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A B S T R A C T

The magnetic properties of artificial opals infiltrated with nickel nanoparticles are studied both experimentally
and theoretically. The response of the composite has a dominating ferromagnetic behavior at low magnitude
fields (below the saturation region), then it is followed by a dominating diamagnetic one as the intensity of the
external applied field is increased. These characteristics are not observed in most cases due to the low magnetic
response of the elements involved. Diamagnetism in the artificially synthesized opals was observed, having a
negative volume magnetic susceptibility of the order of 10−5. Also theoretical calculations were performed on
the basis of the Landau-Lifshitz-Gilbert (LLG) equation, taking into account the diamagnetic response of the host
material. Results obtained show the importance of the local magnetic field on the ferromagnetic nanoparticles,
as well as the importance of the nature of the magnetic response of SiO2 spheres, which aligns in the opposite
direction of the external applied field.

1. Introduction

Composites are well known for their interesting and novel physical
and chemical properties. The study of this kind of materials, either for
determining their fundamental properties or for the development of
novel applications, is of considerable interest. Soft Magnetic
Composites (SMCs) are well known for their improved low frequency
properties and suitable alternative to laminated materials, because of
their isotropic response and shaping possibilities for 3D-design appli-
cations [1]. Magnetic nanocomposites have been used for cleanup of
pesticides [2], hyperthermia and drug release for cancer treatment [3]
and catalysis [4], just to mention some applications.

Opal matrices are widely used as hosts for several types of materials.
Their periodically arranged void structure is used to impose long range
ordering to the infiltrated material. Semiconductors [5–7] and metallic
nanoparticles [8–10] are some of the preferred materials to introduce
into the opal matrix in order to tailor some of their physical properties.
Magnetic nanoparticles are also incorporated in the artificial opal
mainly to modify the optical properties (see for example [11–16]). In
this work, we experimentally and theoretically study the magnetic be-
havior of such nanocomposites in the quasistatic case. Similar systems
have been studied previously lacking the proper theoretical description
when the magnetic response of the nanocomposite is dominated by the

host matrix, for example, Ni clusters inside a carbon matrix [17] or Co
nanoparticles in a PMMA matrix [18].

2. Experimental section

2.1. Artificial opals synthesis

Colloidal SiO2 spheres were synthesized by the Stöber [19] process
by which it is possible to control the size of the obtained spheres as well
as to obtain monodispersity. Reagents used in this procedure were
tetraethylorthosilicate (TEOS Sigma–Aldrich 98%), absolute ethanol (J.
T. Baker 99.95%) and ammonium hydroxide (NH4OH J. T. Baker
29.6%) in concentrations of 0.014M, 2.15M and 0.46M respectively
and 2.89M of deionized water according to [20], where ethanol, water
and ammonium hydroxide concentrations are constant and only by
varying TEOS concentration the colloidal spheres diameter is con-
trolled. Reagents were mixed at room temperature and kept stirring for
2 h. SiO2 spheres were separated by centrifugation and washed 3 times
with deionized water and 3 more times with absolute ethanol. Then a
selection method of spheres was employed to get a better sedimentation
according to [21]. The fcc self-assembly of SiO2 colloidal spheres with
[111] as the growing direction has been extensively studied elsewere
[22–24]; thermodynamic reasons for the growth in a fcc structure over
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a hexagonal one are presented in [25]. After sedimentation, annealing
of the crystallized structures was carried out at 800°C for three hours,
which improves mechanical properties and modifies optical properties
of the artificial opal [6].

2.2. Ni nanoparticles synthesis

The common methods to obtain Ni nanoparticles rely on chemical
reduction of Ni precursor salts in different type of solvents as well as
with different kind of reducing agents [26], besides some others such as
electrochemical deposition [27] and microemulsion technique [28]. In
this work, Ni nanoparticles were obtained by means of the reduction of
nickel acetate (Ni(CH3COO)2·4H2O Sigma Aldrich 99%) with hydrazine
(N2H4 Sigma Aldrich 98%) in ethylene glycol (HOCH2–CH2OH Alfa-
Aesar 99%). The synthesis consisted in the dissolution of 0.1381 g of
nickel acetate in 18ml of ethylene glycol during one hour at 60 °C
under magnetic stirring. In a similar procedure, 75mg of hydrazine
were dissolved in 1.427ml of ethylene glycol and added to the Ni
precursor solution at 83 °C. Then a solution of 2.7mg of sodium hy-
droxide (NaOH) in 4.5ml of the same solvent was added to the whole
mixture. After one hour of magnetic stirring in a capped bottle, the
solution turned black, indicating that the reduction of Ni2+ to Ni0 took
place. The general reduction reaction can be expressed as follows:

+ + → + ++2Ni N H 4OH 2Ni N 4H O.2
2 4

0
2 2

2.3. Opals containing Ni nanoparticles

Different methods regarding the opal matrix void infiltration are
described elsewhere [9,5,29]. In order to obtain the SiO2 opal with
infiltrated Ni nanoparticles a previously synthesized opal was immersed
in a colloidal solution (5×10−4 M) of Ni nanoparticles in hexane fol-
lowing a procedure similar to the one reported in [30].

2.4. Characterization

Scanning electron microscopy (SEM) images were obtained with a
Jeol JSM-7800F microscope equipped with an Oxford X-Max 50 mi-
croprobe for the energy dispersive X-ray spectroscopy analysis (EDS).
61Ni NMR measurements were carried out using aTecmaq RedStone
NMR spectrometer under zero external magnetic field at room tem-
perature. For NMR spectra recording, the standard spin-echo pulse se-
quence (p1-τ -p2) was used. This is a very sensitive method of studying
structural and magnetic properties of magnetic materials [31,32] which
resolves individual spectral lines of nuclei in a different local environ-
ment. The 61Ni NMR data were collected from the powdered sample
placed inside a copper coil of a tuned probe. To obtain NMR spectra the
amplitude of the spin-echo signal as a function of the pulse frequency
was measured, and spectra were plotted point by point with increments
of about 0.25MHz. The lengths of both p1 and p2 pulses were equal to
0.3 μs, with the delay between pulses τ = 35 μs. During spectrum re-
cording a fixed rf field pulse durations and amplitudes were used.
Magnetization curves of the samples were recorded in a Quantum De-
sign PPMS Dyna Cool-9 physical properties measurement system
(PPMS) with a vibrating sample magnetometer (VSM) module. For each
sample 14 constant temperature loops were obtained with an applied
magnetic field normal to the film surface, i.e. along the growth direc-
tion [111] of the pristine opal and the composites. Ni nanoparticles
were measured as powder.

3. Experimental results

3.1. Structure and composition

In Fig. 1(a), a typical SEM image of the surface of the crystallized
opal structure is shown. The micrograph depicts a hexagonal surface

typical of the (111) plane in a fcc structure. In order to obtain the size
distribution of the SiO2 colloidal spheres conforming the opal structure
the diameters of 532 spheres were measured from the SEM micrographs
by means of the ImageJ software, which is of public domain. According
to the histogram obtained from such measurements a gaussian curve
was fitted. The average diameter of the spheres is 304 nm and standard
deviation is of 13.93 nm, which implies a 4.5% variation from the
average value. Fig. 1(b) corresponds to the artificial opal infiltrated
with Ni nanoparticles. Clusters of Ni nanoparticles are clearly seen on
the voids of the periodic structure of colloidal spheres. The lack of
clusters covering greater parts of the sample surface suggests that the
metallic nanoparticles are spread only in the interstitial voids. Con-
firmation of the elements that constitute the sample is presented in
Fig. 1(c).

In Fig. 2(a) and (b) the Ni nanoparticles synthesized with the de-
scribed method in the experimental section are shown. Fig. 2(a) shows
particles that appear to be in the 100 nm range but in Fig. 2(b) it can be
appreciated that they are clusters that consist of smaller particles joined
by magnetic interactions. For this reason the determination of the
average size is not properly obtained from SEM images.

Nowadays nuclear magnetic resonance (NMR) is a tool widely used
in chemistry or biology [33]. However, it can be also successfully ap-
plied to probe ferromagnetic nanosized systems, providing information
on the structure, interface morphology and magnetic properties of
magnetic nanomaterials [34–36]. Because in magnetically ordered

Fig. 1. SEM micrograph of the crystallized SiO2 opal structure before (a) and
after infiltration of the Ni nanoparticles (b) and EDS analysis of the infiltrated
opal (c).
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materials due to hyperfine interactions there are large and fairly
homogeneous magnetic fields on the nuclei of paramagnetic ions, NMR
can be observed without an external magnetic field [33]. This method is
often called zero-field NMR. The main advantage of NMR compared to
more traditional methods to study sample morphology (such as TEM,
for example) is that, on the one hand, it does not require any specific
sample preparation, and on the other hand, it provides analysis on the
larger scale (several mg of the sample) without statistical accumulation
of the local data. The room temperature zero-field 61Ni NMR spectrum
of nickel nanoparticles recorded at optimal radio frequency (rf) field
amplitude (14 dB) is shown in 3. The spectrum has a rather complex
shape with more pronounced two inhomogeneously broadened peaks at
26.13 and 26.54MHz (corresponding to hyperfine field Bhf = 6.87 and
6.98 T using the 61Ni gyromagnetic ratio 3.8046MHz T−1), respec-
tively, with integral intensity ratio of about 2:1. Such a double humped
shape for Ni nanoparticles was earlier reported in [37]. Based on a
complimentary NMR spectroscopy and spin–spin relaxation study, the
authors attributed the lower and higher frequencies to the surface and
interior part of a nanoparticle. According to studies reported in [38], at
room temperature the 61Ni NMR frequency signal for the bulk fcc Ni
represents a relatively narrow line at 26.1 MHz. At low temperature
(below 4.2 K) the 61Ni signal for metallic Ni was reported at about
29MHz [37,39]. Thereby, the two lines represented in Fig. 3 can be
attributed to the core with fcc structure (higher frequency) and surface
(lower frequency) of Ni particles in size < 100 Å. However, the more
complex line shape, e.g. the presence of an additional shoulder at
25.24MHz, refers to an inhomogeneous distribution of the particle size,
that is in agreement with SEM image shown in Fig. 1(b).

3.2. Magnetic response

In Fig. 4 the magnetization curves of the Ni nanoparticles is shown.
The Ni nanoparticles revealed common ferromagnetic response in the
whole temperature range (2–300 K). The hysteresis curves show an
increment in the magnitude of the coercive field (Hc) as well as the
saturation magnetization (Ms) when the temperature is decreased, ty-
pical features of a ferromagnetic material.

In Fig. 5 the magnetic behavior of the nanocomposite is shown. The

sample was weighted before VSM measurements were carried out
(2.5 mg). Then, the volume is calculated with the density of the pristine
opal (1.67 g cm−3) according to [40]. The volume of the nickel

Fig. 2. SEM micrograph of the Ni nanoparticles.

Fig. 3. 61Ni NMR spectrum of Ni nanoparticles at room temperature. The
spectrum from bulk Ni reported in [37] is also shown for reference. The dashed
lines show the decomposition of the experimental spectrum on two Voigt lines
from core and surface Ni atoms.

Fig. 4. Magnetization curves of the as synthesized Ni nanoparticles.

Fig. 5. Magnetization curves of the artificial opal matrix infiltrated with Ni
nanoparticles.
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nanoparticles is neglectable because they are allocated in the interstitial
sites and their weight is, in relation with the ferromagnetic response of
the nanocoposite in experimental measurements, estimated in 1.15 μg.
We work with volume normalization in order to associate the magne-
tization curves with the magnetic susceptibility (χ ). There is a region
where the response of the ferromagnetic elements is the main con-
tribution to the total magnetization of the sample, that is until satura-
tion is reached, after that the diamagnetic elements response takes the
dominating role due to their dependence on the strength of the external
applied field.

The hybrid diamagnetic–ferromagnetic behavior was an unexpected
result, therefore, to corroborate it, a magnetization curve of the pristine
opal was obtained, shown in Fig. 6. Here a negative magnetic sus-
ceptibility increases in magnitude with the decrease of temperature
until a maximum is reached at 40 K. At temperatures lower than 40 K
the magnetic susceptibility decreases in magnitude. This measurement
provided insight about the nature of the diamagnetic section in Fig. 5.

It should be noted that the magnitude of magnetic susceptibility of
the pristine opal is smaller than that of the composite, i. e. the slope of
the linear region of the composite for the whole temperature range as
can be seen in Fig. 7. Another feature of the composite is the existence
of four different values of the external magnetic field where the same
magnetization is measured (in the region of ⩽M M| | | |s ); this being in
contrast with the common behavior of a hysteresis curve for a

ferromagnetic material as the one shown in Fig. 4 where only two va-
lues of the external applied field cause the same magnetization in the
material.

4. Theoretical model

4.1. Magnetic local field

In a previous study of a similar system, namely SiO2 artificial opals
infiltrated with Fe nanoparticles, the role of the magnetic interaction
between different sites of the interstitial lattice was modeled [41]. One
of the main conclusions of that study was the almost irrelevant influ-
ence of the magnetic dipolar interactions between different interstitial
sites on the total magnetic response of the system. This led us to de-
velop another model which represents better the actual mechanisms
that are taking place in this kind of nanocomposites. It is important to
state the difference between the local magnetic field (

→
Hloc) that acts on

each of the magnetic dipoles which constitute the sample and the
macroscopic one (

→
H ), related with experimental measurements. The

latter because of the crucial role of the magnetic local field in the
Landau–Lifshitz–Gilbert equation (LLG). In such systems the local
magnetic field can be expressed as [42]:

→
=

→
−

→
+

→
+

→
+

→
H H NM M H H1

3
,loc 0 dip a (1)

where the right terms of the equation correspond to the external, de-
magnetization, Lorentz, dipolar and magnetic anisotropy fields re-
spectively. It is commonly used to get rid of the dipole–dipole inter-
actions, however, in this case it is an important contribution to the total
magnetic response of the sample. Regarding the terms involving the
total magnetization of the sample, namely the demagnetization and the
Lorentz fields, we can dispose of them with no relevant consecuences
due to the magnitude of the nanocomposites magnetization. The latter
is justified because the total magnetization of the artificial opals in-
filtrated with Ni nanoparticles is in the order of 10−2 emu cm−3

(Fig. 4), whereas the change in the external applied magnetic field in
each step of the measurement is of 20 Oe (251 emu cm−3). These
changes leave the following expression for the local magnetic field:

→
=

→
+

→
+

→
H H H H .loc 0 dip a (2)

4.2. Magnetic clusters surrounded by diamagnetic spheres

The common approach when dealing with composites is to use ei-
ther the Maxwell Garnett or Bruggeman theory to describe the total
response of the system to an applied external field [43–45], none-
theless, this is only valid for systems whose response to an external field
is linear. In this case, the spatial distribution of the different compo-
nents of the sample is well known and it can be used to include the
magnetic response of each one explicitly; in addition, the magnetic
response of the artificial opal is linear and because it is comprised of
SiO2 colloidal spheres, an explicit mathematical form for its magnetic
response can be applied. So, the magnetic dipolar field acting on the i-th
ferromagnetic moment has the following form:
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(3)

where N is the number of ferromagnetic moments in the cluster, D the
total number of diamagnetic ones, →μj is one of the ferromagnetic mo-

ments and →νj is the magnetic moment of a diamagnetic sphere. It is
important to state that only the influence of the diamagnetic moments
on the ferromagnetic ones is considered and not vice versa. The reason
is the linear response to the external applied field from the diamagnetic

Fig. 6. Magnetization curves of the artificial opal.

Fig. 7. Comparison between the artificial opal and the nanocomposite magnetic
susceptibilities.
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moments and the low intensity of the magnetic field due to ferromag-
netic clusters compared with the external applied field. An estimation
of the intensity of the magnetic field from a ferromagnetic cluster, given
the values used for theoretical calculations and considering the condi-
tions for a maximum intensity of Hdip, is of 6.84 A m−1 (0.086 Oe). The
diamagnetic response of the artificial opal is described using the mag-
netization of a diamagnetic sphere as follows [46]:

→
=

−
+

→
M

μ
μ

H3
1
2

,sph
(4)

where μ stands for the magnetic permeabilty of the sphere and
→
H is the

macroscopic magnetic field. Reformulating in terms of the magnetic
susceptibility and the magnetic moment:

→ =
+

→
ν V

χ

χ
H3

3
,sph sph

sph

sph
0

(5)

where Vsph is the volume of the sphere. The macroscopic field is, for the
reasons stated in the previous section, the external applied field. Re-
lating the magnetic susceptibility of each sphere with the one obtained
from experimental measurements of the opal magnetization, taking into
account the geometrical aspects of the structure, results in the following
expression:

=χ
π

χ3 2 ,sph op (6)

where χop is the magnetic susceptibility of the artificial opal (Fig. 5).
Eq. 6 relates the experimental magnetic susceptibility obtained from
experimental measurements on the pristine artificial opal and the
magnetic susceptibility of one sphere, needed to calculate is magnetic
moment by means of Eq. 5.

Therefore, the magnetization of the system is expressed as:

̂ ̂∑ ∑=
⎛

⎝
⎜

→ + → ⎞

⎠
⎟

= =

M
V

μ h ν h1 · · ,
i

N

i
j

D

j
c 1 1 (7)

where ̂h is a unit vector in the direction of the external applied field and
Vc is the volume of the unit cell (Fig. 8).

Now we can express the LLG eq. for the i-th ferromagnetic element
as follows [47–49]:

→
= −

→
×

→
−

→
×

→
×

→dM
dt

γM H α
γ

M
M M H( ),i

i
s

i ieff,i eff,i (8)

where
→
Mi is the magnetization of the i-th magnetic moment, γ is the

gyromagnetic ratio, α is a dimensionless constant and
→
Heff,i is the ef-

fective magnetic field acting on the i-th element, which has the form:

→
=
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→

H H H
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| |
( · ) ,

i
i i i ieff,i 0

a
dip,

(9)

with
→
H0 as the external magnetic field, the second term is the magnetic

anisotropy field, inherent to every ferromagnetic element

( =H K μ M K2 / ,a a 0 s a is the anisotropy constant, μ0 the vacuum magnetic
permeability, Ms the saturation magnetization and →n is a unit vector
corresponding to the anisotropy axis) and the last term corresponds to
dipolar interactions previously described in Eq. 3.

5. Numerical results

Theoretical curves were obtained by numerically solving the LLG
equations employing a fortran code based on the Shampine’s algorithm
[50] for integrating ordinary differential equations. In the quasi-static
case, for each change in magnetic field magnitude, the system is relaxed
and only then another point of the curve is obtained. The program la-
bels each ferromagnetic moment in the cluster and assigns a random
unit vector for the magnetic anisotropy inherent to each one, in addi-
tion, positions are assigned randomly within a cube whose volume is
previously fixed. In every calculation, a magnetic cluster stands in the
center of coordinates surrounded by diamagnetic spheres as depicted in
Fig. 8. To model the infiltrated opal 12 clusters were considered, each
formed by 22 ferromagnetic moments; 4 of the clusters representing
octahedral sites and 8 of them tetrahedral sites. The total number of
diamagnetic spheres, each associated to a diamagnetic moment, is ir-
relevant to the magnetization according to ecs. 5, 6 and the total vo-
lume of the system. Each cluster is surrounded by the proper number of
diamagnetic spheres (4 for the tetrahedral and 6 for the octahedral
sites). Results presented are the average of clusters equivalent to 10 unit
cells, each made of 8 in tetrahedral sites, 4 in octahedral and 4 dia-
magnetic spheres, but the latter does not imply that all of the clusters
are in the same unit cell as they only interact with its surrounding
diamagnetic spheres. The particular parameters used in our calculation
for nickel nanoparticles are the gyromagnetic ratio of nickel [51]

= ×γ 2.21 105(mA−1s−1), a damping constant =α 0.066 (which is
generally less than 0.1 for iron, cobalt and nickel). Some of the para-
meters provided are = × −μ 3 10 18 A m = ×k; 2.23 102

1
4 J

m = − × =− −χ r; 8.49 10 ; 1503
op

5 nm; = × −V 3.81 10T
17 m3, which are the

magnitude of the magnetic moment, magnetic anisotropy constant,
magnetic susceptibility (in Fig. 7 SiO2@Ni at 40 K), radius of the
spheres and the total volume. μ and k1 are fitted parameters; χop is an
actual parameter of the nanocomposite previously mentioned, r is the
actual radius of the synthesized SiO2 spheres and VT is the total volume
of the system, calculated as 4 2Nr3; where N is the number of dia-
magnetic spheres, in this case 2000 (500 unit cells). Ferromagnetic
moments are distributed randomly within a virtual cube of 30 nm by
side but the magnitude of the magnetic moment used in calculations
corresponds to a cluster which volume is equal to a sphere of 64 nm in
diameter. The program generates three random unit vectors in cartesian
coordinates for each position of a ferromagnetic moment and then
multiplies it by the desired value provided from the user, in this case
30 nm, since this was the best fit to the experimental measurement. The
size of the virtual cube is directly related with the intensity of the di-
pole–dipole magnetic interactions (Eq. 3) and its effect is observed in
the “skewness” of the magnetization curve. Results are presented in
Fig. 9(c). Parameters used to calculate the magnetization curve in
Fig. 9(d) are α=0.066, = − × −χ 8.6 10 5 which are dimensionless and
correspond to the damping constant and the magnetic susceptibility of
the opal matrix; = ×γ 2.21 105 Hz m A−1 is the gyromagnetic ratio for
ferromagnetic moments corresponding to nickel nanoparticles;

= × −μ 8.1 10 20 A m2 for each of the 22 ferromagnetic moments present
in the unit cell (14 in octahedral sites and 8 in tetrahedral ones) but
considering their occupancy in the unit cell (Fig. 8); = ×k 2.239 101

4 J
m−3 and = × −V 7.63 10c

20 m3. All the previous parameters listed before
are taken from the experimental magnetization curve presented in
Fig. 9(a), except for the damping constant and the gyromagnetic ratio.
The theoretical formalism for the calculation of the ferromagnetic di-
pole–dipole interactions in a periodic lattice, used for the calculation of
Fig. 9(d) is described in [41]. The main idea is to calculate Hdip based
on the periodic structure imposed on the infiltrated ferromagnetic

Fig. 8. Fcc structure showing the possible interstitial occupation for the mag-
netic clusters: octahedral sites (a) and tetrahedral sites (b).
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nanoparticles, in this case nickel nanoparticles, and considering only
one ferromagnetic moment per interstitial site as one can consider a
bulk sample with an average magnetic moment. Also, the diamagnetic
response is taken directly from the experimental magnetization curve in
the parameter χ Fig. 9(a). This is in clear contrast with the approx-
imation presented here, where we focus on the calculation of Hdip

within each of the interstitial sites and take into account explicitly the
diamagnetic moments of the silica spheres that surround each ferro-
magnetic cluster. Furthermore, the role of dipole–dipole interactions
between clusters in different interstitial sites has no relevant effect on
the magnetization curve for this system. The good fit between the
calculated and experimental results is evident in Figs. 9(c) and 9(d).
Another aspect to notice is the influence of the local dipolar field in the
overall shape of the curve, being more accurate in relation with the
experimental results. With “local magnetic field” we refer to the dipo-
le–dipole interactions between ferromagnetic moments within a cluster
in an interstitial site. This is in clear contrast with the curve calculated
in Fig. 9(d) for the reasons previously mentioned. Moreover, there is no
relation between the responses of the diamagnetic and ferromagnetic
elements in the nanocomposite in the framework presented in [41],
where we obtain most of the parameters used in calculations from the
experimental curve. Thus, the consideration of the local dipolar field
emulates the response of the nanocomposite to an external magnetic
field congruently with the experimental measurements. Finally a rough
estimation of the concentration of Ni nanoparticles in the opal can be
carried out from two points of view, experimental measurements and
theoretical calculations. The first one is concerned with the saturation
magnetization (Ms) in both (Figs. 4 and 5) experimental measurements
at 40 K. These values are 447.26 emu cm−3 and 6.73×10−3 emu cm−3

respectively, resulting in an estimated volume fraction of Ni

nanoparticles in the opal matrix of 0.001%. Some assumptions must be
taken into account to make the latter estimation; the value of the “sa-
turation” magnetization of the infiltrated opal is taken just before the
magnetization curve in Fig. 4 begins to have a linear behavior and the
diamagnetic response of the nanocomposite is not taken into account.
When the estimation is based on theoretical calculations the diamag-
netic response of the system is emulated. There are 22 magnetic mo-
ments of 3×10−15 emu in each cluster per interstitial site, and calcu-
lations are based on 12 clusters in total (8 tetrahedral and 4
octahedral). This gives us 7.92×10−13 emu in the artificial opal. So,
with Ms from Fig. 4 and the volume of the unit cell we estimate a vo-
lume fraction of 0.0046% in the nanocomposite. A posible explanation
for such a low concentration of ferromagnetic material may be due to
the size of the clusters, being close to the maximal volume available for
a sphere in a tetrahedral site (rmax≈ nm34 ), which prevents ferromag-
netic nanoparticles from reaching deeper into the artificial opal.

6. Conclusions

The main objective of this work is to describe the possible me-
chanisms that take an active role in the magnetic response of the
system. We showed that when we model the clusters in the interstitial
sites of the artificial opal as an effective ferromagnetic moment
(Fig. 9(d)), the resulting curve does not represent adequately the fea-
tures observed in the experimental measurements, thus, dipole–dipole
interactions between clusters in different interstitial sites has no re-
levance in these kind of systems. With “local field” we refer to the ex-
plicit calculation of dipole–dipole magnetic interactions that take part
in a magnetic cluster, namely the expression in Eq. 3, which is able to
properly describe the phenomenon (Fig. 9(c)). Therefore, the actual

Fig. 9. Magnetization curves for the artificial opal infiltrated with nickel nanoparticles. Curves correspond to: experimental measurements at 40 K (a), theoretical
curve (diamagnetic spheres model) (b), comparison between theoretical and experimental results (diamagnetic spheres model) (c) and comparison between theo-
retical and experimental results (Ewald summation model) [41].
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concentration of ferromagnetic material can be inferred from theore-
tical calculations of the magnetization curve. This model can be ex-
tended to disordered nanocomposites by the calculation of random
configurations of the constituents.
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