the four samples.

Table 1. Raman Modes and Cation Distribution Corresponding to the Ferrite Samples

Raman shift (cm−1)

sample A1g T2g (3) T2g (2) Eg T2g (1) x mixed spinel formula

ZA11 676 457 337 254 163 0.35 (Fe0.35Zn0.65)[Zn0.35Fe1.65]O4

Z11 666 453 370 237 155 0.21 (Fe0.21Zn0.79)[Zn0.21Fe1.79]O4

NA5 693 567 489 330 185 0.83 (Fe0.83Ni0.17)[Ni0.83Fe1.17]O4

N6 691 556 488 320 186 0.79 (Fe0.79Ni0.21)[Ni0.79Fe1.21]O4
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agrees well with the experimental one (77.2 emu/g). The
slightly lower experimental MS value for the Z11 sample (40.4
vs 48.6 emu/g) may be justified considering a nonmagnetic
surface layer composed of canted spins that reduces the total
magnetization of the sample. The paramagnetic contribution
observed in the high applied magnetic field region (increasing
magnetization values in the M−H curve measured at 5 K,
Figure 5a), which seems to be less important for the ZA11
sample, would be indicative of the presence of this non-
magnetic surface. For the nickel ferrite composition, the similar
x value estimated from the Raman spectra would justify the
similar MS values for both samples. Moreover, those values are
close to the theoretical MS ones corresponding to the

( Ni Fe ) Fe Ni Ox x x x1 2 4
÷ ◊÷÷÷÷÷÷÷÷÷÷÷ ÷ ◊÷÷÷÷÷ ’ ÷÷÷÷÷÷÷÷÷÷÷÷ ’ ÷÷÷÷÷÷

[ ]− − cation distribution estimated
from Raman spectroscopy.22 In the same line, the higher
inversion degree observed in the ZA11 sample in comparison
with that in Z11 may be responsible for an increment in the
magnetocrystalline anisotropy component, thus increasing the
effective anisotropy constant and therefore justifying the K
value calculated from eq 3 (Table 2) for the ZA11 sample. The
corresponding K and MS values lead to a higher HK value (see
eq 4) for the Z11 sample in comparison with that for the ZA11
one (1756 and 2148 Oe, respectively), which evidences that
ferrite particles of the Z11 sample present a higher magnetic
hardness, although its effective anisotropy constant is lower. In
this sense, it is worth noting the low HK value of the ZA11
sample, despite its high inversion degree that results in a higher
effective anisotropy constant in comparison with the Z11
sample. This can be understood taking into account the
presumably more intense dipolar interaction in the case of the
ferrite particles forming assemblies (ZA11 sample, see below)
that lead to the softening of the magnetic hardness of the
material (lower HK value), which is a lower (2K/MS) ratio (see
eq 4).28 In the case of the nickel ferrite composition, the
effective anisotropy constant for NA5 is slightly larger than that
for N6, which can be explained taking into account the so
similar MS value but slightly lower particle size (increment in
the anisotropy surface component) and higher inversion

degree (increment in the magnetocrystalline component) for
the NA5 sample. This is also reflected in the HK parameter,
which is larger for the NA5 sample (see eq 4).
Coercive field values at 5 K have been extracted from the

M−H curves measured at that temperature (see collected
values in Table 2). This parameter can be also described by the
following expression42

H H
T
T

0.48 1
a

C K
B

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
= −

(5)

where a is a parameter dependent on the interparticle
interactions (0.5 < a < 1). As the equation indicates, HC is
directly related with HK, and this dependency is affected by
two factors: the blocking temperature, the smaller it is, the
more it affects this dependency, and the particle interactions,
which affect the a parameter. The higher TB value of the ZA11
sample (Table 2, explained below), together with a different
kind of interparticle interactions influencing the a parameter
and lower HK parameter, would explain its higher HC value in
comparison with Z11 (see eq 5). The very different TB values
observed for the nickel ferrite samples, together with a
presuming different a value, would be also responsible for
the different coercive fields exhibited at 5 K.
As observed in Figure 5b,d, at 250 K, all the samples

illustrate the characteristic S-shape curve, revealing a super-
paramagnetic behavior, except for the Z11 sample whoseM−H
curve has a large paramagnetic contribution displaying an
almost lineal dependency with very low magnetization values.
The already discussed higher inversion degree of the ZA11
sample results in a larger number of superexchange interactions
between iron atoms located in octahedral and tetrahedral sites
(FeB−O−FeA), which are characterized by the high values of
JAB in comparison with those corresponding to FeB−O−FeB
interactions (JBB). The strength of the FeB−O−FeA inter-
actions leads to a higher ordering temperature, that is, the
internal magnetic ordering of the particle is preserved up to
higher temperatures. Thus, ZA11 still behaves as super-
paramagnetic at 250 K. Through modification of the crystal
chemistry of the zinc ferrite sample by using different synthesis
conditions, we managed to prepare ZnFe2O4 particles
exhibiting unusual superparamagnetic properties close to
room temperature, which makes them more interesting from
the point of view of exploitable uses.
The ZFC and FC susceptibility curves measured at 500 Oe

have been depicted in Figure 6 for all the samples. The broad
ZFC maximum that can be observed for all the samples in
comparison with that exhibited by the Z11 sample reveals
important dipolar interactions in these cases.28,43,44 The more
intense magnetic responses observed for ZA11 and NA5
samples (see susceptibility curves) can be justified by their
higher inversion degrees that increase the magnetic response
due to the increment in the number of coupled moment
carriers. It should be pointed out that magnetic susceptibility in
the superparamagnetic regime decreases with the increment in

Table 2. Magnetic Parameters Corresponding to the Ferrite Samples

sample inversion degree (x) MS (emu/g) K (erg/cm3) HK (Oe) HC,5 (Oe) TB (K) Vmag (nm
3) Npart

ZA11 0.35 77.2 3.6·× 105 1756 270 79 1480 2
Z11 0.21 40.4 2.3·× 105 2144 220 22 561 0.8
NA5 0.83 65.1 2.1·× 105 1200 170 144 6955 124
N6 0.79 66.6 1.7·× 105 950 224 34 3303 29

Figure 5. Magnetization curves for the different samples measured at
(a, c) 5 K and (b, d) 250 K.
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the temperature in the case of nonassembled particles and
especially in the Z11 sample, and when it comes to particle
assemblies, the decrease of the magnetic response is slowed
down with the temperature. Due to the particle assembly
formation in which dipolar interactions are presumed to be
favored, the thermal energy does not easily destroy the
magnetic ordering among the particles, and the cooperative
phenomenon, resulting in a high magnetic response, is better
preserved with the temperature.
It is worth mentioning the observed decreasing trend of the

FC curve from TB to lower temperature values in the case of
the zinc ferrite composition. This indicates that for both ZA11
and Z11 samples, the surface spin interactions, occurring at
low temperatures, are far from being negligible. When
decreasing the temperature from TB with a 500 Oe applied
magnetic field, only an increasing magnetic response is
observed in the absence of this kind of interactions as a result
of the magnetic−thermal energies balance. On the contrary, in
a system with important surface spin interactions, the
orientations of the particle dipoles along the direction of the
applied field are not allowed at low temperatures, and a
decrease in the magnetic response is observed. In this line, the
more intense the dipolar interactions are, the less visualized
this kind of phenomenon is,45 evidencing the intensity of this
phenomenon when it comes to nickel ferrite samples.
The blocking temperature value has been extracted from the

ZFC maximum for all the samples (values collected in Table
2). As it is well known, this parameter depends on the
anisotropy barrier (U), and for interacting particles, in the
presence of an applied magnetic field, it can be described as
follows46

T
U

U KV
H

H25
where 1B

B K

2i
k
jjjjj

y
{
zzzzzκ

= = −
(6)

where κB is the Boltzmann constant, H is the applied magnetic
field, and V is the effective magnetic volume usually larger than
that observed by TEM (explained below). An increment in the
TB parameter is therefore expected with the increment in the
anisotropy barrier. Taking into account the lower values of the

effective anisotropy constant and HK that nickel ferrite samples
present, their higher TB values (see Table 2) may indicate a
larger effective magnetic volume (V) in comparison with zinc
ferrite samples as eq 6 reveals.28 Therefore, as previously
deduced from the ZFC curve shape, an important number of
interacting particles contribute to the total magnetization in
the case of nickel ferrite samples. Moreover, the higher TB
values observed in particles forming assemblies in comparison
with nonassembled particles reveal more important dipolar
interactions for these cases. However, in the case of the ZA11
sample, the higher inversion degree surely contributes to
increase this parameter as a consequence of the increment in
the effective anisotropy constant.
The effective magnetic volume (Vmag) has been calculated

from eq 6 for the four samples, taking into account the
magnetic parameters collected in Table 2. They are also shown
in Table 2. In a rough estimation and considering a spherical
particle morphology, almost one and two particles interact in
Z11 and ZA11 samples, respectively, (see Npart parameter in
Table 2), which indicates that not all the particles forming the
assemblies for this composition contribute to the effective
magnetic volume.28 On the contrary, around 124 and 29
interacting particles have been found for NA5 and N6 samples,
respectively. These qualitative values highlight once again the
importance of the dipolar interactions in the nickel ferrite
system.
For this kind of samples that present a homogeneous size

(see the TEM images of Figure 1), an easy way to visualize the
effective magnetic volume distribution with the temperature is
through the T

d( )
dFC ZFCχ χ− − curves28 since the maximum of the

curve is directly related with the anisotropy barriers
distribution (KV) (see curves depicted in Figure 7 for all the

samples). In the case of the Z11 sample, a narrow maximum
can be presumed in comparison with the rest of the samples
(Figure 7a). The narrower anisotropy barrier observed for this
case can be directly related with a narrow distribution of the
effective magnetic volume. On the contrary, for the rest of the
samples, a progressively number of interacting particles

Figure 6. Magnetic susceptibility curves (ZFC, open circle; FC, filled
circle) measured at 500 Oe corresponding to the different samples.

Figure 7. −d(χFC − χZFC)/dT curves corresponding to the (a)
ZnFe2O4 and (b) NiFe2O4 samples.
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contributing to the magnetization (increasing effective
magnetic volume) widen the distribution of the effective
magnetic volume, thus enlarging the observed maxima shown
in Figure 7. Moreover, it should be pointed out that the
minimum illustrated by the curves at temperature values
corresponding to the TB indicates that all the anisotropy
barriers have been overcome for such temperatures, thus
regarding all the particles as superparamagnetic.
Several works reported on the effect of the dipolar

interactions in the total magnetization of the samples.28,29,47

As consequence of a dependence of the interparticle
interactions with temperature, the effective superparamagnetic
moment (μSP) also presents an evolution with T, and it can be
calculated through the following expression45

T
M T

( )( )
3 d( )
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B

S B

1 1Ä
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É
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= χ
−

(7)

The obtained curves are represented in Figure 8 for all the
samples. The maximum observed for all of them indicates the

temperature for which the dipolar interactions responsible for
the cooperative phenomenon are more intense, leading to
higher superparamagnetic moment. In all the cases, this
maximum seems to be close to the TB since it corresponds to
the temperature for which all the anisotropy barriers have been

totally overcome, thus contributing most of the particles to the
magnetization.
The μSP magnitude for a certain temperature is the result of

two contributing factors: the net magnetization per particle
and the number of interacting particles. Taking this into
consideration, although the highest μSP presents a similar value
when it comes to zinc ferrite samples, the maximum is much
broader in the case of the particles forming assemblies,
indicating that the cooperative phenomenon is extended in the
temperature range. As it can be observed in the inset of Figure
8a, much higher μSP values are observed for the ZA11 sample
along the temperature range (roughly from 20 to 150 K),
revealing that the responsible dipolar interactions are better
preserved with the temperature, while in the case of the Z11
sample, the relatively high magnetic response is only
observable in a very narrow temperature range (from 15 to
25 K approximately). In general, curves corresponding to
nickel ferrite samples illustrate higher superparamagnetic
values than in the case of zinc ferrite composition (Figure
8). This fact is in agreement with their larger intrinsic
magnetization and more intense dipolar interactions (see Vmag
and Npart values in Table 2).
Interesting results concerning the magnitude of the super-

paramagnetic moment has been found for both ferrite
compositions. At 300 K, nonassembled zinc ferrite particles
illustrate a superparamagnetic moment value (see eq 7) around
200 μB, while those particles forming assemblies present an μSP
close to 3000 μB, which supposes 1 order of magnitude higher
magnetic response (Figure 8a). In the case of zinc ferrite
samples, crystal chemistry plays an important role in
determining the inherent magnetic moment of the particles
directly related with the magnetic response of the sample.
However, this specific microstructure seems to be a booster for
more intense dipolar interactions, which are preserved along
the temperature range, thus displaying a high magnetic
response in the studied superparamagnetic temperature
range. Something similar can be observed in the studied nickel
ferrite samples, although for this composition, a high μSP close
to 3500 μB (Figure 8b) is already observed in the case of
nonassembled particles of 6 nm (in comparison with the very
low magnitude corresponding to nonassembled zinc ferrite 11
nm particles). In contrast, the nickel ferrite sample composed
of particle assemblies for which the internal magnetic moment
is close to that corresponding to nonassembled particles,
illustrates 1 order of magnitude higher superparamagnetic
moment of around 50,000 μB. The influence of the
microstructure in the magnetic response of the material is
therefore fully demonstrated, and particle assemblies formation
results as a useful tool to increase nearly 1 order of magnitude
the superparamagnetic response of these materials. As
discussed above, the different crystal chemistry found for
ZnFe2O4 particles forming assemblies also contributes in
increasing the superparamagnetic response.

■ CONCLUSIONS
Two kinds of microstructure for zinc ferrite and nickel ferrite
particles have been obtained through synthesis condition
modification of the solvothermal method. In addition, in the
case of zinc ferrite composition, the crystal chemistry is
seemingly influenced by the experimental conditions.
Two ways of increasing the superparamagnetic response

were established: by modifying the inversion degree in the
spinel structure, which leads to a larger inherent magnetization

Figure 8. Superparamagnetic moment dependence with the temper-
ature for (a) Z11 and ZA11, (b) N6, and (c) NA5 samples.
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per particle (larger MS value), and through the particle
assembly formation that seems to be a booster of the dipolar
interactions, thus preserving a high magnetic response up to
room temperature values. In the case of nickel ferrite samples,
their superparamagnetic behavior has been fully ascribed to the
role of the microstructure. In this sense, it has been observed
that while in the case of nonassembled particles, around 30
particles contribute to the magnetization for a certain
temperature close to the TB, those forming assemblies present
an effective magnetic volume corresponding to an estimated
value of 124 particles. ZnFe2O4 samples present an increase in
the superparamagnetic response ascribable not only to the
assembly microstructure but also to the modification of the
inversion degree parameter.
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(22) Blanco-Gutieŕrez, V.; Gallastegui, J. A.; Bonville, P.; Torralvo-
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